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Abstract

Discovery of New Cancer Therapeutic Contexts for Ferroptosis Inducers and other Small-
Molecule Drugs

Ling Feng Ye

Small molecule drugs are powerful tools with many applications, ranging from
discovering fundamental biological mechanisms to targeting and treating molecular causes of
human disease. However, due to the large diversity of biological systems, it is important to
identify the contexts in which a particular compound might be most effectively used. In this
thesis, we explore two different, but related, problems that aim to further drug discovery by
identifying the best disease models for a given small molecule. The first part of this thesis
focuses on exploring the use of small-molecule ferroptosis inducers to potentiate radiation-
induced cell death. Using a series of cell-based and biochemical assays, RT-gPCR,
immunofluorescence, flow cytometry, and untargeted lipidomics, we discovered that IKE and
RSL3 sensitize sarcoma, glioma, and lung cancer cells to radiation, and that ferroptosis is a
previously unknown form of radiation-induced cancer cell death. Using patient-derived
xenografts of lung adenocarcinoma and organotypic glioma slices, we demonstrate that
ferroptosis induced by a combination of radiation and small molecules can be used to suppress
tumor progression in human models of disease. The second part of this thesis aims to use human
glioblastoma neurosphere cultures to correlate drug sensitivity with RNA expression. Using
RNA-seq and high throughput drug screening, we demonstrate that differential sensitivity to
MDM2 and EGFR inhibitors can be predicted from gene expression and mutational status in this

model of glioblastoma.
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Chapter 1: Introduction

1.1 Overview of dissertation

As a whole, this dissertation captures our attempts to discover new translational
opportunities in which small-molecule compounds, such as ferroptosis inducers and others, can
be further developed into potential candidate drugs for clinical trials, and eventually medications
for the treatment of cancer. In this thesis, this is accomplished in two ways. First, two small-
molecule inducers of ferroptosis, IKE and RSL3, are tested in the context of cancer cells
sensitive to radiation therapy to determine if ferroptotic cell death can be triggered by radiation,
and enhanced by IKE and RSL3. Second, we establish a collection of glioblastoma models taken
from patients and combine their gene expression data with their drug sensitivity to demonstrate
how the mutation or expression of certain genes in glioblastoma can be used to predict the
effectiveness of specific small-molecule drugs.

The majority of this thesis, i.e. chapters 2 to 5, is devoted to the first project, proportional
to the effort that was dedicated to it. The idea was first conceived when we learned that
sorafenib, a kinase inhibitor and chemotherapeutic drug, can also function separately as a
ferroptosis inducer (S. J. Dixon et al., 2014). This result demonstrated to us that ferroptosis was
not an isolated effect that only occurs in the laboratory by treating cells with a few specific
molecules, but a potentially far-reaching phenomenon that occurs widely in human disease and
its treatments, particularly in the context of cancer. Our initial hypothesis, therefore, was that
ferroptosis is a cell death mechanism that is exploited by existing cancer treatment modalities,
such as other chemotherapy drugs as well as radiotherapy. To us, the latter was ultimately the
most promising topic to investigate, as ionizing radiation indiscriminately generates reactive

oxygen species in the cell, with well-documented effects on lipid membranes that may well



contribute to ferroptotic cell death. Thus, we had a good reason to suspect that radiation therapy
may trigger ferroptosis in some cancer cells, and that further sensitizing tumors to radiation may
be a viable clinical application of small-molecule ferroptosis drugs. In chapter 2, we describe
how IKE and RSL3 synergize with radiation to enhance cell death in sarcoma, glioma and lung
cancer cell culture, an effect that is suppressible by inhibiting ferroptosis in the system. In
chapters 3 and 4, we delve deeper into the mechanism of the observed cell death to find that
genetic, biochemical and lipidomic markers of ferroptosis are present in cells treated with
radiation, suggesting for the first time that ferroptosis can occur in tumors undergoing
radiotherapy and offering several mechanisms by which IKE and RSL3 may potentiate radiation.
In chapter 5, we use human-derived models of radiosensitive cancers to demonstrate that this
innovative use of ferroptosis inducers can be applied to suppress tumor growth in human lung
adenocarcinomas and gliomas, with results superior to either radiation treatment alone or
ferroptosis inducer treatment alone. In the end, we believe that the initial goal was achieved; we
successfully identified ferroptosis as a practical phenomenon that can be found when several
types of cancers are treated with radiation, and successfully determined several promising areas
in which small-molecule ferroptosis inducers could be used clinically in the future.

The study of glioblastoma neurosphere models had a similar goal rooted in targeted drug
discovery. Working with collaborators from Henry Ford Hospital, we obtained a diverse series of
glioblastoma samples from patients that we were able to maintain as 3D neurospheres that are
genetically and morphologically more similar to the original tumors than traditional 2D cultures
with added serum. We then sought to use these samples as a drug-discovery platform for
personalized medicine, in which the sensitivity of a tumor from a specific patient to a drug can

be theoretically determined from gene expression and mutation data. By correlating RNA



sequencing with high-throughput screen of small-molecule drugs, we eventually achieved this
goal with two types of small molecules: a series of MDM2 inhibitors, and the EGFR inhibitor

afatinib. These results are described in chapter 6.

1.2 Ferroptosis

1.2.1 Overview of ferroptosis and discovery

Ferroptosis is an iron-dependent, regulated form of necrotic cell death discovered
pharmacologically using high-throughput screens of small molecule libraries (S. J. Dixon et al.,
2012; Yang & Stockwell, 2008). It is genetically, biochemically, and morphologically distinct
from the machinery of other cell death modalities, including apoptosis, autophagy, and
necroptosis (Galluzzi et al., 2018). Ferroptosis is induced when reactive oxygen radicals,
generated partially by Fenton-type reactions driven by available intracellular labile iron,
overwhelms cellular lipid antioxidant systems and leads to the lethal accumulation of lipid
peroxides (S. J. Dixon & Stockwell, 2014; Yang & Stockwell, 2016). Therefore, the metabolisms
of polyunsaturated fatty acids, iron, and antioxidants cysteine and glutathione are all closely
related to the sensitivity of a particular cell to ferroptotic cell death. Morphologically, ferroptosis
is characterized by mitochondrial shrinkage, increased mitochondrial membrane densities, and
reduced or disappeared mitochondrial crista (S. J. Dixon et al., 2012). So far, a normal
physiological function for ferroptosis has not been discovered, but it has been implicated in
many pathological states in humans, including cancer, neurodegeneration, stroke, acute kidney

injury, and more (Yang & Stockwell, 2016).



1.2.2 Pharmacological modulation of ferroptosis

Ferroptosis can be induced or inhibited by various types of small molecules. Currently,
ferroptosis-inducing drugs are classified into several categories (Figure 1.1 and Table 1.1). Class
| ferroptosis inducers inhibit system x., a Na*-dependent cystine/glutamate exchange transporter
on the plasma membrane composed of a light-chain subunit SLC7A11 and a heavy-chain subunit
SLC3A2 (Sato, Tamba, Ishii, & Bannai, 1999). For each glutamate molecule it transports out of
the cell, it imports one cystine into the cell, which is converted first into cysteine, and then into
glutathione (GSH). Indeed, metabolite profiling experiments showed that glutathione was the
most depleted metabolite in erastin-treated cells (Yang et al., 2014). The biosynthesis and
availability of glutathione is crucial in cellular antioxidant defense mechanisms, and a decrease
in the concentration of reduced glutathione in cells due to system Xc™ inhibition renders cells
vulnerable to the accumulation of toxic reactive oxygen species, including lipid hydroperoxides.
Class | ferroptosis inducers include erastin and its analogs, such as IKE, the antitumor antibiotic
sulfasalazine, the multi-kinase inhibitor sorafenib, glutamate itself, and others (S. J. Dixon et al.,
2014; Lo, Ling, Wang, & Gout, 2008). Given that the effect of these compounds is the restriction
of cellular cystine intake, GSH depletion can be circumvented by B-mercaptoethanol, which can
supply cysteine to the cell in a system x¢-independent fashion (S. J. Dixon et al., 2012; Ishii,
Bannai, & Sugita, 1981). There also exist methods of depleting intracellular GSH independent of
system X¢', such as the deprivation of cystine/cysteine and methionine, as well as inhibition of
GSH synthesis using BSO, which can also trigger ferroptosis in certain contexts (Friedmann

Angeli et al., 2014).
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Figure 1.1: Illustration of key ferroptosis pathways.

(Yang & Stockwell, 2016)

Class Il ferroptosis inducers include RSL3, ML162, and DPI compounds. These small
molecules bind to and directly inhibit glutathione peroxidase 4 (GPX4), a GSH-dependent
enzyme that is the only one capable of repairing toxic lipid hydroperoxides by transforming them
into lipid alcohols (Brigelius-Flohe & Maiorino, 2013). GPX4 is therefore the downstream target
of GSH depletion, and the main endogenous cellular defense against ferroptosis; without its
antioxidant capacity, lipid-based ROS accumulate in cell membranes, and, if unchecked,

eventually becomes lethal.



Table 1.1: Inducers and sensitizers of ferroptosis.

(Stockwell et al., 2017)

Reagent

Target/Function

Impact on Ferroptosis

erastin, PE, IKE, other

prevents cystine import, causes GSH

erastin analogs system Xc depletion
. _ low potency inhibitor that prevents cystine
sulfasalazine system Xc import, causes GSH depletion
high extracellular glutamate concentrations
glutamate system Xc~ prevent cystine import, causes GSH
depletion
. _ indirectly blocks system x¢ activity
sorafenib system Xe resulting in GSH depletion
(15.3R)-RSL3 GPX4 covalent inhibitor of GPX4 that ca_uses
accumulation of lipid hydroperoxides
ML162, DPI compounds GPX4 covalent inhibitor of GPX4 that causes
7,10,12, 13,17, 18, 19 accumulation of lipid hydroperoxides
cystine/cysteine
deprivation, BSO, DPI2, GSH deplete GSH
cisplatin
depletes CoQ10 via SQS-mevalonate
FIN56 SQS and GPX4 pathway and causes decrease in GPX4
protein abundance
FINO, lipid induces lipid peroxidation and loss of
peroxidation GPX4 activity
statins (e.g., cerivastatin, HMGCR block CoQ10 biosynthesis via mevalonate
simvastatin) pathway
. . depletes cysteine, resulting in GSH
cysteinase cysteine .
depletion
silica-based nanoparticles GSH, iron deliver iron into cells and reduce GSH
abundance
CCl4 unknown unknown
ferric ammonium citrate iron increased iron abundance
trigonelline, brusatol NRF2 blocks NRF2




Class Il ferroptosis inducers, which include FIN56 and CIL56, also deplete GPX4, but
have the additional function of decreasing the amount of mevalonate-derived coenzyme Q10
(CoQ10), which is an endogenous lipophilic antioxidant molecule (Shimada, Skouta, et al.,
2016). Finally, FINO- is a more recently discovered class IV ferroptosis inducer, which directly
induces lipid peroxidation while also indirectly inhibiting GPX4 (Gaschler et al., 2018).

Ferroptosis can also be inhibited pharmacologically (Table 1.2). The two main
mechanisms through which this occurs are the inhibition of lipid peroxidation and iron chelation.
Examples of lipophilic antioxidants include vitamin E and its derivatives, as well as radical-
trapping lipophilic antioxidants such as ferrostatins and liproxstatins. In addition to these small
molecules, deuterated polyunsaturated fatty acids (D-PUFAS), which cannot be oxidized at the
deuterated site due to the isotope effect, also act as inhibitors of lipid peroxidation. Iron chelators
such as deferoxamine and cyclipirox, prevent the Fenton-type reactions that contribute to lipid
peroxidation. Finally, other molecules, such as glutaminolysis inhibitors, ALOX inhibitors, 3-
mercaptoethanol and more can also inhibit ferroptosis through various mechanisms.

In the experiments described in this dissertation, we principally make use of the
ferroptosis inducers IKE (class 1), sorafenib (class 1), and RSL3 (class I1), and use the ferroptosis
inhibitors ferrostatin-1 (lipophilic antioxidant), trolox (lipophilic antioxidant), and deferoxamine

(iron chelator).



Table 1.2: Inhibitors of ferroptosis.

(Stockwell et al., 2017)

Reagent

Target/Function

Impact on Ferroptosis

vitamin E, alpha-
tocopherol, trolox,
tocotrienols

lipid
peroxidation

blocks propagation of lipid peroxidation,
may inhibit lipoxygenases

deuterated . lipid blocks initiation and propagation of lipid
polyunsaturated fatty acids eroxidation eroxidation
(D-PUFAS) P P
butylated hydroxytoluene, lipid . _—
butylated hydroxyanisole peroxidation blocks lipid peroxidation
ferrostatins, liproxstatins “F.)Id . blocks lipid peroxidation
peroxidation
: lipid - —
CoQ10, idebenone peroxidation blocks lipid peroxidation
lipid nitroxide antioxidant that suppresses lipid

XJB-5-131

peroxidation

peroxidation

deferoxamine, cyclipirox,
deferiprone

iron

depletes iron and prevents iron-dependent
lipid peroxidation

glutamine deprivation,
glutaminolysis inhibitor

glutaminolysis

unknown

CDC, bhaicalein, PD-
146176, AA-861, zileuton

lipoxygenases

block lipoxygenase-induced lipid
peroxidation

cycloheximide

protein synthesis

suppresses ferroptosis induced by system
X¢ inhibitors

beta-mercaptoethanol

reducing agent

suppresses ferroptosis induced by system
Xc inhibitors by reducing extracellular
cystine to cysteine, bypassing system X~

dopamine

neurotransmitter

blocks GPX4 degradation

selenium

selenoproteins

increases abundance of selenoproteins

vildagliptin, alogliptin,
and linagliptin

DPP4

blocks DPP4-mediated lipid peroxidation




1.2.3 Genetic and molecular hallmarks of ferroptosis

The ferroptosis sensitivity of a biological system is controlled by many genetic,
biochemical, and metabolic pathways. In this next section, we will describe several of the most
important cellular processes involved in ferroptosis, as well as the experimental approaches that
can be used to study them (Figure 1.2). A recent review described the three principal hallmarks
of ferroptosis, which are (1) the oxidation of membrane phospholipids containing
polyunsaturated fatty acids, (2) the availability of intracellular labile iron, and (3) the inhibition
or loss of endogenous lipid peroxide repair (Scott J. Dixon & Stockwell, 2019). In this thesis,
each of these hallmarks, and others, will be examined experimentally in different ways.

Phospholipids are a diverse class of lipids and a major component of all cell membranes,
and two molecules of free fatty acid are incorporated into each phospholipid alongside different
head groups. Depending on the number of carbon-carbon double bonds in the fatty acid tails,
they can be classified as saturated, monounsaturated, or polyunsaturated. Polyunsaturated fatty
acid-phospholipids (PUFA-PLSs) are particularly prone to oxidation by free radicals or enzymes
at the bis-allylic position due to resonance stabilization of the resulting lipid radical, and
therefore play a central role in lipid peroxidation in cell membranes and in triggering ferroptosis.
Indeed, many genetic regulators of ferroptosis participate in the biosynthesis of PUFAs, and in
their incorporation into PUFA-PLs, such as ACSL4 and LPCAT3 (S. J. Dixon et al., 2015; Doll et
al., 2017; Kagan et al., 2017). The loss of either of these genes results in ferroptosis resistance.
However, the exact mechanistic details of how PUFA-PLs result in ferroptotic cell death remain
largely unknown.

The peroxidation of membrane PUFA-PLs and its intermediate and final products can be

detected in several ways. For example, the reactive carbonyl and aldehyde intermediates



downstream of PUFA-PL oxidation, such as 4-hydroxynonenal (4-HNE) and malondialdehyde
(MDA), can further react with lysine, cysteine and histidine residues on proteins to form stable
adducts, which can then be detected using thiobarbituric acid reactive substances (TBARS), as
well as immunofluorescence, immunohistochemistry, flow cytometry and other methods with
appropriate antibodies (Negre-Salvayre, Coatrieux, Ingueneau, & Salvayre, 2008). The lipophilic
dye C-11 BODIPY can also rapidly detect changes in lipid ROS. Furthermore, mass-
spectrometry based untargeted lipidomics screens have been used to identify specific changes in
lipid species abundance during ferroptosis in a high-throughput fashion (Kagan et al., 2017,

Skouta et al., 2014; Zhang et al., 2019).

The three hallmarks of ferroptosis

Defective lipid
peroxide repair

PUFA-PLs Redox-active iron

Ferroptosis

Figure 1.2: Three hallmarks of ferroptosis.

(Scott J. Dixon & Stockwell, 2019)
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The presence of labile, redox-active iron, either free or contained within a lipoxygenase
enzyme, is essential during ferroptosis to catalyze Fenton-type reactions that generate reactive
oxides in PUFA-PLs. To this end, the storage of iron and its flux in and out of the plasma
membrane have decisive consequences on the cell’s sensitivity to ferroptosis. Iron import into
the cell occurs when transferrin-bound iron binds to the transferrin receptor. Indeed,
downregulation of the transferrin receptor can suppress ferroptosis (Gao, Monian, Quadri,
Ramasamy, & Jiang, 2015). Intriguingly, the transferrin receptor was recently identified as a
marker for ferroptosis. Cytosolic iron, in the form of non-redox-active ferritin, can be released
through ferritinophagy, establishing a link between ferroptosis and autophagy (Hou et al., 2016).
Furthermore, the inhibition of ferritinophagy through either inhibition of NCOA4 or ATG4 and
ATGT rescued cells from erastin-induced ferroptosis (Gao et al., 2016). Finally, limiting the
availability of iron from iron-sulfur clusters by knocking down NFS1 also reduces sensitivity to
ferroptosis (Alvarez et al., 2017). Experimentally, iron availability in cells can be readily
detected by calcein AM quenching coupled with an iron chelator, as well as other iron probes
(Hirayama & Nagasawa, 2017).

GPXa4, the central antioxidant enzyme and endogenous inhibitor of PUFA-PL oxidation,
is the third critical element that regulates ferroptosis. Using GSH as a cofactor, the lipid repair
protein reduces membrane phospholipid hydroperoxides to less toxic phospholipid alcohols.
Conversely, inhibition of GPX4 by a class I, Il or IV ferroptosis inducer or by other means
leads to lipid hydroperoxide accumulation and ferroptosis in many cells (Yang et al., 2014).
Furthermore, inactivation of GPX4 in mice leads to accumulation of oxidized phospholipids and
death (Seiler et al., 2008). Therefore, the selective inhibition of GPX4, either alone or in

conjunction with other sources of oxidative stress, may be an effective strategy to target cancer
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cells intrinsically vulnerable to ferroptosis. GPX4 can be quantified using RT-gPCR and western
blot, and the activity of GPX4 in cell lysates can also be studied by measuring the rate of
phosphatidylcholine reduction by the enzyme in LC/MS or NADPH-coupled assays (Yang et al.,
2014).

Besides those associated with the main hallmarks of ferroptosis, other common
experiments can also be performed to assess ferroptosis in a given biological context (Stockwell
et al., 2017). For example, in this thesis, we analyze the expression of the ferroptosis marker
gene PTGS2. Given the importance of glutathione metabolism, we also measure the availability
of reduced GSH in treated cells and tissue samples using a fluorometric assay. Finally, we use
inducers and inhibitors of apoptosis, necroptosis, and autophagy to examine the effects of
alternative cell death modalities in our system and determine the specificity of the agents used to

induce ferroptosis.

1.2.4 Role of ferroptosis in human disease

We have seen that ferroptosis is regulated by specific pathways and is involved in diverse
biological contexts. Clinically, ferroptosis has been implicated in many pathological processes,
including neurodegenerative disorders such as Huntington’s disease, Alzheimer’s disease,
Parkinson’s disease, stroke, rhabdomyolysis and acute kidney injury, and many others (Boutaud
& Roberts, 2011; Hambright, Fonseca, Chen, Na, & Ran, 2017; Skouta et al., 2014).

Furthermore, many cancer cells have the capacity to undergo ferroptosis (Table 1.3). This
is often because the specific cancer cell type harbors an intrinsic vulnerability by being overly
dependent on a ferroptosis regulatory gene or a pro-ferroptotic cell state. For example, diffuse

large B-cell lymphomas (DLBCL) and renal cell carcinomas may be particularly susceptible to
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ferroptosis inducers, due to a dependence on extracellular cystine import or an abundance of
intracellular iron, respectively (Gout, Buckley, Simms, & Bruchovsky, 2001; Tickoo, Amin, &
Zarbo, 1998). A treatment-resistant mesenchymal cancer cell state across multiple cancer cell
lines was discovered to be dependent on GPX4-mediated repair of lipid hydroperoxides and
vulnerable to its inhibition (Viswanathan et al., 2017). In addition, IKE was recently shown to be
effective in vivo, either delivered alone or via a nanoparticle formulation, in a mouse xenograft
model of DLBCL. Finally, existing cancer therapies may, under some circumstances, induce
ferroptosis in conjunction with their typical mechanisms of action, such as the chemotherapeutic
drugs sulfasalazine, sorafenib, lapatinib, and cisplatin (Xu et al., 2019). The potential role of
radiation therapy in inducing ferroptosis in cancer cells is the major question addressed in this
dissertation.

Together, these results suggest that some tumors may be susceptible to lipid
peroxidation-driven cell death, a mechanism that has never been deliberately exploited

pharmacologically in clinical cancer therapy.

Table 1.3: Summary of cancer cells sensitive to ferroptosis.

(Xu et al., 2019)
Cancer cells Ferroptotic compounds Type of evidence
Renal cancer cells Sorafenib, erastin, RSL3, BSO Cel_l culture, mice _model,
tissues from patients
Human hepatocellular Erastin, sorafenib, DPI Cell culture, tumor xenograft
carcinoma compounds, trigonelline, brusatol model
Breast cancer cells Erastin, siramesine, lapatinib Cell culture, tumor xenograft
model
Pancreatic cancer cells Erastin, sorafenib, artesunate Cell culture
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Human non-small cell

Sorafenib, erastin, RSL3, M162 Cell culture
lung cancer
Diffuse large B-cell Sulfasalazine, erastin, RSL3 Cell culture
lymphomas
Glioma cells Erastin, sulfasalazine, RSL3 Cell culture

Cell culture, tumor xenograft

Ovarian cancers Erastin model, cancer cells from
patients
Colorectal cancers Cisplatin, erastin Cell culture, tumor xenograft
model
Acute myeloid leukemia Erastin Cell culture
Aculte Iymph(_)blastlc RSL3 Cell culture
leukemia
Rhabdomyosarcoma cells Erastin, RSL3 Cell culture
Human cervical cancer Erastin Cell culture
cells
Prostate cancer cells Erastin Cell culture
Osteosarcoma cells Erastin Cell culture

Head and neck cancer

Erastin, sulfasalazine

Cell culture, tumor xenograft
model

Melanoma

BAY 87-2243, erastin, RSL3

Cell culture, tumor xenograft

model

Glioblastoma

Erastin

Cell culture

Fibrosarcoma

Sulfasalazine, erastin, BSO,
RSL3, DPI2, FIN56, FINO?2,
statins

Cell culture, mouse xenograft

model

1.3 Combining ferroptosis with cancer radiobiology

1.3.1 Classic view of radiation-induced cancer cell death

Radiation therapy is one of the most important therapeutic modalities in the treatment of

cancer, which provides both curative and palliative strategies for disease management (Delaney,

Jacob, Featherstone, & Barton, 2005). DNA damage is thought to be the principal target of
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radiation, and its extent and repair are the most crucial factors determining intrinsic tumor cell
death from radiation (Morgan & Lawrence, 2015).

The first classic mode of cell death following radiation-induced DNA damage is the p53-
dependent apoptosis pathway (Figure 1.3). Indeed, suppression of p53 in certain radiosensitive
tumor cells resulted in subsequent resistance to treatment (Lowe, Schmitt, Smith, Osborne, &
Jacks, 1993). This mechanism is most prevalent in cells naturally prone to apoptosis, such as
those of hematopoietic origin (Cohen—Jonathan, Bernhard, & McKenna, 1999). However, in
many cancers, there is impairment of p53 function during tumor progression, or a loss of other
apoptotic mechanisms. In these cases, it is thought that mitotic catastrophe becomes the major
modality of cell death following irradiation of the tumor (Eriksson & Stigbrand, 2010). Mitotic
catastrophe describes death that occurs due to errors in mitosis. Therefore, cell death is delayed
until the M phase of the cell cycle, which can explain the slow regression of certain tumors after
radiation therapy. In cells with deficient p53 function, there is impairment of the checkpoint
between the G2 and M phases of the cell cycle, leading to premature entry into the M phase. The
unrepaired DNA damage due to radiation then promotes aberrant mitosis (lanzini, Bertoldo,
Kosmacek, Phillips, & Mackey, 2006). Furthermore, the duplication of centrosomes has also
been proposed as a possible mechanism for mitotic catastrophe associated with radiation

exposure (Eriksson, Lofroth, Johansson, Riklund, & Stigbrand, 2007).
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Figure 1.3: Classic cellular responses to radiation.

(Eriksson & Stigbrand, 2010)

Radiation resistance mechanisms often involve activation of DNA repair pathways and
inhibition of apoptosis (Goldstein & Kastan, 2015; Kim et al., 2015; Willers, Azzoli, Santivasi,
& Xia, 2013). At the same time, alternative radiation-induced cell death pathways, such as
necroptosis and autophagy, have been reported (Chaurasia, Bhatt, Das, Dwarakanath, & Sharma,
2016; Nehs et al., 2011). If activated, these mechanisms may offer strategies for treating
otherwise radioresistant tumors. However, no studies to date have ever linked radiation-induced

cell death with the recently discovered ferroptosis pathway.
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1.3.2 Radiation-induced lipid peroxidation as a context for ferroptosis inducers

In addition to DNA damage, radiation also generates intermediate reactive oxygen
species, such as the hydroxyl radical following radiolysis of water, which indirectly results in
oxidation of many other species of biomolecules, including lipids and proteins (Figure 1.4)
(Walden, Hughes, & SpringerLink (Online service), 1988). As previously explored, lipid
peroxidation is a key hallmark of ferroptosis. In the presence of labile iron, there is evidence to
suggest that peroxidation of PUFA-PLs following radiation can be enhanced by Fenton-type
reactions, leading to self-propagating chain reactions that can magnify the oxidative effects in
cellular membranes (Biaglow, Mitchell, & Held, 1992). In essence, this is the same mechanism
which leads to ferroptotic cell death, and thus it is theoretically possible for radiation to act as a

ferroptosis inducer under certain conditions, contributing to its anti-tumor efficacy.
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Figure 1.4: Molecular effects of radiation on the cell, including lipid peroxidation.
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While radiation provides targeted local control of malignant lesions, the addition of
systemic treatments is often required to provide radiosensitizing effects to tumors, as well as to
manage undetected distant disease. To this effect, the combination of chemotherapy and
radiation has become more common over the past 30 years (Souhami & Tobias, 2003). However,
tumor control still remains poor with combination chemoradiation therapy in many locally
advanced cancers, such as sarcomas, gliomas and non-small cell lung cancers (Gerszten, Mendel,
& Yamada, 2009; Tang et al., 2017). Given that lipid peroxidation can be induced by radiation,
we hypothesize in this dissertation that ferroptosis inducers may be effective radiosensitizers in

some of these cancer types.

1.4 Models for studying small-molecule drug discovery in glioblastoma

1.4.1 Overview of glioblastoma multiforme

Glioblastoma multiforme (GBM) is the most common form of primary brain cancer in
adults and is a deadly disease associated with extremely poor prognoses (Hanif, Muzaffar,
Perveen, Malhi, & Simjee Sh, 2017). Most cases arise sporadically, and no effective therapies
are available. After diagnosis, patients have a median survival of ~15 months with current
standard-of-care therapies of surgery followed by chemotherapy and radiation (Thakkar et al.,
2014). Therefore, new therapeutic strategies, specifically targeted therapy, need to be explored
for this disease.

The defining pathological features of glioblastoma are mitotic cells, nuclear
pleomorphism, extensive necrosis, and endothelial proliferation (Louis et al., 2016). A subset of
GBM harbors gain-of-function mutations in isocitrate dehydrogenase enzymes (IDH1/IDH2),

and are associated with improved survival (Parsons et al., 2008).
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We face many challenges in developing effective new pharmacological therapies for
glioblastoma (Robertson, Marques-Torrejon, Morrison, & Pollard, 2019). The disease is often
diagnosed late and represent a diverse and genetically heterogeneous set of tumors. Tumor cells
can proliferate widely within the brain parenchyma, making surgical resection less efficient. The
cancer cells interact with complex microenvironments within the brain and often create cell
states resistant to therapy. Finally, the blood-brain barrier limits drug delivery for many lead

compounds.

1.4.2 Traditional cellular disease models for glioblastoma

Previous studies explored in vitro compound sensitivities in glioblastoma using cultured
cell lines, such as those from the Cancer Cell Line Encyclopedia (CCLE) (Barretina et al., 2012).
These widely used cell lines, including U87MG, U251, T98G and others, are grown in the
presence of serum, conditions that promote astrocytic differentiation (Robertson et al., 2019).
Indeed, it has been shown that GBM cancer cell lines cultured with serum-supplemented media
poorly represent the gene expression profile and physiology of GBM tumors in patients, and
exhibit considerable divergence from the original tumors from which they were derived (Lee et
al., 2006).

It was previously demonstrated that glioblastoma-patient-derived neurosphere cultures
(serum-free) are able to preserve the parental tumor somatic mutations and copy number
alterations, including extra-chromosomal oncogene amplification (deCarvalho et al., 2018). Even
after long-term culture, genetic alterations in the original tumor are preserved in neurospheres as

well as xenografts deriving from neurospheres. Therefore, serum-free neurosphere cultures
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represent a disease-relevant and tumorigenic human glioblastoma model suitable for high-

throughput drug discovery in a complex and heterogeneous genetic background.
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Chapter 2: Evaluating the Effectiveness of Ferroptosis Inducers as
Sensitizing Molecules for Cancer Radiotherapy

2.1 Introduction

As many as 66% of all patients with cancer are indicated to receive external beam
radiation therapy (Delaney et al., 2005). In addition to direct DNA damage, radiation also
generates reactive oxygen species which results in lipid peroxidation (Walden et al., 1988).
Therefore, we hypothesized that radiation may act synergistically with inducers of ferroptosis to
form toxic lipid peroxides to induce tumor cell killing. Ferroptosis represents a unique
opportunity to use a novel mechanism to achieve radiosensitizing effects in cancers cells.

Given the key differences between ferroptosis and currently known forms of radiation-
induced cell death, this strategy offers an alternative way of fighting certain cancers that are
difficult to treat with standard-of-care chemoradiotherapy. A tumor resistant to conventional
chemotherapy radiosensitizers, such as molecules that enhance DNA damage or inhibit DNA
repair, may be sensitive to lipid peroxidation, and concurrent induction of ferroptosis by inducers
and radiation may result in successful treatment. If successful, this project could expand the
scope of radiation therapy to types of cancers that are previously difficult to manage with this
treatment modality.

In this first part of the project, we sought to test the viability of two ferroptosis inducers,
IKE and RSL3, as radiosensitizers in cancer cell lines. Using the colony formation assay, which

is the standard assay for measuring cell survival following radiation, we tested if IKE and RSL3

! Adapted from Ye LF, Chaudhary KR, Zandkarimi F, Harken AD, Kinslow CJ, Upadhyayula PS, Dovas
A, Higgins DM, Tan H, Zhang Y, Buonanno M, Wang TJC, Hei TK, Bruce JN, Canoll PD, Cheng SK,
Stockwell BR. (2020) Radiation-Induced Lipid Peroxidation Triggers Ferroptosis and Synergizes with
Ferroptosis Inducers. ACS Chemical Biology. Jan 3. doi: 10.1021/acschembio.9b00939.
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co-treatment enhanced cell death caused by radiation. This was first tested in HT-1080 cells, a
prototypical ferroptosis-sensitive sarcoma cell line, and then in other radiosensitive cell lines of
sarcoma, adenocarcinoma of the lung, and glioma. The latter two types of cancer cell lines were
chosen both for their predicted sensitivity to ferroptosis based on past screens, and for the
existing role of radiation in treating these cancers.

To ensure that the increased sensitivity to radiation caused by IKE and RSL3 are indeed
due to ferroptosis instead of off-target effects — such as apoptosis, necroptosis, autophagy and
others — we then attempted to rescue the radiation-induced cell death with a panel of small-
molecule cell death inhibitors. To test for ferroptosis specifically, we used lipophilic antioxidants
and an iron chelator to demonstrate whether the synergy between IKE or RSL3 and radiation can

be attributed to enhanced ferroptotic cell death.

2.2 Results

2.2.1 IKE and RSL3 synergize with radiation to promote clonogenic ferroptotic cell death in cell
lines of multiple tumor types

We sought to determine first whether small molecule inducers of ferroptosis could
synergize with radiation to promote cancer cell killing. Towards this end, we treated ferroptosis-
sensitive HT-1080 fibrosarcoma cells with different doses of Cs-137 gamma radiation and either
imidazole ketone erastin (IKE) or Ras Synthetic Lethal 3 (RSL3), which are small-molecule
inducers of ferroptosis. We tested their ability to prevent clonogenic growth, along with DMSO-
treated controls. The colony-forming ability of cells was measured, and the dose-responses to

radiation of DMSO-treated, IKE-treated, and RSL3-treated groups were compared (Figure 2.1).
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Figure 2.1: Ferroptosis inducers sensitize HT-1080 cells to radiation.

Dose response of HT-1080 cells treated with DMSO, 300 nM IKE, or 20 nM RSL3 to
radiation measured by clonogenic assays. ** represents p<0.01. Data are plotted as mean *
SEM; n = 3.

Both IKE and RSL3 significantly enhanced the effects of radiation in decreasing
clonogenic survival. Given that radiation also induces apoptosis, necroptosis, and autophagy in
different contexts, we also tested whether inducers of alternative cell death pathways could
synergize with radiation under similar conditions. We found that the apoptosis inducers
staurosporine and doxorubicin, the autophagy inducer rapamycin, and induction of necroptosis
using a combination of TNFa, Z-VAD-FMK and birinapant (Liu, Silke, & Hildebrand, 2018)
were capable of only slightly enhancing radiation-induced cell death (Figure 2.2), to a lesser
degree than the enhancement observed using IKE and RSL3. The coefficient of drug interaction
(CDI), used to compute interaction between two drugs, was used to quantify synergy between
cell death inducers and radiation according to the formula CDI = AB / (A x B), where AB is the
surviving fraction of the combination treatment, and A and B are the surviving fractions of the
individual treatments. CDI < 1 indicates synergy, CDI =1 indicates additivity, and CDI > 1
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indicates antagonism (Pikman et al., 2017) (Table 2.1). The results indicate that ferroptosis
inducers synergize with radiation to a greater degree than other compounds in HT-1080 cells,
and suggest that, although a variety of mechanisms may participate in radiation-induced cell

death in this model system, ferroptosis is the most pronounced.
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.! =- 300 nM Rapamycin
] 100 ng/mL TNF + 20 uyM Z-VAD-FMK +
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Figure 2.2: Other cell death mechanisms participate in radiation-induced cell death of
HT-1080 cells.

Dose response of HT-1080 cells treated with DMSO, staurosporine, doxorubicin,
rapamycin, or TNFa + Z-VAD-FMK + Birinapant to radiation measured by clonogenic assays.
Data are plotted as mean + SEM; n = 3.

Table 2.1: Coefficient of Drug Interaction values of cell death inducers in combination
with IR in HT-1080 cells.

Inducer CDI with2 Gy IR CDIwith4 Gy IR
300 nM IKE 0.35 0.17
20 nM RSL3 0.27 0.09
1 nM staurosporine 1.1 0.83
2 nM doxorubicin 1.07 0.9
300 nM rapamycin 0.89 0.62
100 ng/mL TNF + 20 uM Z-
VAD-FMK + 300 nM 0.75 0.65
birinapant
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We then tested whether cell death enhancement of radiation with ferroptosis inducers
occurred across diverse tumor cell types. Using the same assay, we evaluated several cancer cell
lines for synergistic cell killing with radiation and either IKE or RSL3 (Figure 2.3). In addition to
the initial ferroptosis-sensitive HT-1080 sarcoma cell line, glioma and lung cancer cells were
evaluated, due to the clinical relevance of radiation therapy for the treatment of these tumor
types. Enhanced cell killing was observed in all cell lines, SK-LMS-1 (uterine sarcoma), U87
(primary glioblastoma), and A549 and PC9 (lung carcinomas) when combining radiation with a
ferroptosis inducer. The CDI values for each cell line were recorded at various doses of radiation
and ferroptosis inducers, and the maximal CDI for each cell line was compared (Figure 2.4 and
Table 2.2). The interactions between radiation and both ferroptosis inducers were synergistic for
all the cell lines tested, ranging from CDI = 0.70 for IKE with radiation in PC9 cells to CDI =
0.09 for RSL3 with radiation in HT-1080 cells. Taken together, the results suggest that the
enhanced radiation-induced cell killing with ferroptotic inducers may be applicable to a variety

of tumor types.
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Figure 2.3: IKE and RSL3 sensitize sarcoma, glioma and lung adenocarcinoma cells to
radiation.

Dose response of A549, PC9, SK-LMS-1, and U87 cells treated with DMSO, IKE, or

RSL3 to radiation measured by clonogenic assays. Data are plotted as mean + SEM; n = 2.
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Figure 2.4: Strength of interaction between ferroptosis inducers and radiation in
different cell lines.

Coefficients of interaction between IKE (top) or RSL3 (bottom) and radiation
observed for 5 tested cancer cell lines measured by clonogenic assays.

Table 2.2: CDI values of ferroptosis inducers and radiation in five cell lines.

Cell line IKE + IR RSL3 + IR
HT-1080 0.17 0.09
SK-LMS-1 0.48 0.31
us7 0.65 0.31
A549 0.30 0.31
PC9 0.70 0.64

Highest observed coefficient of Drug Interaction values of ferroptosis inducers in
combination with IR in HT-1080, SK-LMS-1, U87, A549, and PC9 cells.

2.2.2 Radiation-induced cancer cell death is suppressed by ferroptosis inhibitors

It has been reported that radiation causes lipid peroxidation in cells (Walden et al., 1988),
in addition to its widely known ability to induce DNA damage. Thus, we hypothesized that cell
death caused by radiation alone may partially be due to ferroptosis, particularly in contexts in
which DNA damage does not induce apoptosis. To test this, we measured the effect of
ferroptosis inhibitors ferrostatin-1 and deferoxamine, as well as the apoptosis inhibitor Z-VAD-
FMK, on the colony-forming ability of HT-1080 cells treated with 2 or 4 Gy radiation alone. In
this experiment, the lipophilic radical-trapping agent and ferroptosis inhibitor ferrostatin-1
significantly rescued colony formation, whereas the apoptosis inhibitor Z-VAD-FMK did not
(Figure 2.5). Deferoxamine (DFO), a ferroptosis inhibitor and iron chelator, prevented cell

proliferation and colony formation independent of radiation treatment, likely due to the
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requirement for iron for cell proliferation. We then seeded cells more densely, and measured
short term cell viability with an ATP-based luciferase assay to bypass this effect of DFO; cells
treated with 4 Gy radiation for 24 h were rescued from death by co-treatment with either DFO or
ferrostatin-1, but not by co-treatment with Z-VAD-FMK or with the necroptosis inhibitor
necrostatin-1S (Figure 2.6). The autophagy inhibitor 3-methyladenine also rescued cells in this

format, suggesting that autophagy may also contribute to radiation-induced cell death in this

model.
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Figure 2.5: Ferrostatin rescues HT-1080 cells from radiation-induced cell death.

Dose response of HT-1080 cells treated with DMSO, 2 uM ferrostatin-1, or 25 uM Z-
VAD-FMK to radiation measured by clonogenic assays. * represents p<0.05, n.s. represents
p>0.05. Data are plotted as mean + SEM; n = 3.
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Figure 2.6: Protective effect of various cell death inhibitors on HT-1080 cells treated
with 4 Gy radiation.

Cell viability of HT-1080 cells treated with DMSO, 2 uM ferrostatin-1, 100 pM
deferoxamine, 25 uM Z-VAD-FMK, 10 uM necrostatin-1S, or 5 mM 3-methyladenine and co-
treated with 0 or 4 Gy radiation for 24 hours measured by Cell Titer Glo. Data normalized to
0 Gy unirradiated controls for each treatment group. ** represents p<0.01, * represents p<0.05,
n.s. represents p>0.05. p values calculated with respect to cells treated with DMSO and 4 Gy

IR. Data are plotted as mean + SEM; n = 3.

We then evaluated whether the observed synergy in cell killing between radiation and
ferroptosis inducers was due to enhanced ferroptosis. In this set of colony formation assays, we
treated HT-1080 cells with the same doses of radiation and ferroptosis inducers, in the presence
or absence of ferroptosis inhibitors ferrostatin-1 or trolox (Figure 2.7). Both of these lipophilic
radical-trapping agents (which protect lipid membranes from oxidation) acted to suppress the
synergy observed between either IKE or RSL3 and radiation. Consistent with the previous
experiments, both inhibitors also partially rescued cell death induced by radiation alone, in the

absence of ferroptosis inducers. These results suggest that ferroptosis and lipid peroxidation
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contribute to radiation-induced cell death in HT-1080 cells, and that this ferroptotic cell death

can be enhanced by the addition of otherwise sublethal concentrations of IKE or RSL3.
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Figure 2.7: Protective effect of ferroptosis inhibitors on HT-1080 cells treated with
radiation.

(TOP) Dose response of HT-1080 cells treated with DMSO, 300 nM IKE/20 nM RSL3, 2
uM ferrostatin-1, or 300 nM IKE/20 nM RSL3 and 2 uM ferrostatin-1 measured by clonogenic
assays. ** represents p<0.01. (BOTTOM) Dose response of HT-1080 cells treated with DMSO,
300 nM IKE/20 nM RSL3, 25 uM Trolox, or 300 nM IKE/20 nM RSL3 and 25 uM Trolox
measured by clonogenic assays. ** represents p<0.01. Significance is calculated between the
group treated with ferroptosis inducer and the group co-treated with ferroptosis inducer and
ferroptosis inhibitor. Data are plotted as mean + SEM; n = 3.
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2.3 Discussion

Although it has been previously shown that radiation can cause lipid membrane oxidation
alongside more established mechanisms of genotoxicity, there has been no attempts so far to
exploit this potential vulnerability pharmacologically due to the lack of small-molecule
modulators of lipid peroxidation (Shadyro, Yurkova, & Kisel, 2002; Walden et al., 1988). With
the discovery of ferroptosis, we have for the first time at our disposal an arsenal of compounds
capable of modulating sensitivity to lipid peroxidation in cancer cells. Therefore, we believe that
ferroptosis inducers can potentially be developed into a new class of radiosensitizing molecules
for cancer therapy.

In this set of experiments, we found that the ferroptosis inducers IKE and RSL3 were
both capable of enhancing cell death following radiation in a variety of cell lines. Furthermore,
the sensitization effect can be fully rescued by specific inhibitors of lipid peroxidation,
ferrostatin-1 and trolox, suggesting that cell death by ferroptosis is indeed accounting for the
majority of the observed effect.

Intriguingly, the ferroptosis-inducing molecules erastin and sulfasalazine have been
shown previously to potentiate radiation in models of glioma, melanoma, and breast cancer
(Cobler, Zhang, Suri, Park, & Timmerman, 2018; Nagane et al., 2018; Sleire et al., 2015). Both
of these molecules belong to class | ferroptosis inducers, which inhibit system x.” and decrease
glutathione synthesis. While these studies noted lowered levels of glutathione to be the cause of
the compounds’ radiosensitizing effect, the proposed mechanisms of synergy were proposed to
be enhanced DNA damage and downstream apoptotic pathways. Our study is the first to suggest
that ferroptosis can be used as a mechanism for radiation sensitization. Therefore, these studies

together suggest that altered glutathione metabolism induced by radiation may have the ability to
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activate several distinct cell death mechanisms, a phenomenon that we have also observed in the
results above. Further experiments are required to determine which of these mechanisms —
ferroptosis, apoptosis, necroptosis, autophagy and others — predominate in different contexts of

cancer biology.

2.4 Methods

2.4.1 Clonogenic assays

500 cells were seeded per well in 6-well plates in their respective growth media and
incubated overnight. The next day, cells were co-treated with DMSO or compounds and
radiation using a Gammacell 40 Caesium-137 irradiator (Theratronics). Plates were monitored
every day using a light microscope for formation of colonies in the DMSO-treated wells. When
colonies of >50 cells are clearly visible, the growth medium was discarded from all plates. The
cells were washed with PBS, then fixed and stained with crystal violet solution (0.05% crystal
violet, 1% formaldehyde, 1% methanol in PBS). Colonies were then directly visualized and

counted.

2.4.2 Cell Titer Glo assay

HT-1080 cells were plated at 1,000 cells per well in white 96-well plates (100 uL per
well) in technical duplicates. The cells were then treated with vehicle (DMSO), Ferrostatin-1,
DFO, Z-VAD-FMK or Necrostatin-1S and incubated overnight. After 24 h incubation, cells were
treated with 0 Gy or 2 Gy radiation using a Gammacell 40 Caesium-137 irradiator (Theratronics)
and incubated overnight. After another 24 h, 100 uL of 50% Cell Titer Glo (Promega) 50% cell

culture medium was added to each well and incubated at room temperature with shaking for 15
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min. Luminescence was measured using a Victor X5 plate reader (PerkinElmer). Experiments
were performed three independent times with different passages for each cell line, with similar

results.

33



Chapter 3: Elucidating Ferroptosis as a Novel Mechanism of

Radiation-Induced Cancer Cell Death?

3.1 Introduction

We have so far established that, in ferroptosis-sensitive cancer cell cultures, small-
molecule inducers of ferroptosis such as IKE or RSL3 are able to combine synergistically with
radiation to achieve enhanced cancer cell killing. We further demonstrated that, not only is the
effectiveness of this combination treatment reversed by co-treating cells with a ferroptosis
inhibitor, but that cell death induced by radiation itself can be rescued by these molecules in HT-
1080 cells. This result was the first indication that ferroptosis may be, in certain contexts, a novel
mechanism of radiation-induced cell death.

Next, we sought to further elucidate this phenomenon by characterizing the hallmarks of
ferroptosis in HT-1080 cells treated with radiation, and comparing changes in these ferroptosis
markers with those observed with an established ferroptosis inducer. We also tested if combining
radiation and a ferroptosis-inducing molecule would further highlight ferroptotic changes in the
cell.

In this section, the key biomarkers of ferroptosis that we measured are (1) the
overexpression of PTGS2, (2) increased quantities of membrane lipid peroxidation, and (3) the
depletion of intracellular reduced glutathione. If radiation were to behave similarly to
ferroptosis-inducing molecules in triggering these responses, we would be able to consider it as

another, previously undiscovered, inducer of ferroptosis. To determine the specific nature of the

2 Adapted from Ye LF, Chaudhary KR, Zandkarimi F, Harken AD, Kinslow CJ, Upadhyayula PS, Dovas
A, Higgins DM, Tan H, Zhang Y, Buonanno M, Wang TJC, Hei TK, Bruce JN, Canoll PD, Cheng SK,
Stockwell BR. (2020) Radiation-Induced Lipid Peroxidation Triggers Ferroptosis and Synergizes with
Ferroptosis Inducers. ACS Chemical Biology. Jan 3. doi: 10.1021/acschembio.9b00939.
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enhanced cell death caused by the combination of IKE or RSL3 with radiation, we also measured
hallmarks of other types of cell death, such as DNA damage and caspase-3 expression, in cells
treated under these conditions. Our hypothesis was that, although radiation alone kills cells
through a variety of mechanisms, the synergy observed between IKE or RSL3 and radiation is
predominantly due to ferroptotic cell death.

Finally, to further distinguish between the traditional mechanisms of radiation-induced
cell death, i.e. those induced by the genotoxic effects of radiation, and its effects on membrane
lipid peroxidation, we used a precision proton microbeam to selectively radiate either the nucleus
or the cytoplasm of HT-1080 cells. We hypothesized that ferroptosis inducers would only
synergize with radiation delivered to the lipid membranes in the cytoplasm, and that the
enhanced cell killing would not be observed with nuclear radiation. We conclude this section by
looking for markers of DNA damage and lipid peroxidation in cells treated with differential

microbeam radiation.

3.2 Results

3.2.1 Genetic and biochemical hallmarks of ferroptosis are observed in radiation-treated cancer
cells

We sought to explore whether ferroptosis is a mechanism for radiation-induced cell death
and IKE/RSL3-amplified death in these cells. To this end, we measured the mRNA expression
level of prostaglandin-endoperoxide synthase 2 (PTGS2), a pharmacodynamic biomarker of
ferroptosis (Yang et al., 2014), using RT-gPCR in HT-1080 cells that were (1) radiated alone, (2)
treated with 100 nM RSL3, (3) radiated and co-treated with RSL3, or (4) radiated and co-treated

with 10 uM ferrostatin-1. We found that after 24 hours, PTGS2 mRNA was significantly induced
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in cells that were treated with 6 Gy radiation when compared to untreated cells (Figure 3.1).
Treating cells with ferrostatin-1 in combination with radiation reversed this induction of PTGS2.
When radiation was combined with RSL3, the upregulation in PTGS2 mRNA was even further
enhanced.

Next, we quantified levels of malondialdehyde (MDA), a biomarker for lipid
peroxidation and ferroptosis, using an assay that measures thiobarbituric acid reactive substances
(TBARS) (Gaschler et al., 2018). In this assay, thiobarbituric acid (TBA) was added to cell
lysates and heated under acidic conditions to form the MDA-TBA adduct, which was measured
colorimetrically. MDA levels were found to be significantly elevated in cells treated for 24 h
with 1 uM IKE, 6 Gy radiation, or a combination of the two, when compared to untreated cells
(Figure 3.2). Cells treated with 10 uM ferrostatin-1, either in the presence or absence of

radiation, showed significantly lower levels of MDA compared to control cells.

PTGS2 mRNA

Fold change

100 nM RSL3 - - + - = -
10 uM Fer-1 - & = & +
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Figure 3.1: PTGS2 gene expression in HT-1080 cells treated with radiation and
ferroptosis modulators.
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PTGS2 mRNA fold change measured by RT-qPCR in HT-1080 cells treated with
DMSO, 100 nM RSL3, or 10 uM ferrostatin-1 and co-treated with 0 or 6 Gy radiation for 24
hours. **** represents p<0.0001. Data are plotted as mean + SEM; n = 3.
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Figure 3.2: MDA levels in HT-1080 cells treated with radiation and ferroptosis
modulators.

MDA levels measured using the TBARS assay in HT-1080 cells treated with DMSO, 1
uM IKE, or 10 uM ferrostatin-1 and co-treated with 0 or 6 Gy radiation for 24 hours. ***
represents p<0.001, ** represents p<0.01, * represents p<0.05. Data are plotted as mean + SEM;

n=3.

To confirm that radiation causes lipid peroxidation in these cells, lipid peroxidation was
also measured with C-11 BODIPY (581/591), a membrane-targeted lipid sensor dye. Flow
cytometry analysis of HT-1080 cells treated with radiation, ferroptosis inducers, or a

combination of both for 24 h and stained with C11-BODIPY showed that the combination
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treatment of either 1 uM IKE or 50 nM RSL3 with 6 Gy radiation significantly increased C-11
BODIPY fluorescence when compared to either radiation or ferroptosis inducer alone (Figures

3.3, 3.4). The resulting enhancement was reversed in both cases by also co-treating the cells with

ferrostatin-1.
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Figure 3.3: Lipid peroxidation in HT-1080 cells treated with radiation and ferroptosis
modulators.

Representative histograms of HT-1080 cells treated with DMSO, 1 uM IKE, or 1 uyM
IKE + 10 uM ferrostatin-1 and co-treated with 0 or 6 Gy radiation for 24 hours and stained
with C-11 BODIPY measured by flow cytometry. Horizontal bars indicate C-11 BODIPY-
positive cell populations.
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Figure 3.4: Quantification of lipid peroxidation in HT-1080 cells treated with radiation
and ferroptosis modulators.

C11-BODIPY staining of HT-1080 cells treated with ferroptosis modulators and co-
treated with 0 or 6 Gy radiation measured by flow cytometry. ** represents p<0.01. Data are
plotted as mean + SEM; n = 3.

Ferroptosis inducers have been shown to alter the availability and consumption of
intracellular reduced glutathione (GSH). Class | ferroptosis inducers, such as IKE, inhibit system
X¢ , the cystine/glutamate antiporter on the plasma membrane that exchanges intracellular
glutamate and extracellular cystine (S. J. Dixon et al., 2012; S. J. Dixon et al., 2014; Yang &
Stockwell, 2016). Cystine taken up by system X is reduced to cysteine, a building block in the
biosynthesis of glutathione. The glutathione-depleting effect of IKE is thought to be its main
mechanism of action that drives ferroptosis. Using a fluorometric GSH probe, we observed that

treatment with 2 or 6 Gy radiation for 24 h depleted GSH in a dose-dependent manner in HT-
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1080 cells (Figure 3.5). In addition, levels of reduced glutathione further decreased when
irradiated cells were co-treated with 2 uM IKE, suggesting that the two processes work in a
cooperative fashion to deplete GSH. Indeed, the decrease in colony formation of HT-1080 cells
following 2 or 4 Gy radiation was rescued by either glutathione methyl ester, or N-
acetylcysteine, which is a biological precursor to glutathione (Figure 3.6). This finding provides

a potential mechanism by which radiation and IKE act together to cause increased cell death.
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Figure 3.5: GSH in HT-1080 cells treated with radiation and IKE.

Reduced glutathione (GSH) level is detected in HT-1080 cells treated with DMSO or 2
uM IKE and co-treated with 0, 2 or 6 Gy radiation for 24 hours using a fluorometric assay.
**%* represents p<0.0001, ** represents p<0.01, * represents p<0.05, n.s. represents p>0.05. Data
are plotted as mean + SEM; n = 3.
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Figure 3.6: Rescue of radiated HT-1080 cells using NAC and GSH.

Clonogenic survival of HT-1080 cells treated with vehicle, N-acetylcysteine, or
glutathione methyl ester to 0, 2, 4 or 6 Gy radiation. ** represents p<0.01, * represents p<0.05,
n.s. represents p>0.05. Data are plotted as mean + SEM; n = 2.

3.2.2 IKE and RSL3 do not enhance radiation-induced DNA damage signaling or caspase-3
cleavage in HT-1080 cell culture

Mechanisms of the cellular lethality from radiation are thought to be mainly derived from
the downstream caspase-dependent apoptosis induced by DNA damage, including complex
double-strand DNA breaks (Lomax, Folkes, & O'Neill, 2013; Morgan & Lawrence, 2015).

Therefore, we wanted to determine if ferroptosis inducers and radiation induce DNA damage or

41



affect DNA repair. We evaluated the extent of these effects of radiation by measuring DNA
damage and caspase activation in HT-1080 cells co-treated with radiation and ferroptosis
inducers. Immunofluorescence staining of YH2AX, a marker for double-strand DNA (dsDNA)
damage and repair, was performed in cells treated with 10 uM IKE, 1 uM RSL3, or 10 uM
ferrostatin-1 along with DMSO control (Figures 3.7, 3.8). The cells were either treated with
radiation (6 Gy) or not irradiated (0 Gy) as a control. After 30 minutes, numerous YH2AX foci
were present in irradiated cells, but absent in control cells, suggesting that, as expected, radiation
at this dose caused significant DNA damage. However, pharmacological modulators of
ferroptosis did not affect the number of observed YH2AX foci in any of the treatment groups,
indicating that ferroptosis inducers alone do not cause DNA damage, and that DNA damage does
not correlate with the radiation-sensitizing effects of IKE and RSL3, nor with the rescuing effect
of ferrostatin-1, towards radiation-induced cell death. An experiment was then performed at 6 h
post-treatment, at which point the majority of the YH2AX foci in cells treated with radiation
alone disappeared, presumably due to DNA repair. Similarly, no differences were observed
between the irradiated groups treated with the vehicle DMSO and those treated with IKE, RSL3,
or ferrostatin-1, which suggested that DNA repair was not delayed by the co-treatment with
ferroptosis inducers, nor enhanced by the co-treatment with ferrostatin-1. Treatment with IKE or
RSL3 alone for 6 h did not result in yYH2AX foci formation, with results similar to the 30-minute
treatment. These results demonstrate that DNA damage does not correlate with the effects of

ferroptosis inducers on cell viability in HT-1080 cells.
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Figure 3.7: YH2AX foci in HT-1080 cells treated with radiation and ferroptosis
modulators.

Representative images of YH2AX immunofluorescence staining in HT-1080 cells
treated with DMSO, 10 uM IKE, 1 uM RSL3, or 10 uM ferrostatin-1 and co-treated with 0 or 6
Gy radiation for 30 minutes or 6 hours. Blue: DAPI; Yellow: YH2AX-FITC. Scale bar, 10 pm.

To test for other forms of DNA damage that cannot be detected by the YH2AX assay, we
performed a comet assay, which detects single strand DNA damage in addition to double strand
breaks, in HT-1080 cells treated under the same conditions. After 30 minutes, we observed a

significant difference in percent of tail DNA between irradiated and unirradiated groups,
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demonstrating that DNA damage had occurred following radiation treatment. We did not detect a
significant increase in DNA single strand damage in cells treated with IKE or RSL3 alone, and
no significant enhancement of DNA damage when IKE or RSL3 was combined with radiation,
even when a proportion of cells had started to die at the 4-hour timepoint (Figure 3.9). We also
did not observe a significant protective effect of ferrostatin-1 towards radiation-induced DNA
single strand damage. These results again reinforce the conclusion that although DNA damage
occurs in HT-1080 cells exposed to radiation, it is not related to the synergistic cell death

observed during co-treatment with ferroptosis inducers.
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Figure 3.8: Quantification of YH2AX foci.

Quantification of YH2AX immunofluorescence staining in HT-1080 cells treated with
DMSO, 10 uM IKE, 1 uM RSL3, or 10 uM ferrostatin-1 and co-treated with 0 or 6 Gy
radiation for 30 minutes or 6 hours. **** represents p<0.0001, n.s. represents p>0.05. Data are
plotted as mean + SEM; n = 20 cells.
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Figure 3.9: DNA damage quantification in HT-1080 cells using the comet assay.

Quantification of percent tail DNA in HT-1080 cells using the comet assay. Cells were
treated with DMSO, 10 uM IKE, 1 uM RSL3 or 10 uM ferrostatin-1 and co-treated with 0 or 6
Gy radiation for 30 minutes or 4 hours. Percent tail DNA was calculated by dividing the total
fluorescence intensity of the tail area by the total fluorescence intensity of the comet. ***
represents p<0.001, ** represents p<0.01, * represents p<0.05, n.s. represents p>0.05. Data are
plotted as mean + SEM; n = 10 cells.

DNA damage is a potent inducer of apoptosis. Therefore, we also tested for the presence
of radiation-induced apoptosis by measuring levels of cleaved caspase-3 in HT-1080 cells treated
with 6 Gy radiation, or with IKE or RSL3, or with a combination of radiation plus ferroptosis
inducer, for 24 h (Figure 3.10). Levels of cleaved caspase-3 were minimally elevated in cells
treated with radiation compared with those of non-irradiated cells, and the addition of ferroptosis
inducers did not further increase the amount of cleaved caspase-3. Treatment with ferroptosis
inducers alone did not induce detectable cleavage of caspase-3, as previously reported (Yagoda
et al., 2007). In contrast, the pro-apoptosis inducer staurosporine, used as a positive control at
500 nM for 6 h, induced cell death along with levels of caspase-3 cleavage, shown by bands at

17 and 19-kDa. When these cells were co-treated with staurosporine and 100 uM Z-VAD-FMK,
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a pan caspase inhibitor, the cells were rescued from staurosporine-induced cell death. 19-kDa
cleaved caspase-3 was still detectable in the Z-VAD-FMK-treated sample, as expected. These
results suggest that the minute quantity of cleaved caspase-3 in cells treated with radiation is

unlikely to cause significant cell death, and that caspase-3-mediated apoptosis is not likely an

important modality for the cell death that is observed under these treatment conditions.
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Figure 3.10: Cleaved caspase-3 in treated HT-1080 cells.

Western blot of cleaved caspase-3 in HT-1080 cells treated with DMSO, 1 uM IKE, 50
nM RSL3 and co-treated with 0 or 6 Gy radiation for 24 hours. Cells treated with 500 nM
staurosporine and 500 nM staurosporine + 100 uM Z-VAD-FMK were included as positive
and negative controls.

These findings suggest that ferroptosis driven by lipid peroxidation, not DNA damage or
apoptosis, is the predominant radiosensitizing mechanism of ferroptosis inducers, and of

radiation on its own, in HT-1080 cells.

3.2.3 Targeted cytoplasmic, but not nuclear, microbeam radiation selectively synergizes with
IKE and RSL3 to enhance clonogenic cell death
To further probe the mechanism by which radiation synergizes with IKE and RSL3 to

cause cell death, we used a 5-MeV proton microbeam to deliver targeted radiation to either the
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nucleus or the cytoplasm of HT-1080 cells (Randers-Pehrson et al., 2009). The microbeam
consists of a single beam of proton radiation with a spot size of 4 micrometers that allows
radiation damage to be precisely deposited at specific locations in a cell. This translates to
delivery of a precise number of protons to either the cell nucleus or to the cytoplasm outside of
the nucleus (Hei et al., 1997; L. J. Wu et al., 1999). The targetable nature of the microbeam
allows us to distinguish the cytoplasmic effects of radiation from its nuclear effects, and test if
the former is the predominant component that drives radiation-induced ferroptosis. To target the
microbeam, cells were labeled with Hoechst stain and imaged. Nuclear radiation was delivered
to the center of gravity of the cell nucleus, whereas cytoplasmic radiation was delivered to two
sites 7 microns away from the nuclear edge along the nuclear long axis (Figure 3.11). Using this
method, we first established dose responses of these cells to nuclear and cytoplasmic radiation.
The EDsq for clonogenic cell death was observed to be around 100 protons for nuclear radiation,
and between 1,000 and 1,500 protons per site for cytoplasmic radiation (Figure 3.12). Compared
to conventional photon radiation, these doses approximately correspond to 1 Gy to the nucleus
and between 1-5 Gy to the cytoplasm, a therapeutically relevant dose range that is consistent
with our previous experiments. Similar to previous reports, these results suggest that nuclear
proton radiation was more lethal to cells than cytoplasmic proton radiation, presumably through
direct radiation-induced damage to DNA and genome integrity (Zhou, Hong, Chai, & Hei, 2009).
This supports the view that the genotoxic effects of radiation are attributed mainly to direct

damage to the nucleus.
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Figure 3.11: Schematic of microbeam experiment.

Diagram of microbeam setup showing locations of beam spots targeting either the

nucleus or cytoplasm.
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Figure 3.12: Cell death in HT-1080 cells following nuclear or cytoplasmic radiation.

Dose response of HT-1080 cells treated with nuclear (left) or cytoplasmic (right)
microbeam radiation, measured by clonogenic assays. Data are plotted as mean + SEM; n = 3.
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However, when microbeam radiation was combined with inducers of ferroptosis, we
observed that nuclear radiation had no synergy with IKE and RSL3, whereas cytoplasmic
radiation synergized strongly with both compounds (Figure 3.13, 3.14). Notably, although no
significant cell death was observed with 500 or 1,000 protons alone delivered per site to the
cytoplasm, there was a large decrease in cell survival when irradiated cells were concurrently
treated with sub-lethal doses of either of the two ferroptosis inducers, leading to synergistic CDI
values between 0.2 and 0.4. By comparison, no such effect was observed when the cells were
treated with nuclear irradiation. Taken together, these results suggest that ferroptosis inducers

sensitize cells to the effects of radiation primarily in the cytoplasm.
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Figure 3.13: Ferroptosis inducers do not sensitize HT-1080 cells to radiation.

Clonogenic cell survival of HT-1080 cells treated with nuclear radiation and IKE or
RSL3. CDI values are indicated below data points. Data are plotted as mean + SEM; n = 3.
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Figure 3.14: Ferroptosis inducers sensitize HT-1080 cells to cytoplasmic radiation.

Clonogenic cell survival of HT-1080 cells treated with cytoplasmic radiation and IKE
or RSL3. CDI values are indicated above data points. Data are plotted as mean + SEM; n = 3.

To further highlight the differences between nuclear and cytoplasmic microbeam
radiation, and to examine if they represent two distinct forms of radiation-induced cell death, we
sought to measure levels of DNA damage and lipid peroxidation in cells treated under the two
conditions. To measure DNA damage, cells were treated either with 100 protons to the nucleus
or 2,000 protons to each site in the cytoplasm. YH2AX immunofluorescence staining for csDNA
breaks was performed 30 minutes post-irradiation (Figure 3.15). yH2AX foci were indeed
present in cells treated with nuclear radiation, but absent from cells treated with cytoplasmic
radiation. To examine the microbeam’s effects on lipid peroxidation, we performed
immunofluorescence staining of 4-hydroxynonenal (4-HNE), a marker of lipid peroxidation, in
cells with the same treatment conditions at 2 hours post-irradiation (Figure 3.16). The 4-HNE
signal was significantly increased in samples treated with cytoplasmic radiation relative to

untreated cells, but not in those treated with nuclear radiation.
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Figure 3.15: DNA damage in HT-1080 cells treated with differential microbeam
radiation.

Immunofluorescence staining of YH2AX in untreated cells, and cells treated with 100
protons to the nucleus or 2000 protons to the cytoplasm for 30 minutes. Blue: DAPI; Yellow:
YH2AX-FITC. **** represents p<0.0001, n.s. represents p>0.05. Scale bar, 10 pm. Data are
plotted as mean + SEM; n = 20 cells.

4-HNE IF —

Control Nucleus Cytoplasm
treated treated

10 | 11 1

2 hours

Fluorescence intensity (AU)
o

Figure 3.16: Lipid peroxidation in HT-1080 cells treated with differential microbeam
radiation.

Immunofluorescence staining of 4-HNE in untreated cells, and cells treated with 100
protons to the nucleus or 2000 protons to the cytoplasm for 2 hours. Blue: DAPI; Red: 4-HNE-
Rhodamine Red. **** represents p<0.0001, n.s. represents p>0.05. Scale bar, 10 um. Data are
plotted as mean + SEM; n = 20 cells.
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Taken together, these findings indicate that, although damage to the nucleus remains an
important mechanism of radiation therapy in some contexts, inducers of ferroptosis serve to
activate a distinct cell death mechanism based in the cytoplasm, which may become relevant in
cancer cells that have acquired resistance to the traditional cell death and DNA damage
pathways. The microbeam is thus a useful tool to separate the effects of radiation-induced lipid
peroxidation and DNA damage and to examine how ferroptosis synergizes with the former but

not the latter in various cell contexts.

3.3 Discussion

Traditionally, mechanisms of cellular lethality from radiation have focused on the role of
clustered DNA damage, in particular double-strand DNA breaks, in the nucleus. This
genotoxicity leads to downstream effects such as apoptosis and mitotic catastrophe, which are
thought to be the predominant mechanisms of cancer cell death following irradiation (Eriksson &
Stigbrand, 2010). Nevertheless, some prior reports have highlighted the capacity for radiation to
produce hydroxyl radicals and even lipid peroxidation in cell membranes (Shadyro et al., 2002;
Walden et al., 1988). With the framework of ferroptosis, a lipid-peroxidation-based form of
regulated cell death that can be modulated by a wide arsenal of pharmacological agents and
metabolic interventions, it may now be possible to enhance the radiation-induced lipid damage
response to kill tumors. This alternative mechanism may be especially effective in tumors with
either intrinsic or acquired resistance to the genotoxic effects of radiation, such as those with
increased capacity for DNA repair or a defective apoptosis pathway.

From our experiments, the principal mechanism by which IKE and radiation synergize

appears to be through the enhanced depletion of intracellular glutathione. However, other
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possibilities may also be considered. Gamma rays and X-rays, the most clinically relevant types
of radiation therapy, do not damage biological molecules directly, but rather through hydroxyl
radical intermediates. Polyunsaturated fatty acids (PUFASs), which are oxidized in ferroptosis, are
particularly sensitive to this type of damage given their ability to stabilize a free radical in the
bis-allylic position through conjugation, and are the most sensitive lipid species to destruction
when exposed to high dose radiation (Hammer & Wills, 1979). Evidence to support this
hypothesis includes reports from two groups that treatment of several cancer cell lines, including
astrocytomas and colorectal cancers, with PUFAs resulted in enhanced cell killing by radiation
(Cai et al., 2014; Vartak, Robbins, & Spector, 1997). Further study is required to evaluate which
of these mechanisms are ultimately the most relevant.

The microbeam results we observed indicate that the interactions between radiation and
the ferroptotic pathway occur primarily in the cytoplasm. At the same time, the lower threshold
for cell killing by nuclear radiation compared to cytoplasmic radiation suggests that DNA
damage is a major cell death modality of radiation. This is potentially because the charged
particle radiation used for the microbeam experiments are known to have a higher Linear Energy
Transfer (LET), causing more direct DNA damage when compared to gamma radiation used in
cell culture experiments. Thus, the type of radiation may strongly impact the type of cell death
activated, in addition to the tumor context. Overall, these findings offer a proof of concept for an
alternative strategy for treating cancers that have evolved specific resistance mechanisms to
DNA damage and repair. As ferroptosis inducers are optimized and developed as
chemotherapeutic agents, these results suggest that they may be combined with radiation therapy

in a variety of contexts. In particular, the use of this combination therapy in cancers that have
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undergone EMT is potentially promising, as they have been identified as a resistant state

susceptible to GPX4 inhibition and ferroptotic cell death (Viswanathan et al., 2017).

3.4 Methods

3.4.1 RT-qPCR

RNA was extracted using the Qiashredder and QIAGEN RNeasy Mini kits (QIAGEN)
according to the manufacturer's protocol. 2 pg total RNA for each sample was used as input for
each reverse transcription reaction. Quantitative PCR reactions were performed using the Power
SYBR Green PCR Master Mix (Thermo Fisher Scientific). Triplicate samples per condition were
analyzed on an Applied Biosystems 7300 qPCR instrument using absolute quantification
settings. Differences in mMRNA levels compared to ACTB internal reference control were
computed between control and experimental conditions using the AACt method. The primers
used in this study are listed below.
ACTB forward: 5’-AGAGCTACGAGCTGCCTGAC-3’
ACTB reverse: 5’-AGCACTGTGTTGGCGTACAG-3’
PTGS2 forward: 5’-ATATGTTCTCCTGCCTACTGGAA-3’

PTGS2 reverse: 5’-GCCCTTCACGTTATTGCAGATG-3°

3.4.2 TBARS assay

2 million cells were seeded in T175 flasks. The next day, cells were treated with
compounds and/or radiation to induce MDA formation and incubated overnight. 24 h later, the
cells were harvested, counted, and collected at 300 x g at 4 °C for 5 min. The cell pellet was

resuspended in 100 pul of RIPA buffer and homogenized by pipetting. The whole lysate was used
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to determine MDA concentration in each sample. We used the TBARS assay kit (Cayman

Chemical) and followed the product instructions.

3.4.3 Lipid ROS assay using flow cytometry

0.5 million cells were seeded in 10 cm dishes. The next day, they were co-treated with
ferroptosis-modulating compounds and radiation and returned to the incubator. On the following
day, cells were harvested in 15 ml tubes and washed twice with PBS followed by re-suspending
in 500 pl of PBS containing 10 uM of BODIPY-C11 dye (Thermo Fisher Scientific, cat#
D3861), and incubated at 37 °C for 30 minutes. The cells were then collected at 300 x g for 5
minutes, washed with PBS three times, and subjected to the flow cytometry analysis. C6 flow
cytometry system (BD Accuri cytometers) was used for the flow cytometer analysis. A minimum

of 10,000 cells were analyzed per condition.

3.4.4 Reduced glutathione measurement

1 million cells were seeded on 10 cm dishes. The next day, cells were treated with
compounds and/or radiation to induce GSH depletion and incubated overnight. 24 h later, the
cells were harvested and counted. Five million live cells from each sample were transferred to
new tubes, and centrifuged at 300 x g at 4 °C for 5 min. The cell pellet was resuspended in 100
ul of RIPA buffer and homogenized by pipetting. The lysate was centrifuged at 16,700 x g at 4
°C for 15 min, and cleared lysate was used to determine the amount of GSH in the sample. We
used the GSH/GSSG ratio detection assay kit (Abcam, #ab138881) and followed the product

instructions to determine GSH levels.
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3.4.5 Immunofluorescence study and quantification of cells

10,000 cells were seeded on cover slips placed inside wells of 6-well plates. The next
day, cells were treated with ferroptosis modulators and/or radiation, then returned to the
incubator for 30 minutes or 6 hours. After the growth medium was removed, the cells were
washed with PBS and fixed with 100 pl 4% paraformaldehyde per well for 10 minutes at room
temperature. After three washes with PBS, cells were permeabilized with 100 pl Triton X-100
(0.1% v/v) per well for 10 minutes incubation at room temperature. Non-specific protein binding
was blocked with 100 pl of BSA (1% v/v) per well for 20 minutes at room temperature. After
removing excess BSA, 100ul of primary mouse monoclonal anti-phospho histone-H2AX
antibody (1:500) was added to each well for a 1-hour incubation at room temperature. Cells were
washed with PBS and incubated with 100 pl of secondary antibody per well for 45 minutes at
room temperature in the dark. Cells were washed with PBS and mounted on slides with one drop
of Prolong anti-fade reagent with DAPI (Invitrogen) per coverslip. Slides were stored at 4 °C in
the dark before analysis on a Zeiss LSM 700 confocal microscope with constant laser intensity

for all analyzed samples.

3.4.6 Comet assay

100,000 HT-1080 cells were seeded per well in 6-well plates and incubated overnight. On
the next day, the cells were treated with ferroptosis modulators and/or radiation, then returned to
the incubator for 30 minutes or 4 hours before being harvested with trypsin and counted. The
comet assay was performed using the CometAssay kit (Trevigen) following the alkaline comet

assay product instructions. All images were captured on a Zeiss LSM 700 confocal microscope
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with constant laser intensity for all analyzed samples. The fluorescent signal of each comet was

analyzed using NIH ImageJ software.

3.4.7 Western blot

1 million cells were seeded in 10 cm dishes and treated with compounds and/or radiation
on the next day. After 24 hours, cells were harvested at 300 x g at 4 °C for 5 min, resuspended in
50 ul of RIPA buffer and homogenized by pipetting. After quantification by Bradford, samples
were mixed with 5X SDS loading buffer and separated by SDS-polyacrylamide gel
electrophoresis. After transfer, membranes were blocked for 10 min in Tris-buffered saline (pH
7.4) with 1% Tween-20 (TBS-T) with 5% milk and incubated in primary antibody overnight at 4
°C. Following 3X for 5 min washes in TBS-T, the membrane was incubated with secondary
antibodies for 1 hr. The membrane was washed again in TBST 3X for 5 min prior to
visualization using enhanced chemiluminescence (ECL Western Blotting Substrate, Pierce).
Antibody for cleaved caspase 3 (Cell Signaling Technology, #9661) was used at 1:1000 and
detected using a Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch,

111-295-144) at 1:5000 dilution.

3.4.8 Microbeam irradiation and clonogenic assay

The charged particle single cell microbeam at Radiological Research Accelerator Facility
(RARAF) at the Center for Radiological Research, Columbia University was used. 300-500 HT-
1080 cells were plated on polypropylene film treated with 3.5 pg/cm? Cell-Tak adhesive (BD
Biosciences). The next day, cells were stained with Hoechst 33342 for 30 min. Cells were

imaged, and their center-of-gravity coordinates were registered to automatically locate them by
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the microbeam control program. For nuclear irradiation, protons (*H*) were directed by a
precision beam to the center of the nucleus. For cytoplasmic irradiation, protons were directed to
two locations 7 um away from the ends of the major axis of each nucleus, as previously
described (L. J. Wu et al., 1999). In each case, the beam has an accuracy of +0.2 um with 95%
efficiency. Post-irradiation, cells were trypsinized and re-plated at a density of 500 cells per well

in 6-well plates for clonogenic assays.

3.4.9 Immunofluorescence study and quantification of microbeam-irradiated cells
Microbeam-treated cells were washed three times with PBS, fixed for 15 min at room
temperature in 4% (w/v) paraformaldehyde in PBS and then washed in PBS. The fixed cells were
permeabilized with 0.1% Triton X-100 for 10 min and washed three times with PBS. The cells
were incubated for 1 h at room temperature in PBS containing 5% (v/v) goat serum and then
incubated for 1 h in the same medium containing Anti-phospho histone-H2AX antibody
(Millipore, 05-636, 1:500 dilution) or Anti-4 Hydroxynonenal antibody (Abcam, ab46545, 1:500
dilution). The cells were washed and bound primary antibodies were detected by the reaction
with Fluorescein (FITC) AffiniPure Goat Anti-Mouse 1gG (H+L) (Jackson ImmunoResearch,
115-095-003, 1:1000 dilution) or Rhodamine Red™-X (RRX) AffiniPure Goat Anti-Rabbit 1gG
(H+L) Jackson ImmunoResearch, 111-295-144, 1:1000 dilution) for 1 h. Cells were thoroughly
washed and the polypropylene layer was cut out and placed on a glass slide. A cover glass was
placed on top of the polypropylene layer and mounted using ProLong Diamond antifade
mountant with DAPI (ThermoFisher P36962). Samples were examined using a Zeiss LSM 700
confocal microscope with constant laser intensity for all analyzed samples. The intensity above

threshold of the fluorescent signal of the bound antibodies was analyzed using NIH ImageJ
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software. Fluorescence intensity was obtained using the images generated by Image J software

(NIH, Bethesda, MD, USA).
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Chapter 4: Untargeted Lipidomics Signature of Ferroptosis Induced
by IKE and Radiation®

4.1 Introduction

In the previous section, we showed that ionizing radiation can result in lipid peroxidation
in cells sensitive to ferroptosis, indicating potential changes in the cells’ membrane lipid
composition and lipid metabolism. Therefore, we sought to use lipidomics to more specifically
examine the changes by looking at particular differences in lipid species between treated and
untreated samples. Although lipidomics has been used to explore changes in lipid composition
following induction of ferroptosis by erastin and IKE, no such study has been conducted in
conjunction with radiation. Therefore, we hypothesized that the lipid signature of radiation-
induced ferroptosis would partially overlap with that observed of cells undergoing ferroptosis
induced by a small-molecule drug, and that some of these changes would be enhanced when
radiation and IKE are combined. We also sought to compare our lipidomics data with previously
understood ferroptosis lipid signatures obtained in different models and under different
conditions, to understand which changes are universal to the ferroptotic pathway, and which
changes are more specific to each individual context, such as radiation-induced ferroptosis in
particular. A final goal of our study was to discover individual lipid species that might serve as
specific clues for ferroptosis which is synergistically induced, both pharmacologically and

radiologically. These molecules might then shed light on mechanistic details about how these

3 Adapted from Ye LF, Chaudhary KR, Zandkarimi F, Harken AD, Kinslow CJ, Upadhyayula PS, Dovas
A, Higgins DM, Tan H, Zhang Y, Buonanno M, Wang TJC, Hei TK, Bruce JN, Canoll PD, Cheng SK,
Stockwell BR. (2020) Radiation-Induced Lipid Peroxidation Triggers Ferroptosis and Synergizes with
Ferroptosis Inducers. ACS Chemical Biology. Jan 3. doi: 10.1021/acschembio.9b00939.
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two stressors combine to kill cancer cells, or act as biomarkers for ferroptosis induced under

these specific circumstances.

4.2 Results

4.2.1 Untargeted lipidomics reveals molecular features of ferroptosis in cells co-treated with IKE
and radiation

To further probe the effects of radiation on cellular lipid composition and metabolism, we
performed an ultra-performance liquid chromatography quadrupole- time-of-flight-mass-
spectrometry-(UPLC-g-ToF MS)-based untargeted lipidomics analysis of HT-1080 cells treated
with 0 or 6 Gy radiation for 24 h, and co-treated with either DMSO vehicle or 5 uM IKE for 12
h. Untargeted UPLC-MS analyses of the samples resulted in the detection of 1,304 and 561
features in the positive and negative electrospray ionization (ESI) modes, respectively.
Unsupervised principal component analysis of the detected lipid features in both ESI modes
showed clear clustering and separation among the groups (Figure 4A). Using two-way ANOVA
(FDR corrected p value < 0.05 for both IKE-treated and IR-treated samples when compared to
control samples), we found 18 lipid ions in the positive and 10 lipid ions the negative ESI modes
whose abundances changed significantly among the groups. By integrating the annotated lipid
ions in both modes, we found 17 unique lipid species, including one free fatty acid (FA 16:1), 10
lysophospholipids (LysoPLs) and 6 diacylglycerols (DAGS), that increased significantly in cells
treated with IKE or radiation, with even larger increases when IKE and radiation were combined
(Figure 4B). Lysophospholipids, molecules generated following PUFA-containing phospholipid
peroxidation by enzymatic cleavage of the oxidized PUFA tail, have been implicated in oxidative

stress and accumulate during treatment with ferroptosis inducers (Colles & Chisolm, 2000; Yang
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et al., 2016; Zhang et al., 2019). Among these, lysophosphatidylinositol (LysoPI) 18:1
(interaction p value=0.01) and lysophosphatidylethanolamine (LysoPE) 18:1 (p=0.03) in
particular had significantly interacting synergistic effects between IKE and radiation.
Furthermore, the significantly elevated levels of diacylglycerols may have resulted from
hydrolysis of triacylglycerols, which are enriched in ferroptosis-sensitive cell states of clear-cell
carcinoma and have been shown to be accumulated by IKE in cell culture models of diffuse large
B-cell lymphoma (Zhang et al., 2019; Zou et al., 2019). Of these, DAG 16:0/16:1 also displayed

significant interaction between IKE and radiation (p<0.05).
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Figure 4.1: Distinct lipid species arise in HT-1080 cells when treated with radiation
and/or IKE.

Principal component analysis of the extracted lipid features in samples treated with
DMSO or 5 uM IKE for 12 hours, with or without 6 Gy radiation for 24 hours, in both
positive and negative electrospray ionization modes.
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These results suggest that radiation-driven lipid peroxidation produces a downstream

lipid signature similar to that produced by pharmacological induction of ferroptosis, consistent

with the previous studies of cell lipidome changes during this process.
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Figure 4.2: Significantly changed lipid features in HT-1080 cells undergoing IKE and

radiation-induced ferroptosis.

Fold change heatmap of significantly changed lipid features from both IKE treatment
and radiation treatment determined by two-way ANOVA (FDR corrected p value < 0.05).
Blue indicates decreased abundance compared to DMSO-treated controls (fold changes
between 0.3 and 0.8); white indicates no change (fold changes between 0.8 and 1.2); red
indicates increased abundance (fold changes between 1.2 and 10). n = 3 biologically
independent samples. Abbreviations: FA, fatty acid; LysoPC, lysophosphatidylcholine;
LysoPE, lysophosphatidylethanolamine; LysoP]I, lysophosphatidylinositol; DAG,

diacylglycerol.
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4.3 Discussion

While the upstream mechanism by which radiation leads to lipid oxidation remains to be
elucidated, our lipidomics data suggest that the effects of radiation on lipid species of treated
cells as a whole overlap with those produced by a ferroptosis inducer. In combination therapy,
the oxidation of PUFA-phospholipids by radiation enhances the same effect driven by IKE,
potentiating ferroptosis. When oxidized PUFA-phospholipids are produced, phospholipase A2
may cleave the oxidized fatty acid tail from the phospholipid, producing oxidized PUFA
molecules as well as lysophospholipid molecules, presumably as a by-product of the process.
The profound increase in the latter species of oxidized lipids may eventually be established as a
biomarker for ferroptosis induced by both radiation and IKE (Figure 4.3). In particular, the levels
of both LysoPI 18:1 and LysoPE 18:1 increased in both groups and showed strong interactions in
the combination group, potentially acting as signatures of the synergistic effects between IKE
and radiation.

In addition to their role as a ferroptosis signature, it would be interesting to investigate if
the lysophospholipid molecules may also be important in ferroptotic cell death following
membrane phospholipid oxidation. Further experiments are needed to test if modulating the
formation of these lipid species, for example by inhibiting phospholipase A2, can have an effect

on the cells’ sensitivity to ferroptotic cell death.
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Figure 4.3: Proposed model for radiation-induced ferroptosis.

Schematic of how oxidation of membrane polyunsaturated fatty acids by IKE and
radiation cause elevated lysophospholipids and cell death. Abbreviations: PUFA,
polyunsaturated fatty acid; PLA2, phospholipase A2; Lyso-PL, lysophospholipid.

4.4 Methods

4.4.1 Sample preparation
Lipids were extracted from each sample as described previously (Zhang et al., 2019). 5

million cells treated with DMSO or 5 uM IKE for 12 hours, with or without 6 Gy radiation for
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24 hours, were scraped and homogenized in 250 mL cold methanol containing 0.01% butylated
hydroxyl toluene (BHT) with micro tip sonicator. Homogenized samples were transferred to
fresh glass tubes containing 850 mL of cold methyl-tertbutyl ether (MTBE) and vortex-mixed for
30 sec. To enhance extraction efficiency of lipids, the samples were incubated for one hour at
4°C on an orbital shaker. Afterwards, 200 mL of cold water was added to each sample, and
incubated for 20 min on ice before centrifugation at 3,000 rpm for 20 min at 4°C. The organic
layer was collected followed by drying under a gentle stream of nitrogen gas on ice and stored at
-80°C until UPLC-MS analysis. The protein pellet was used to measure protein concentration for
normalization using Bio-Rad protein assay. The samples were re-constituted in a solution
containing 2-propanol/ acetonitrile/water (4:3:1, v/v/v) containing mixture of internal standard
(PLASH® LIPIDOMIX® Mass Spec Standard, Avanti Polar Lipids, INC.) for further UPLC-
MS analysis. A quality control (QC) sample was prepared by combining 40 mL of each sample

to assess the reproducibility of the features through the runs.

4.4.2 Ultra-high-performance liquid chromatography analysis

Chromatographic separation of extracted lipids was carried out at 55°C on ACQUITY
UPLC CSH C18 Column, (130A, 1.7 pm, 2.1 mm X 100 mm) over a 20-min gradient elution.
Mobile phase A consisted of ACN/water (60:40, v/v) and mobile phase B was 2-
propanol/ACN/water (85:10:5, v/v/v) both containing 10 mM ammonium acetate and 0.1%
acetic acid. After injection, the gradient was held at 40% mobile phase B for 2 min. At 2.1 min, it
reached to 50% B, then increased to 70% B in 12 min. At 12.1 min, changed to 70% B and in 18
min increased to 90% B. The eluent composition returned to the initial condition in 1 min, and

the column was re-equilibrated for an additional 1 min before the next injection was conducted.
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The flow rate was set to 400 mL/min and Injection volumes were 6 uL using the flow through
needle mode in both positive and negative ionization modes. The QC sample was injected
between the samples and at the end of the run to monitor the performance and the stability of the
MS platform. This QC sample was also injected at least 5 times at the beginning of the

UPLC/MS run, in order to condition the column.

4.4.3 Mass spectrometry analysis

The Synapt G2 mass spectrometer (Waters, Manchester, U.K.) was operated in both
positive and negative electrospray ionization (ESI) modes. For positive mode, a capillary voltage
and sampling cone voltage of 3 kV and 32 V were used. The source and desolvation temperature
were kept at 120°C and 500°C, respectively. Nitrogen was used as desolvation gas with a flow
rate of 900 L/hr. For negative mode, a capillary voltage of -2 kV and a cone voltage of 30 V
were used. The source temperature was 120°C, and desolvation gas flow was set to 900 L/hr.
Dependent on the ionization mode the protonated molecular ion of leucine encephalin ([M+H]",
m/z 556.2771) or the deprotonated molecular ion ([M-H], m/z 554.2615) was used as a lock
mass for mass accuracy and reproducibility. Leucine enkephalin was introduced to the lock mass
at a concentration of 2 ng/mL (50% ACN containing 0.1% formic acid), and a flow rate of 10
mL/min. The data was collected in duplicates in the centroid data independent (MSF) mode over
the mass range m/z 50 to 1600 Da with an acquisition time of 0.1 seconds per scan. The QC
samples were also acquired in enhanced data independent ion mobility (IMS-MSE) in both
positive and negative modes for enhancing the structural assignment of lipid species. The ESI
source settings were the same as described above. The traveling wave velocity was set to 650

m/s and wave height was 40 V. The helium gas flow in the helium cell region of the ion-mobility
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spectrometry (IMS) cell was set to 180 mL/min to reduce the internal energy of the ions and
minimize fragmentation. Nitrogen as the drift gas was held at a flow rate of 90 mL/min in the
IMS cell. The low collision energy was set to 4 eV, and high collision energy was ramping from
25 to 65 eV in the transfer region of the T-Wave device to induce fragmentation of mobility-

separated precursor ions.

4.4.4 Data pre-processing and statistical analysis

All raw data files were converted to netCDF format using DataBridge tool implemented
in MassLynx software (Waters, version 4.1). Then, they were subjected to peak-picking,
retention time alignment, and grouping using XCMS package (version 3.2.0) in R (version 3.5.1)
environment. For the peak picking, the CentWave algorithm was used with the peak width
window of 2-25 s. For peak grouping, bandwidth and m/z-width of 2 s and 0.01 Da were used,
respectively. After retention time alignment and filling missing peaks, an output data frame was
generated containing the list of time-aligned detected features (m/z and retention time) and the
relative signal intensity (area of the chromatographic peak) in each sample. Technical variations
such as noise were assessed and removed from extracted features’ list based on the ratios of
average relative signal intensities of the blanks to QC samples (blank/QC >1.5). Also, peaks with
variations larger than 30% in QCs were eliminated. All the extracted features were normalized to
measured protein concentrations measured by BCA assay. Statistical analysis was performed in
R (version 3.5.1) environment. Group differences were calculated using two-way ANOVA (p <

0.05) and false discovery rate of 1% to control for multiple comparisons.
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4.4.5 Structural assignment of identified lipids

Structural elucidation and validation of significant lipid features were initially obtained
by searching monoisotopic masses against the available online databases such as METLIN, Lipid
MAPS, and HMDB with a mass tolerance of 5 ppm. Fragment ion information obtained by
tandem MS (UPLC-HDMSE) was utilized for further structural elucidation of significantly
changed lipid species. HDMSE data were processed using MSE data viewer (Version 1.3, Waters

Corp., MA, USA).
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Chapter 5: Combining Ferroptosis Inducers with Radiotherapy in
Human and Mouse Cancer Models*

5.1 Introduction

In the previous chapters, we demonstrated that ferroptosis can be induced by radiation in
ferroptosis-sensitive cancer cell lines, and that the ferroptosis inducers IKE and RSL3 can be
used to enhance these effects, including lipid peroxidation, generation of lysophospholipids,
depletion of intracellular reduced glutathione, and expression of key ferroptosis marker genes.
Given that the goal of our endeavor was to discover new therapeutic contexts for
pharmacological inducers of ferroptosis in cancer, our next step was to test the applicability of
this discovery in animal and human tumor models.

The first model we tested was a mouse flank xenograft of HT-1080 cells, the cell line in
which we characterized radiation-induced ferroptosis and observed the strongest synergy. With
this model, we sought to establish a proof-of-concept for formulating and delivering ferroptosis
inducers as radiosensitizers. To this end, we chose the system x. inhibitors IKE and sorafenib,
because the former has been recently shown to be effective in vivo in a lymphoma model, and the
latter is an FDA-approved drug with well-understood pharmacological properties (Zhang et al.,
2019).

Next, we looked to extend our experiments to other human models of cancer. Given that
lung adenocarcinomas are often treated with radiation, and that we observed a strong synergy

between radiation and ferroptosis inducers in two lung cancer cell lines, we selected a lung

* Adapted from Ye LF, Chaudhary KR, Zandkarimi F, Harken AD, Kinslow CJ, Upadhyayula PS, Dovas
A, Higgins DM, Tan H, Zhang Y, Buonanno M, Wang TJC, Hei TK, Bruce JN, Canoll PD, Cheng SK,
Stockwell BR. (2020) Radiation-Induced Lipid Peroxidation Triggers Ferroptosis and Synergizes with
Ferroptosis Inducers. ACS Chemical Biology. Jan 3. doi: 10.1021/acschembio.9b00939.
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adenocarcinoma patient-derived xenograft model to test if the same dose of IKE or sorafenib
would be effective with radiation in suppressing tumor growth (Cheng et al., 2019). Through an
analysis of the TCGA database, we discovered that in glioma patients, high expression of
SLC7AL1, the gene that encodes system Xc’, in the tumor is correlated with poorer survival in
patients undergoing radiation therapy, suggesting that the ferroptosis regulator gene could be a
radiation resistance mechanism and providing a rationale for the use of type I ferroptosis
inducers as radiosensitizers. Thus, we tested the combination of IKE and radiation in organotypic
glioma tumor slices taken directly from patients and cultured ex vivo, and measured ROS

generation as a marker for ferroptosis induction in this model.

5.2 Results

5.2.1 IKE and sorafenib enhance effects of radiation to inhibit tumor growth in a xenograft
mouse model of sarcoma

We evaluated the efficacy of the combined treatment regimen of radiation and ferroptosis
inducer in an in vivo tumor model. Of the two ferroptosis inducers tested in cell culture, IKE was
selected for in vivo studies due to its previously established stability and activity in xenograft
mouse models of cancer (Zhang et al., 2019). Athymic nude mice were implanted with
subcutaneous HT-1080 fibrosarcoma cells to form xenograft tumors. When the tumors reached
an average volume of approximately 100 cubic millimeters, intraperitoneal (i.p.) injections of 40
mg/kg IKE or vehicle were delivered daily for 14 days, starting on day 0 and ending on day 13.
On days two and four of IKE treatment, O or 6 Gy radiation was delivered to the tumor site using
the Small Animal Radiation Research Platform (SARRP) system (C. C. Wu et al., 2017). After

two weeks, tumor volume was compared between mice treated with vehicle, IKE alone, radiation
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alone, or a combination of both (Figure 5.1). Using two-sample t-tests, we observed a significant
difference between the vehicle-treated control group and the groups treated with radiation alone;
IKE alone was not strongly effective at this dose level in this model. We observed a significant
further reduction in tumor volume between the single treatment groups when compared to the
group treated with combination therapy, showing that IKE enhanced the effects of radiation in
reducing tumor growth. Upon analysis of all groups with the two-way ANOVA test, we found
statistical significance for treatment with IKE alone (p=0.03) and radiation alone (p=0.004). The
two factors interacted positively with each other, although the interaction P value did not reach

significance (p=0.34).
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Figure 5.1: IKE and radiation suppress tumor growth in HT-1080 xenografts.

Tumor volume ratio change in HT-1080 xenograft tumors treated with vehicle or 40
mg/kg IKE i.p. for 14 days and co-treated with 0 or 6 Gy radiation on days 2 and 4. n=7 or 8
mice per group. ** represents p<0.01, * represents p<0.05, n.s. represents p>0.05. Data are
plotted as mean + SEM.

Using weight loss as a measure of mouse health, we did not observe any significant

differences between any of the groups for the duration of the experiment (Figure 5.2). This
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suggests that IKE and radiation and the combination were well tolerated at these dose levels for

this length of exposure.
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Figure 5.2: Radiation and IKE do not cause significant weight loss in mice.

Mouse weight measured by electronic balance over 14 days. Data are plotted as mean
+ SEM; n =7 or 8 mice per group.
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Figure 5.3: Treatment with both radiation and IKE leads to increased lipid
peroxidation in HT-1080 xenograft tumors.

Immunofluorescence staining and quantification of MDA on paraffin-embedded
tumor tissue sections measured by confocal microscopy. Blue: DAPI; Green: MDA-FITC.
Scale bar, 50 pm. *** represents p<0.01, n.s. represents p>0.05. n = 20 images with sections cut
from four randomly chosen mice from each group, and five images captured from each
section. Data are plotted as mean + SEM.

Next, we measured malondialdehyde (MDA) levels, as a biomarker for ferroptosis, in
tumor tissue using immunohistochemistry on fixed and paraffin-embedded tumor samples
resected at day 14 post-treatment (Figure 5.3). We observed significantly elevated MDA signal

in tumors treated with both IKE and radiation compared to that of tumors treated with vehicle,
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suggesting enhanced lipid peroxidation and ferroptosis in the co-treated tumors. No significant
differences were observed between tumors treated with vehicle, IKE only, or radiation only. This
again suggests synergistic pharmacodynamic effect of radiation and IKE in this tumor model.
We then sought to test the radiosensitizing effect of sorafenib, an FDA-approved
chemotherapeutic drug, which also acts as an inhibitor of system x.™ (S. J. Dixon et al., 2014).
First, the colony-forming ability of HT-1080 cells when treated with sorafenib, radiation or a
combination was compared to that of untreated cells. We found that treatment with 5 uM
sorafenib is synergistic with radiation at both 2 Gy (CDI=0.65) and 4 Gy (CDI1=0.47), and that
this effect is partially suppressible by co-treatment with ferrostatin-1 (Figure 5.4). To confirm
that the observed synergistic effect between sorafenib and radiation in HT-1080 cells is due to
system X¢ inhibition, we then measured levels of GSH in these cells treated with DMSO or
sorafenib, and co-treated with 0 or 6 Gy radiation for 24 hours. Indeed, significant depletion of
GSH was observed in the dual treated sample, when compared to samples treated with DMSO,

sorafenib alone, or radiation alone (Figure 5.5).
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Figure 5.4: Sorafenib synergizes with radiation to induce ferroptosis in HT-1080 cells.
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Dose response of HT-1080 cells treated with DMSO, sorafenib, ferrostatin-1, or
sorafenib + ferrostatin-1 to radiation measured by clonogenic assays. * represents p<0.05.
Data are plotted as mean + SEM. n =3.
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Figure 5.5: Sorafenib and radiation deplete GSH in HT-1080 cells.

Reduced glutathione (GSH) level detected in HT-1080 cells treated with DMSO or
sorafenib and co-treated with 0 or 6 Gy radiation for 24 hours using a fluorometric assay. ****
represents p<0.0001, *** represents p<0.001. Data are plotted as mean + SEM. n = 3.

To test the radiosensitizing effects of sorafenib in vivo, we treated athymic nude mice
implanted with HT-1080 xenograft tumors, as described above, with 40 mg/kg sorafenib tosylate
or vehicle delivered i.p. daily for 14 days, with or without 6 Gy radiation delivered per mouse
using SARRP on days 1 and 3. Using two-sample t-tests, we observed significant differences
between the control, radiation-treated, and combination-treated groups (Figure 5.6). No
difference was observed between the control group and the group treated with sorafenib alone.
Two-way ANOVA revealed statistical significance for treatment with sorafenib alone (p=0.03)

and radiation alone (p=0.006). Similar to the experiment with IKE, the two factors interacted
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positively with each other but did not reach significance (p=0.18). No significant differences in
weight were observed between any of the groups over the course of the experiment (Figure 5.7).
We then sought to confirm that sorafenib inhibits system x¢” in vivo, leading to a
depletion of downstream intracellular reduced glutathione. We measured GSH in tumor tissue
taken from three mice in each group and found significantly lower GSH in tumors treated with
either radiation or sorafenib compared to those treated with vehicle. A further significant GSH

depletion was observed in dual-treated tumors (Figure 5.8).
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Figure 5.6: Sorafenib and radiation suppress tumor growth in HT-1080 xenografts.

Tumor volume ratio change in HT-1080 xenograft tumors treated with vehicle or 40
mg/kg sorafenib i.p. for 14 days and co-treated with 0 or 6 Gy radiation on days 1 and 3. n=4
or 5 mice per group. ** represents p<0.01, * represents p<0.05, n.s. represents p>0.05. Data are
plotted as mean + SEM.
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Figure 5.7: Radiation and IKE do not cause significant weight loss in mice.

Mice weight measured by electronic balance over 14 days. Data are plotted as mean *
SEM; n =4 or 5 mice per group.
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Figure 5.8: Sorafenib and radiation deplete GSH in HT-1080 xenograft tumors.

Reduced glutathione (GSH) level is detected, in HT-1080 xenograft tumors treated
with vehicle or 40 mg/kg sorafenib i.p. for 14 days and co-treated with 0 or 6 Gy radiation on
days 1 and 3, using a fluorometric assay. **** represents p<0.0001, ** represents p<0.01, *
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represents p<0.05. n = 3 tumor samples from different animals per group. Data are plotted as
mean + SEM.

5.2.2 Analysis of TCGA data suggests a role for SLC7A11 in radioresistance of gliomas

To determine if system X~ can potentially be an additional therapeutic target in tumors
undergoing radiation therapy, we examined the association between SLC7A11 expression and
methylation and clinical outcomes for all patients diagnosed with glioma in the Cancer Genome
Atlas (TCGA) dataset (Brennan et al., 2013; Cancer Genome Atlas Research et al., 2015).
Comparing patient groups with low (quartile 1) or high (quartile 4) levels of SLC7A11 RNA
expression, we found that high expression of SLC7A11 RNA was associated with decreased
overall survival (OS) and disease-free survival (DFS, p < 0.001). Conversely, SLC7A11 DNA
methylation was associated with improved OS and DFS (p < 0.001) (Figure 5.9, 5.10). Given
that our data suggests that inhibition of system X sensitizes glioma cells to radiation-induced
ferroptosis, we would also expect that RNA expression and DNA methylation of SLC7A11 is
preferentially important for patients treated with radiation over those who are not. In order to
further determine whether survival outcomes were specific to radiation therapy, we conducted a
subgroup analysis in the dataset, in which survival based on gene expression and methylation
was stratified by receipt of radiation therapy. For patients who were not treated with
radiotherapy, there was no association between survival and levels of SLC7A11 RNA expression
or DNA methylation. However, in patients treated with radiation therapy, high SLC7A11 RNA
expression was associated with decreased DFS (p < 0.001), while high DNA methylation was
associated with improved DFS (p < 0.001). (Figure 5.11). Taken together, these data support a
role for SLC7AL1 in treatment resistance of gliomas towards radiation, and suggests a potential

benefit for system x. inhibition with IKE or sorafenib during radiation treatment.
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Figure 5.9: Low SLC7A11 RNA expression, and SLC7A11 DNA methylation, is
correlated with better disease-free survival in glioma patients.

Kaplan-Meier survival analysis of disease-free survival of TCGA glioma patients in

quartile 1 (low) and quartile 4 (high) of SLC7A11 RNA expression (left) or DNA methylation
(right).
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Figure 5.10: Low SLC7A11 RNA expression, and SLC7A11 DNA methylation, is
correlated with better overall survival in glioma patients.

Kaplan-Meier survival analysis of overall survival of TCGA glioma patients in
quartile 1 (low) and quartile 4 (high) of SLC7A11 RNA expression (left) or DNA methylation
(right).
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Figure 5.11: SLC7A11 RNA expression and DNA methylation are only correlated with
survival in glioma patients treated with radiation.

Hazard ratios for disease-free survival between patients in quartile 1 (low) and
quartile 4 (high) of SLC7A11 RNA expression or DNA methylation either in the case of
radiation treatment, no radiation treatment, or all cases.

5.2.3 IKE combines with radiation to enhance lipid peroxidation in ex vivo slice cultures of
human gliomas

To further study the potential of combining small-molecule ferroptosis inducers and
radiation for human therapeutic use, we used ex vivo samples of human glioma, which have been
immediately cut from freshly resected tumors and grown as organotypic slice cultures, as
previously described (Parker, Lizarraga, Waziri, & Foshay, 2017). De-identified patient
information for these tumor samples are recorded in Table 5.1. The slices were then treated with
10 uM IKE, 2 Gy radiation, or a combination of both for 24 hours. Then, cells were dissociated
and stained with H2DCFDA dye to measure formation of intracellular ROS using flow
cytometry. A total of five human samples were tested. Of these, two glioblastomas did not

demonstrate an increase in ROS generation following treatment with radiation, whereas three did
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respond to radiotherapy, including one high-grade oligodendroglioma and two astrocytomas. In

the three responsive slice cultures, we also observed a significant enhancement of ROS

generation with combination treatment when compared to control (Figure 5.12, 5.13). The ROS

accumulation was also partially suppressible by co-treating with 10 uM ferrostatin-1, indicating

that part of the generated ROS originates from lipid membranes. Tumor cell viability within

slices were not assessed, as the number of tumor cells embedded in each slice cannot be

normalized between slices. Taken together, these experiments show that certain human gliomas

may be susceptible to a combination therapy of a ferroptosis inducer and radiation. However, a

mixed response to radiation among all tumors tested suggest that more experiments are needed to

better understand which types of glioma might be most sensitive to the proposed treatment

regimen.

Table 5.1: Characteristics of human gliomas used for organotypic brain slice cultures.

Tumor bank ID Age Sex Diagnosis
Positive response to radiation
6163 23 M Diffuse Astrocytoma, grade Il
6177 52 M Anaplastic Astrocytoma, grade 111
6181 32 F Anaplastic Oligodendroglioma, grade 11l
Negative response to radiation
6186 66 M Glioblastoma, grade IV
6193 67 M Glioblastoma, grade IV
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Figure 5.12: Increased ROS generation by combination treatment of IKE and radiation
in human glioma brain slices.

Representative histograms of a human diffuse astrocytoma slice culture sample
treated with DMSO, 10 uM IKE, or 10 uM IKE + 10 uM ferrostatin-1, co-treated with 0 or 2
Gy radiation for 24 hours, dissociated, stained with H2DCFDA, and measured by flow
cytometry. Horizontal bars indicate H2DCFDA-positive cell populations.
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Figure 5.13: IKE and radiation significantly elevate intracellular ROS in human
glioma brain slices.
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H2DCFDA staining of three human glioma slice culture samples treated with DMSO,
10 uM IKE, or 10 uM IKE + 10 uM ferrostatin-1, co-treated with 0 or 2 Gy radiation for 24
hours, dissociated, stained with H2DCFDA, and measured by flow cytometry. * represents
p<0.05. n = 3 samples from distinct human glioma patients. Data are plotted as mean + SEM.

5.2.4 IKE and sorafenib enhance effects of radiation to inhibit tumor growth in a patient-derived
xenograft of lung adenocarcinoma

Finally, we tested the effect of ferroptosis-inducing system X¢ inhibitors, in combination
with radiation, on a patient-derived xenograft (PDX) model of lung adenocarcinoma, which is
another type of cancer commonly treated with radiation therapy. NSG mice engrafted with a
human lung adenocarcinoma tumor (TM00219) were evaluated. When the tumors reached an
average volume of approximately 60 cubic millimeters, intraperitoneal (i.p.) injections of 40
mg/kg IKE, 40 mg/kg sorafenib, or vehicle were delivered daily for 14 days, as described above
in the HT-1080 xenograft study. On day one of treatment, 0 or 6 Gy radiation was delivered to
the tumor site using the SARRP. At the conclusion of the study, we observed significant tumor
growth inhibition in the combination-treated group compared to all other groups (Figure 5.14,
5.15). In addition, treatment with radiation alone, IKE alone, or sorafenib alone also showed
significant tumor control compared to the group treated with vehicle only. This experiment
further demonstrates the applicability of this therapeutic strategy to patients whose cancers

currently already receive radiation therapy as standard of care.
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Figure 5.14: IKE and radiation suppress tumor growth in a human PDX model of lung
cancer.

Tumor volume ratio change in TM00219 patient-derived xenograft tumors treated
with vehicle or 40 mg/kg IKE i.p. for 14 days and co-treated with 0 or 6 Gy radiation on day 1.
n =5 or 6 mice per group. **** represents p<0.0001, ** represents p<0.01. Data are plotted as
mean + SEM.
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Figure 5.15: Sorafenib and radiation suppress tumor growth in a human PDX model
of lung cancer.

Tumor volume ratio change in TM00219 patient-derived xenograft tumors treated
with vehicle or 40 mg/kg sorafenib i.p. for 14 days and co-treated with 0 or 6 Gy radiation on
day 1. n =5 or 6 mice per group. *** represents p<0.001, ** represents p<0.01. Data are plotted
as mean + SEM.

5.3 Discussion

Using a combination of radiation and IKE or sorafenib, we showed that synergistic tumor
cell killing through ferroptosis can be extended to in vivo models of cancer. The first proof-of-
concept experiment was conducted in mice implanted with subcutaneous xenografts of HT-1080
cells, which we previously showed to be sensitive to these compounds in conjunction with
radiation. Through these initial experiments, we optimized the appropriate formulations and dose
ranges in which the compounds would be effective without observing significant toxicity. We
then extended the applicability of this combination therapy to patient-derived models of glioma
and lung cancer. These cancer types were chosen because they are routinely treated with
radiation therapy, while being relatively sensitive to ferroptosis. In a patient-derived lung
adenocarcinoma xenografted in mice, we showed that IKE or sorafenib, when used alongside
radiation, provide superior tumor control over either ferroptosis inducer or radiation alone. In
brain slices taken from glioma patients and cultured ex vivo, we demonstrated that IKE can be
used to enhance the tumors’ response to radiation and increase the intracellular formation of
reactive oxygen species.

Collectively, our preliminary findings provide the rationale for the possibility of
eventually designing a clinical trial focused on ferroptosis as an alternative cell death pathway

for tumor control in cancer types for which radiation is therapeutically relevant. In this regard,
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although the pharmacological properties of IKE still need to be optimized for clinical use, the
equally effective compound sorafenib is an FDA-approved drug that has been shown to be
effective in humans with manageable toxicity. Therefore, a clinical study combining radiation

and sorafenib would be a sensible first goal for future investigations related to this topic.

5.4 Methods

5.4.1 HT-1080 tumor xenograft study in mice

Athymic nude mice (8 weeks; Charles River Laboratories) were injected with
four million HT-1080 cells s.c. After ~14 days, when the flank tumors had reached an average
volume of approximately 100 cubic millimeters, mice were randomized into 4 groups (vehicle or
IKE treatment +/- radiation). 300 pL of vehicle (65% D5W, 30% PEG-400, 5% Tween-80) or 40
mg/kg IKE was delivered i.p. after sterilizing the solutions using a 0.2-micron syringe filter. The
injections were repeated daily for 14 days. On days 2 and 4 of vehicle or IKE injections, 0 or 6
Gy radiation was delivered to the tumors using the Small Animal Radiation Research Platform
(SARRP). For the sorafenib experiment, the formulation used was 40 mg/kg sorafenib in 5%
DMSO, 20% ethanol in water containing 30% wi/v cyclodextrin. Other experimental details were
identical to the IKE experiment, with the exception that radiation was delivered on days 1 and 3.
Tumor size was measured daily using calipers and mouse weight was measured daily. The

animal protocols containing all the procedures were approved by Columbia University’s IACUC.

5.4.2 Patient-derived xenograft study in mice
Patient-derived xenograft tumor-bearing NSG cohort mice (TM00219, LG1049F Lung,

6-8 weeks of age) were purchased from The Jackson Laboratory. when the flank tumors had
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reached an average volume of approximately 60 cubic millimeters, mice were randomized into 4
groups (vehicle or IKE treatment or sorafenib treatment +/- radiation). The experiment was
conducted according to the same protocol as the HT-1080 tumor xenograft study, with the
exception that a single dose of radiation (sham or 6 Gy) was delivered to the tumor on day 1 of
the experiment. The animal protocols containing all the procedures were approved by Columbia

University’s IACUC.

5.4.3 Immunohistochemistry study and quantification on paraffin-embedded tissue sections
Tumor tissue was fixed in 4% paraformaldehyde (PFA) for 24 h at 4 °C followed by
washing three times with PBS. The samples were fixed in paraffin. Six series of 5 mm sections
were obtained with a sliding microtome. The serial sections were then mounted on gelatin-coated
slide. The paraffin-embedded tissue sections were deparaffinized with xylene three times, 5 min
each, followed by rehydrating in 100%, 90%, 70%, and 50% ethanol, two washes 5 min each,
then rinsed with distilled water. Antigen retrieval was performed in sodium citrate buffer, pH
6.0, 95-100 °C for 10 min. Sections were then rinsed in PBST, 2 min each. A hydrophobic
barrier pen was used to draw a circle on each slide. The slides were permeabilized with
PBS/0.4% Triton X-100 twice before non-specific-binding blocking by incubating the sections
with 10% goat serum (ThermoFisher 501972) for 30 minutes at room temperature. The sections
were incubated with mouse anti-MDA mAb 1F83 (1:500 dilution) overnight at 4 °C in
humidified chambers. Sections were washed with PBST for twice before incubating with goat
anti-mouse 1gG H&L (FITC) (Abcam, ab6785, 1:1000 dilution) at room temperature for 1 h.
Slides were then washed twice with PBST. ProLong Diamond antifade mountant with DAPI

(ThermoFisher P36962) was added onto slides, which were then covered with the coverslips,
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sealed by clear fingernail polish and observed under confocal microscopy. All images were
captured on a Zeiss LSM 700 confocal microscope with constant laser intensity for all analyzed
samples. The intensity above threshold of the fluorescent signal of the bound antibodies was

analyzed using NIH ImageJ software.

5.4.4 TCGA glioma expression analysis

The Human Cancer Genome Atlas (TCGA) glioma dataset was downloaded using the
cBioportal for Cancer Genomics, selecting all primary tumors. Statistical analyses were carried
out using the IBM SPSS Statistics software package (International Business Machines
Corporation, Armonk, New York). Tumors in Quartile 1 has the lowest 25 percentile of
measured level, while tumors in Quartile 4 has the highest 25 percentile of measured level.
Differences in survival times were determined using the Kaplan-Meier method and significance
was determined using the log-rank test. Hazard ratios were determined using the Cox
Proportional Hazards Ratios (HR) model. 95% confidence intervals are expressed next to
corresponding hazard ratios. Tests with two-tailed P values < .05 were considered statistically

significant.

5.4.5 Generation of acute organotypic slice cultures from human surgical specimens

Human surgical specimens were collected from Columbia University Medical Center
operating theaters in accordance with Institutional Review Board protocols. Surgical specimens
were deidentified, placed in a sterile 50 mL conical tube containing ice-cold sucrose solution
(210 mM sucrose, 10 mM glucose, 2.5 mM KCI, 1.25 mM NaH2PO4, 0.5 mM CaCl2, 7 mM

MgCI2 and 26 mM NaHCO3). Tissue specimens were let rest in the sucrose solution for 20
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minutes. Tissue specimens were then cut into 300 um sections using a Mcllwain Tissue Chopper.
Sections after cutting were let rest in the sucrose solution for 20 minutes. Then the tissue sections
were transferred onto Millicell cell culture inserts (0.4 uM, 30 mm diameter) and placed in 6-
well plates containing 1.5 mL of media. The media consisted of DMEM/F12 plus N-2
Supplement. For drug treatment conditions, IKE (10 uM) and ferrostatin-1 (10 uM) were added
to the media before tissue sections were plated. 24 hours after cells were plated in normal media

or drug containing media, sections were treated with 2 Gy radiation.

5.4.6 Dissociation of slice cultures for flow cytometric analysis of reactive oxygen species
Tissue sections were dissociated using Carica Papain extract diluted 1:20 in PBS. A final
concentration of 1N NaOH, and .02 g of L-cysteine per 10 mL were added and then the
enzymatic solution was filtered using a 0.4 uM filter. Sections were added to 1 mL of this
enzymatic digestion solution in a 15 mL conical and incubated with shaking in a 37 C water bath
for 30 minutes. Sections were spun down at 400 g x 5 minutes. Papain was aspirated, and
sections were re-suspended in 1 mL PBS and triturated with a P-1000 for 1 minute. 3 mL of PBS
were added on top to further dilute the Papain solution. The dissociated solution was spun down
at 400 g x 5 minutes. Sections were re-suspended in 1 mL PBS, triturated with a glass-tip Pasteur
pipette 10 times. 1 mL of 30% Sucrose solution in PBS was added. The section suspension was
spun at 1000 g x 5 minutes. The top 1.5 mL was removed. 500 pL was added to the 500 pL of
the section suspension. This 1 mL of a single-cell suspension was transferred to an Eppendorf
tube. Calcein Blue (final concentration 5 pM) and H2DCFDA (final concentration 10 uM) were

added to the single-cell suspensions and incubated in a water bath at 37 C for 10 minutes.
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Suspensions were spun down at 500 g x 5 minutes and resuspended in PBS and taken for flow

cytometric analysis on a LSRIII Fortessa machine.
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Chapter 6: Establishing a Patient-Derived Glioblastoma Tumor
Bank for Small-Molecule Drug Discovery®

6.1 Introduction

There is a compelling need for new therapeutic strategies for glioblastoma multiforme.
Preclinical target and therapeutic discovery for GBMs is primarily conducted using cell lines
grown in serum-containing media, such as U-87 MG, which do not reflect the gene expression
profiles of tumors found in GBM patients. To address this lack of representative models, we
sought to develop a panel of patient-derived GBM models and characterize their genomic
features, using RNA sequencing and growth characteristics, both when grown as neurospheres in
culture, and grown orthotopically as xenografts in mice. When we compared these with
commonly used GBM cell lines in the Cancer Cell Line Encyclopedia, we found that these
patient-derived models have greater diversity in gene expression and better correspond to GBMs
directly sequenced from patient tumor samples. We also evaluated the potential of these models
for targeted therapy, by using the genomic characterization to identify small molecules that
inhibit the growth of distinct subsets of GBMs. We have found that by analyzing the gene
expression of these GBM neurospheres, we can predict sensitivity to certain small molecule

inhibitors, paving the way for novel targeted therapies in GBM.

° Adapted from Ye LF, Reznik E, Korn J, Lin F, Yang G, Malesky K, Gao H, Loo A, Pagliarini R, Tom
Mikkelsen T, Lo D, deCarvalho A, Stockwell BR. (2020) Patient-derived glioblastoma cultures as a tool
for small-molecule drug discovery. Oncotarget. Manuscript accepted for publication.
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6.2 Results

6.2.1 Isolation and in vitro growth of patient-derived glioblastoma samples

Patient-derived glioma samples were collected at Henry Ford Hospital as previously
described (Hasselbach et al., 2014). Dissociated cells from 23 glioblastomas were propagated,
both in vitro and in vivo, to evaluate which would be amenable to in vitro high-throughput
screening with small molecules (Figure 6.1). If cells could not be consistently propagated as
neurospheres in culture, laminin was added to the culture flask to a concentration of 1 ug/cm?, to
allow cells to grow in 2D. We determined the optimal in vitro culture conditions as well as
average doubling time, of each patient-derived model (Table 6.1). Of these, fifteen grew
successfully as neurospheres in conditions suitable for high-throughput screening, three grew
with the addition of laminin, and five were unable to survive long-term in culture under either
condition. The doubling time of the cultures ranged widely between 84 hours (HF3026) and 625

hours for the oligodendroglioma model (HF3309).
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Figure 6.1: Illustration of the process of isolation, propagation, and analysis of
patient-derived glioblastoma models.

Table 6.1: Overview of GBM growth characteristics in vitro.

cell line Optjrpal growth Average d'oubling time
condition for HTS in vitro (h)

HF2303 Neurospheres 179
HF2381 Neurospheres 153
HF2414 None N/A
HF2476 Laminin 122
HF2485 None N/A
HF2561 None N/A
HF2562 Neurospheres 165
HF2575 Neurospheres 87
HF2609 None N/A
HF2790 Neurospheres 143
HF2876 Laminin 97
HF2885 Laminin 173
HF2906 Neurospheres 226
HF2941 Neurospheres 85
HF2998 Neurospheres 87
HF3013 Neurospheres 91
HF3019 Neurospheres 77
HF3026 Neurospheres 84
HF3037 Neurospheres 117
HF3177 Neurospheres 185
HF3216 None N/A
HF3309 Neurospheres 625
HF3373 Neurospheres 134

Optimal growth conditions and average doubling time of patient-derived GBM
cultures were recorded (n=23).
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6.2.2 In vivo growth characteristics of orthotopic xenograft tumor models

We then orthotopically implanted 15 of the GBM models into immunocompromised mice
to evaluate which were able to form tumors in vivo and were suitable for further experimentation.
We found that eight models were able to form at least one tumor visible by MRI when
orthotopically xenografted into mice, within 28 days (HF3177) to 159 days (HF2876) post
implant (Table 6.2). Following the injection of gadolinium contrast, we observed that tumors
formed by 4 of the cell lines (HF2303, HF2609, HF3013, HF3177) appeared “leaky” on the
images, indicating compromise of the blood-brain barrier within the tumors, a hallmark of GBMs
(Zagzag, Goldenberg, & Brem, 1989). The growth curves for three of the fastest-growing tumor
models (HF2303, HF3013, HF3177), and representative MRI images of these tumors, are shown

in Figure 6.2.

6.2.3 RNA-seq and mutational analysis highlights diversity of patient-derived glioblastoma
samples compared to those from the CCLE

Next, we used RNA sequencing to analyze gene expression in each of the 23 patient-
derived GBM models. In addition, tumors from four orthotopic xenograft models in mice
(HF2303, HF2609, HF3013, HF3177) were sequenced, and three patient glioblastoma tissue
samples taken directly from patients (HF2876, HF3177, and HF3216) were also sequenced.
Additionally, raw RNAseq FASTQ files from 28 GBM cell lines from the CCLE were

reprocessed using the same pipeline.
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Table 6.2: Growth characteristics of GBM cell lines after orthotopic xenograft in mice.

. Number of days to Contrast agent
Cell line Numper of mice first tumor leakage seen on
with tumor formation MRI
HF2303 5/5 47 yes
HF2381 0/4 N/A N/A
HF2414 0/4 N/A N/A
HF2476 0/5 N/A N/A
HF2561 4/4 144 no
HF2609 2/4 80 yes
HF2790 3/5 40 no
HF2876 4/4 159 no
HF2885 0/3 N/A N/A
HF2906 0/3 N/A N/A
HF2998 1/4 42 no
HF3013 4/5 36 yes
HF3026 0/4 N/A N/A
HF3037 0/5 N/A N/A
HF3177 4/5 28 yes

For each cell line (n=15), the tumor take rate in mice, the number of days to first tumor
formation, and whether contrast agent leakage was observed on MRI were recorded.
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Figure 6.2: Patient-derived GBMs form orthotopic xenograft tumors in mice.
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(LEFT) In vivo growth curves of orthotopic xenograft tumors grown in mice from
patient-derived neurospheres HF2303, HF3013, and HF3177, with n=5. (RIGHT)
Representative MRI images, with and without gadolinium contrast, of orthotopic xenograft
tumors grown in mice from cell lines HF2303, HF3013, and HF3177. Top row of images:
volume images. Middle row: pre-contrast injection. Bottom row: post-contrast injection.

We observed that the patient-derived models, as a whole, represented a more
heterogeneous gene expression profile compared to the CCLE models, which better reflect the
disease’s diversity. Analyzing genes relevant to GBM, we found that the CCLE lines showed
high levels of MET expression but low expression levels of OLIG2 and NES (Figure 6.3). This
demonstrates that GBM cell lines grown in culture containing serum tend to become more
mesenchymal while deviating from pro-neural tumors transcriptionally similar to
oligodendrocyte progenitor cells, while also losing their stem cell-like qualities. This is
consistent with the finding that pro-neural glioma stem-like cells found in GBMs, when cultured
under conditions containing serum, showed an induction of mesenchymal gene expression
signatures (Balasubramaniyan et al., 2015). This effect was not observed in the spheroid model
cultures, suggesting that serum-free culture of spheroid models can better preserve the genomic
characteristics of GBMs in patients. Next, we examined the mutation status of several genes
relevant to GBM and ferroptosis (Figure 6.4). Neurosphere cultured models were more likely to
be NF1 mutant, and less likely to be TP53 mutant, compared to CCLE. We were also able to
culture one model with an EGFR fusion and one with a gain of function MET mutation, neither
of which exists in the CCLE GBM cohort. Finally, principle component analyses (PCA) showed
that patient-derived neurosphere cultures, and even more so mouse xenografts, are

transcriptionally more similar to patient samples than GBM cell lines in the CCLE (Figure 6.5).
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Mutational analysis of genes of interest in patient-derived neurospheres vs. CCLE cell
lines. Dark green: loss-of-function SNV or indel. Lime: known gain-of-function SNV. Green:
likely loss-of-function SNV (present in COSMIC). Mustard: SNV of unknown function.
Purple triangle: EGFR fusion. Red: High expression (> 500 TPM or > 2IQR over median).
Blue: Low expression (<1 TPM or < 2IQR below median).
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Figure 6.5: GBM spheroid models are transcriptionally more similar to tumors from
patients than CCLE glioma cells.

Principal component analyses of RNA sequencing data between GBM neurospheres
sequenced as spheroid cultures (green), as orthotopic xenografts (orange), or as patient
samples (red) and cell lines obtained from CCLE (blue).

6.2.4 MDM2 copy number, p53 mutation status, and EGFR mutation status predict cell line
sensitivity to small-molecule inhibitors

In our small-molecule screen using patient-derived GBM neurospheres, one of the most
striking features was the potency and patient-model-selectivity of the MDM2-p53 interaction
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inhibitor class of compounds. For example, nutlin-3A yielded a >500-fold change in ECso
between the most sensitive (HF2381, ECso = 212 nM) and most resistant (HF3013, ECso > 100
uM) lines (Figure 6.6 and Table 6.3). When we compared the sensitivity profile across 12
neurosphere models with their respective RNA-seq data, we found a strong correlation between
the MDMZ2 overexpression and p53 mutation status inherent to each cell line, and their
sensitivity to the small-molecule inhibitors YH239-EE, RG7112, nutlin-3A, which disrupt
binding of p53 to MDM2, as well as pifithrin-p, which targets mitochondrial p53. Using
hierarchical clustering, we observed that the models most sensitive to these compounds were
those with highest MDM2 expression, as well as those with wild-type p53 (Figure 6.7). On the
other hand, the least sensitive cells were those with lower MDM2 predicted copy number and
those with p53 mutations. From the combination of sensitivity data for small molecules and
RNA-seq data, we may be able to better predict GBM patients that can benefit from targeted

therapeutics.
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MDM2-p53 interaction.

Dose response of the 3 most sensitive and 3 most resistant GBM neurosphere models
to Nutlin-3A, RG7112, and YH239-EE. Among the more sensitive cell lines with wild-type
p53 (black), HF2885 and HF2381 are also predicted to be MDM2-amplified by RNA
sequencing. Data are plotted as mean * SD, with n=3 side-by-side experimental replicates.
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Table 6.3: Sensitivity of GBM models to p53-MDM?2 inhibitors.

Compounds Pifithrin- | RG7112 YH239- | Nutlin MDM2 p53
i EE 3A predicted mutation
copy status
number
HF2885 0.8531 0.04785 2.234 0.189 7.76 wt
HF2381 0.857 0.009132 1.038 0.2116 | 55.63 wt
HF2476 1.466 0.01356 0.4542 0.313 normal wt
HF2941 1.361 0.04077 1.12 0.5516 | normal wt
HF3026 0.6887 0.1334 2.153 1.284 normal wt
HF2998 0.8735 0.2632 2.8 1.809 normal wt
HF2790 1.225 0.9405 3.879 6.943 normal C242F
HF3177 1.024 0.8706 3.961 6.968 normal M133T
HF2906 0.7136 0.6126 4.61 7.93 normal R175H
HF2876 3.784 0.0818 1.959 10.73 normal wt
HF2303 3.353 0.9435 3.881 17.02 normal G245S
HF3013 3.343 1.007 6.758 100 normal V272M

The sensitivity of 12 different patient-derived GBMs in 3D neurosphere culture was

determined by dose-response testing with each compound in triplicate. Mean EC50 values in

micromolar are indicated.

Furthermore, we noted that a specific EGFR fusion conferred sensitivity to the small

molecule EGFR inhibitor afatinib (Figure 6.8). In our models, although two GBMs were found

to have with EGFR alterations, namely HF2876 (EGFRvIII) and HF3177 (KIF5A:EGFR and

ASAP1:EGFR fusions), we found a large difference in sensitivity between the two, with the

latter about 2000 times more sensitive than the former (ECs0=0.0006 uM for HF3117 vs. 1.324

uM for HF2876). GBMs that did not harbor an EGFR alteration were also relatively insensitive

to afatinib treatment, with ECsp values ranging between 0.96 and 3.63 uM (Table 6.4). In

summary, a specific EGFR fusion provides another example of correlating RNA sequencing data

with small molecule compound sensitivity.

103




Color Key

Count
024686

HF3013
HF2303
HF2876

HF2790
HF3177
HF2906
HF2998
HF3026

HF2476
HF2885

HF2941
HF2381

Pifithrin—u I I

Nutlin 3A
YH239-EE
RG7112

MDM2

ps3

Normalized Mutation

FPKM

-0.766
-0.877
0.402
-1.044
-1.100
-0.566
-0.286
0.178
0.019
2.267
-0.044
6.588

Status

vZ72m
G2455
wt
C242F
M133T
R175H
wt

£ £ 35 85 3

Figure 6.7: MDM2 copy number and p53 mutation status are correlated with GBM
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Heatmap showing correlation between MDM2 copy number and p53 mutation status
and MDM2 inhibitor differential sensitivity across GBM lines. Color values are a Z score of
log10 (EC50) for each compound in each line. Darker colors represent more sensitive cell
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Figure 6.8: GBM spheroid models are differentially sensitive to afatinib.

Dose response of two GBMs with EGFR alterations to the EGFR inhibitor afatinib.
HF2876 (blue) has EGFRVIII (EC50=1.324 uM), whereas HF3177 (black) has KIF5A:EGFR and
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ASAPL:EGER fusions (EC50=0.0006 uM). GBM models with wild-type EGFR (HF2885,
HF2381, HF2476, HF2941, HF3026, HF2998, HF2790, HF2906, HF2303, and HF3013) had EC50
above 0.96 uM. Data are plotted as mean *+ SD, with n=3 side-by-side experimental replicates.

Table 6.4: Sensitivity of GBM models to afatinib.

Afatinib

sensitivity
HF2885 0.9631
HF2381 1.024
HF2476 2.207
HF2941 1.781
HF3026 1.505
HF2998 1.589
HF2790 1.004
HF3177 0.0006084
HF2906 1.592
HF2876 1.324
HF2303 2.305
HF3013 3.633

The sensitivity of 12 different patient-derived GBMs was determined by dose-
response testing with each compound in triplicate. Mean EC50 values in micromolar are
indicated.

6.3 Discussion

In this chapter, we describe the isolation and characterization of a panel of 22 patient-
derived GBM models, which together represent a valuable tool for study of this disease. These
cells can be grown in vitro either as neurospheres or in 2D culture on laminin or low serum, but
these different culture conditions do not affect model sensitivity to a panel of small-molecule
inhibitors of cell viability (Quartararo, Reznik, deCarvalho, Mikkelsen, & Stockwell, 2015).
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Here, we evaluated the capacity of these models to grow orthotopically in mice and
demonstrated that at least 8 models were implanted with relatively high rate of tumor formation.
As such, we suggest that these represent valuable model for the screening and discovery of new
small-molecule drugs for GBM.

We analyzed the transcriptomes of the models using RNA sequencing. Comparison of
their gene expression with cell lines from the CCLE revealed a greater diversity of expressed
genes in these new models and more similar to those found in TCGA clinical GBM studies. In
particular, while the classic cell culture models tend to universally overexpress certain stem cell
markers and markers of EMT, this widespread pattern was not found in the patient-derived
neurospheres. Therefore, the patient-derived models appear to be a better representation of the
genetic heterogeneity of the disease in patients. Indeed, principal component analysis of the
cultures grown under different conditions show that the patient-derived models, when grown as
neurospheres or as xenografts, have expression profiles closer to those found in patient samples
than CCLE samples.

Using small molecule inhibitors of the p53-MDM2 interaction, we found that the
differential sensitivity of the panel of GBM models to small molecules could be correlated with
MDM2 gene expression as well as TP53 mutational status. In this case, samples with higher
expression of MDM2 were more sensitive to MDM2 inhibitors. Similarly, the MDM2 inhibitors
were more potent in models with wild-type p53, as degradation of mutant p53 is less dependent
on its interaction with MDM2 (Lukashchuk & Vousden, 2007). To further test the idea that
compound sensitivity can be predicted by gene expression, we tested the EGFR inhibitor afatinib
in the models, which were all wild-type for EGFR with the exception of two GBMs, which

harbored EGFR amplification and either the constitutively active EGFRvIII variant (HF2876), or
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KIFS5A:EGFR and ASAP1:EGFR fusions (HF3177). We found that afatinib selectively killed the
GBM cell line with EGFR fusions, with a potency almost 2000-fold higher than those observed

in the other GBMs. Taken together, we expect that the availability of these patient-derived GBM
models with a high degree of genetic and transcriptional diversity will enable a better preclinical

basis to find potential novel targeted therapies for glioblastoma.

6.4 Methods

6.4.1 Cell culture
Isolation, propagation and characterization of GBM neurospheres were performed as

previously described (Hasselbach et al., 2014).

6.4.2 In vivo orthotopic xenograft

Female 8-12 weeks old athymic nude mice from Charles River Lab (Crl:NU(NCr)-
Foxnl™, Massachusetts USA) were used as hosts for xenograft implantation. Mice were
anesthetized by isoflurane inhalation, received an injection of Loxicom analgesics (5mg/kg SC)
pre-operation, and positioned in a stereotaxic frame for implantation (Stoelting model 51730,
Illinois USA). Skin over the skull was scrubbed with betadine and 70% ethanol to maintain
aseptic conditions. A midline skin incision and a small hole was drilled in the skull over the
injection site. GBM cells were resuspended in sterile PBS, and 300,000 cells in 5ul was slowly
injected into the cortex (3.0mm ML, -1.0mm AP, 1.5mm DV from bregma) using a mounted
Hamilton syringe. Skin incision was closed with nylon suture, and animals allowed to recover
with ad libitum access to food and water. Mice were monitored weekly for clinical assessment

scoring and body weight. Monitoring of tumor growth by MRI started 3-4 weeks post implant
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and was performed weekly. Mice were sacrificed before tumor burden associated symptoms

developed.

6.4.3 MRI imaging and data analysis

Magnetic resonance imaging (MRI) was performed on a Bruker Biospec 7.0T/30cm
NMR system (Bruker Biospin Corp, Billerica, MA) equipped with BGA12 gradients using a
mouse brain cryoprobe. Paravision 5.1 software was employed for data acquisition. Imaging

setup was head first, prone position.

For MRI measurement, each mouse underwent gas anesthesia with 1-1.5% isoflurane in
an oxygen fed nose cone. Paralube eye ointment was applied to the eyes to avoid drying during
the scan. A bellows was placed under the body to measure respiration and a temperature probe
was inserted rectally. Temperature was maintained at 35.5-36.5C using a warm water bed.
Respiration and temperature were monitored using PC-Sam software from SA Instrument, New
York. An 80cm microrhenethane catheter with a 28G needle for insertion into the lateral tail
vein and a 1cc syringe loaded with a gadolinium-based contrast agent (Magnevist, Bayer, USA)

at the other end was placed prior to start of the imaging session.

T2-Weighted RARE 2D sequence with consecutive axial slices was used for volumetric
imaging and tumor evaluation. Slices=26, Slice thickness=0.5mm, TR=3500ms, TEeff=52ms,
NEX=4, MTX=256x256, Total acquisition time=7.5 mins. Regional contrast agent uptake was
assessed with a T1 weighted MSME sequence obtained before and repeated for 10 mins after a

50uL lateral tail vein injection of a gadolinium-based contrast agent. The MSME was obtained
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with the same slice position and FOV as the previous T2 scan is obtained using parameters
Slices=26, Slice thickness=0.5mm, TR=500ms, TE=10.1ms, NEX=1, MTX=128x128, ave=2,

Total acquisition time=2.1 mins.

Paravision 5.1 software was employed for data processing and regions of interest were
drawn manually for quantification of tumor volume. Blood brain barrier integrity was assessed
by comparison of signal intensity in the tumor region of the brain between pre and post contrast
MSME images.

All procedures were conducted in accordance with a protocol approved by the Novartis

Institutes of BioMedical Research Inc. Institutional Animal Care and Use Committee (IACUC).

6.4.4 RNA sequencing and data analysis

Total RNA was extracted from cells using the Qiagen AllPrep DNA/RNA Isolation Kit
(catalog number 80204). Total RNA was then quantified using the Agilent RNA 6000 Nano Kit
(catalog number 5067-1511) on the Agilent 2100 BioAnalyzer. Two hundred nanograms of high
purity RNA (RNA Integrity Number 7.0 or greater) was used as input to the Illumina TruSeq
Stranded mRNA Library Prep Kit, High Throughput (catalog number RS-122-2103), and the
sample libraries were generated per manufacturer’s specifications on the Hamilton STAR
robotics platform. The PCR amplified RNA-Seq library products were then quantified using the
Advanced Analytical Fragment Analyzer Standard Sensitivity NGS Fragment Analysis Kit
(catalog number DNF-473). The samples were diluted to 10 nanomolar in Qiagen Elution Buffer
(Qiagen material number 1014609), denatured, and loaded at a range of 2.5 to 4.0 picomolar on

an lllumina cBOT using the HiSeq® 4000 PE Cluster Kit (catalog number PE-410-1001). The
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RNA-Seq libraries were sequenced on a HiSeq® 4000 at 75 base pair paired end with 8 base pair
dual indexes using the HiSeq® 4000 SBS Kit, 150 cycles (catalogue number FC-410-1002). The
sequence intensity files were generated on instrument using the Illumina Real Time Analysis
software. The resulting intensity files were demultiplexed with the bcl2fastg2 software and
aligned to the human transcriptome using Salmon (Patro, Duggal, Love, Irizarry, & Kingsford,
2017) v 0.8.2 and the gencode version 25 basic transcriptome. Command line options to salmon

quant were ‘-q --libType IU --seqBias --gcBias —useVBOpt’.
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Chapter 7: Conclusions and Future Directions

This thesis examined our attempts to apply the established framework of ferroptosis to
clinically useful contexts, and to further define the role of small-molecule ferroptosis inducers in
cancer drug discovery. The bulk of our endeavors, described in chapters 2-5, focused on the role
of ferroptosis in cancer radiobiology and the usefulness of ferroptosis inducers as
radiosensitizing molecules for clinical radiation therapy. Through this project, we discovered that
ferroptosis is a relevant cell death pathway in an existing and widely used cancer treatment
modality, which can be further exploited with the addition of ferroptosis-inducing drugs in
several types of cancer. Finally, we developed a “living brain bank” of RN A-sequenced
glioblastoma models in 3D neurosphere culture that can be used for preclinical high-throughput
screening of small-molecule drugs, which include ferroptosis inducers, inhibitors of MDM2,

inhibitors of EGFR, and many others.

7.1 Evaluating the effectiveness of ferroptosis inducers as sensitizing molecules for
cancer radiotherapy

In chapter 2, we determined the effectiveness of the ferroptosis inducers IKE and RSL3
to enhance radiation-induced cell death in several cancer cell lines. We observed that the
coefficient of interaction between radiation and IKE or RSL3 were consistently below 1 for all
five cell lines tested, indicating synergism in all of these contexts. In HT-1080 cells, for which
the synergism was strongest, the enhanced cell death caused by combination treatment of IKE or
RSL3 and radiation was suppressed by specific inhibitors of ferroptosis, ferrostatin-1 and trolox.
Also, in this cell line, cell death caused by radiation alone at doses between 2-4 Gy was

significantly rescued by the ferroptosis inhibitors ferrostatin-1 and deferoxamine, as well as the
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autophagy inhibitor 3-methyladenine, but not rescued by inhibitors of apoptosis and autophagy.
This suggested to us that in this specific context, the cell death triggered by radiation alone may
also be significantly ferroptotic, contrary to what is traditionally believed. This result motivated
us to further investigate the hallmarks of ferroptosis in these cells following treatment with
radiation, and represent the first indication that ferroptosis is a notable cell death modality caused
by cancer radiation therapy.

There are several limitations to the studies described in this chapter. Only 5 cell lines,
encompassing 3 types of cancers, were tested before choosing the cell line to perform later
experiments. Given that our goal is to determine the optimal context in which ferroptosis
inducers could be used as an experimental drug in the clinic, it would be worthwhile to test a
wide panel of cell lines representing many more cancer types, especially other radiosensitive
tumors such as melanoma and cancers affecting the prostate, breast, head and neck, and others.
These experiments, although laborious, would allow us to truly understand if the phenomena
discussed here are isolated to specific cancers or more widely applicable.

Furthermore, the two sarcoma cell lines, two lung adenocarcinoma cell lines and one
glioma cell line tested were all initially susceptible to ferroptosis. While it is sensible that
ferroptosis-sensitive cancer cells would be the most ideal candidates for such combination
therapy, it would be interesting to see if this treatment regimen would also be effective against
cells that are normally resistant to ferroptosis inducers alone. Similarly, exploring cells
traditionally more resistant to radiation would be useful to see if any of these would become
sensitive with the addition of ferroptosis-inducing drugs. Additionally, to determine a potential
therapeutic role in the treatment of cancer, it would be useful to conduct these experiments in

non-cancerous cell lines and compare the effects in normal vs. neoplastic cells. If it is indeed the
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case that certain normal cells are particularly sensitive to radiation-induced ferroptosis,
ferrostatins may be then tested in this context as radioprotector molecules to lessen the side
effects of radiation therapy.

Finally, to further understand the precise interaction between the compounds and
radiation, it would be helpful to reconcile the timeframe in which the synergy is strongest.
Ferroptosis, when induced pharmacologically, usually occurs between hours to days; cells begin
to die as early as a few hours, and most experiments are stopped at 24 or 48 hours, at which point
cell viability is measured. Radiation, on the other hand, can exhibit a range of effects, from
immediately post-treatment to many weeks afterwards. Although the clonogenic assay that we
have used in our experiments captures all the effects on cell viability leading up to the timepoint
between one to two weeks, it does not provide information about how quickly or slowly the
synergism occurs, or at what time the effect is most pronounced. Performing additional
experiments at different timepoints would clarify the kinetics of the interaction, and perhaps
allow us to gain more insight into the mechanism through which the two oxidative stressors are
combining, as well as help us determine exactly which one is sensitizing cells to the effects of

the other.

7.2 Elucidating ferroptosis as a novel mechanism of radiation-induced cancer cell
death

In chapter 3, we observed that the set of genetic and molecular markers that define
ferroptosis are observed in cells treated with radiation, establishing radiation as a novel and
potent inducer of ferroptosis in our experimental model. We showed that radiation upregulates

the ferroptosis marker gene PTGS2, produces lipid hydroperoxides and their by-products, such as
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malondialdehyde, and depletes intracellular reduced glutathione in a dose-dependent manner.
Although PTGS2 overexpression and lipid peroxidation are considered downstream markers of
ferroptosis, GSH depletion is one of the main drivers of the process. Although glutathione is an
important antioxidant molecule responsible for many reductive and detoxification reactions in
cells, in ferroptosis-sensitive cells the lethality of glutathione-depleting molecules can be rescued
by lipophilic antioxidants and iron chelators, suggesting that the protective effect of GSH on
cellular lipids is predominant in these cells. Therefore, one potential mechanism of radiation-
induced ferroptosis is GSH depletion, leading to the cell’s inability to repair, via GPX4, the toxic
lipid-based ROS that accumulate as part of normal cellular processes. The additional result
showing that N-acetylcysteine, a precursor of glutathione, as well as glutathione methyl ester,
both partially rescue radiation-induced clonogenic cell death is further evidence to support this
hypothesis.

The synthesis and consumption of glutathione is complex and requires many regulatory
enzymes, which may participate in the mechanism by which radiation induces depletion of GSH
(G. Wu, Fang, Yang, Lupton, & Turner, 2004). For example, decreased availability of
glutathione precursors, or decreased activity of enzymes participating in glutathione synthesis
and renewal, such as gamma-glutamylcysteine synthetases, glutathione synthetases, and
glutathione reductases, may contribute to the observed effect. Alternatively, increased rates of
GSH consumption or oxidation by increased activities of glutathione peroxidases, gamma-
glutamyltransferases, and glutathione S-transferases following radiation can also help explain the
depletion in GSH.

To test these possibilities in future experiments, we would examine, by RT-qgPCR and

western blot, the post-radiation expression levels of enzymes involved in glutathione
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metabolism. Initial efforts may be focused on key proteins already known to be involved in
ferroptosis, although broader families of enzymes that participate in the synthesis, conjugation,
oxidation and renewal of glutathione may also be explored.

If an effect is observed, our results can be expanded by siRNA knockdown of the target
genes and observing its effect on the synergy between radiation and ferroptosis inducers on the
cells. These experiments would be performed across different cancer cell lines to see if
expression levels of the target correlate to the cell lines’ sensitivity towards radiation-induced
GSH depletion and ferroptosis. In summary, the goal of these future steps is to not only shed
light on how the mechanisms of radiation and ferroptosis might intersect regarding glutathione
metabolism, but also to explore new targets in this pathway that can be pharmacologically
modulated to achieve even greater therapeutic effects in a variety of contexts.

Although we have shown the effectiveness of the iron chelator deferoxamine in rescuing
radiation-induced cell death, no further experiments regarding intracellular iron availability were
performed in cells treated with radiation. Recently, in a report identifying the role of ATM in
iron metabolism and ferroptosis, the authors speculate that radiation-induced increase of
intracellular iron may be induced through ATM expression, and that this increase may provide a
further mechanism by which radiation can potentiate ferroptosis (Chen et al., 2019). Thus, future
experiments should focus on the effect of radiation on iron in different cancer cells, and
determine if this effect is indeed dependent on ATM overexpression post-radiation. Furthermore,
it was recently reported that radiotherapy-activated ATM suppresses SLC7A11, triggering
ferroptosis through decreased cysteine uptake and lipid peroxidation (Lang et al., 2019). Taken

together, these results suggest that ATM may activate ferroptosis in more than one way, and that
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this particular gene may be key in predicting the sensitivity of tumors to radiation-induced

ferroptotic cell death.

7.3 Untargeted lipidomics signature of ferroptosis induced by IKE and radiation

In chapter 4, we used untargeted lipidomics to determine if individual lipid changes in
radiation-induced ferroptosis correspond to those in IKE-induced ferroptosis. This was the case
for 17 lipid species which increased in abundance, which encompassed 1 free fatty acid, 10
lysophospholipids, and 6 diacylglycerols. We interpreted the increase in lysophospholipids as a
side product of PUFA oxidation (Colles & Chisolm, 2000; Yang et al., 2016; Zhang et al., 2019),
and that of diacylglycerols as a result of breakdown of triacylglycerols, which are enriched in
ferroptosis-sensitive cell states (Zhang et al., 2019; Zou et al., 2019).

Particularly, the lysophospholipids lysophosphatidylinositol 18:1 and
lysophosphatidylethanolamine 18:1 were two molecules that increased synergistically as a result
of the interaction between radiation and IKE in the dual treatment group. Although we presumed
that these lipid species are downstream markers that do not actively participate in ferroptotic cell
death, future experiments should be conducted to determine this result conclusively. Therefore,
we would test if, in the same cell line, the addition of either of these lysophospholipids changes
the cells’ sensitivity to radiation or IKE.

Although our lipidomics experiment defined some of the lipid species that are affected by
radiation, the precise subcellular sites that are most affected, and ultimately contribute the most
mechanistically towards radiation-induced ferroptosis, remain unknown. Efforts to define the
spatial distribution of oxidized lipids in the cell during ferroptosis can be achieved using the

microbeam. Although microbeam radiation-induced lipid peroxidation has been observed by
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fluorescence microscopy in the past, it is difficult to obtain good spatial resolution of the signal
within the cytoplasm using conventional fluorescent dyes (Hong et al., 2010). On the other hand,
it has been shown that membrane lipids can be studied at the sub-cellular level using time-of-
flight secondary ion mass spectrometry imaging (TOF-SIMS), a technique that we use currently
to analyze distribution of small molecules in tissues (Bjorn, 2006). Therefore, in the future, we
can treat cells with cytoplasmic radiation and measure the distribution patterns and abundance of
different PUFASs at various intracellular locations by mass spectrometry imaging. We can
compare these results with that obtained with cells treated with IKE or RSL3 alone to test if any
similar patterns of PUFA depletion overlap between the two groups. We can also repeat the
measurement with cells co-treated with cytoplasmic radiation and a ferroptosis inducer to test if
the effect is amplified. In each of these experiments, radiation to the nucleus would be used as a
negative control, as we do not expect it to cause significant changes in the composition or
abundance of cytoplasmic lipids. We anticipate that these studies will more precisely shed light
on the localization of the reactions leading to ferroptosis, an important question in the field that

remains unanswered.

7.4 Combining ferroptosis inducers with radiotherapy in human and mouse cancer
models

In chapter 5, we determined that the combination treatment of IKE or sorafenib with
radiation is capable of suppressing tumor growth in human models of cancer. Both of these
ferroptosis inducers, when injected i.p. daily and combined with stereotactic radiation, decreased
tumor size over a period of two weeks and outperformed treatments with either compound alone

or radiation alone in a xenograft of HT-1080 cells and a patient-derived xenograft of lung cancer.
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We also treated human glioma slices derived from five different patients and measured their
response to IKE and radiation using the ROS reporter dye DCFDA. Overall, we observed a
mixed response: three of the five slices tested responded to the treatment, whereas no response
was observed under any treatment condition for the two glioblastoma slices.

Although these experiments serve as a proof-of-concept that certain gliomas may be
particularly susceptible to radiation therapy combined with IKE, the study is currently limited by
its low sample size. While it is difficult to expect consistent results across a panel of different
gliomas, each derived from a different patient, studying additional slices will allow us to gain a
better understanding of the specific features of glioma that enable a positive treatment response.
We may also test the effect of sorafenib and radiation under similar conditions, as it has been
shown to cross the blood-brain barrier and be effective in gliomas (Siegelin, Raskett, Gilbert,
Ross, & Altieri, 2010).

While measuring the sensitivity of glioma slices to IKE and radiation, we noticed
incidentally that two out of three tumor slices that were responsive to the treatment harbored
IDH1 mutations, whereas the tumors that did not respond were IDH1 wild-type. IDH1 mutations
are heterozygous, and the mutated IDH1 enzyme catalyzes a reaction that consumes NADPH
while the wild-type enzyme catalyzes one that generates it. It was previously shown that
NADPH is an important antioxidant and biomarker for ferroptosis resistance, possibly due to its
role in the maintenance of cellular reduced glutathione (Shimada, Hayano, Pagano, & Stockwell,
2016). It is therefore possible that the mutation confers sensitivity to ferroptosis by depleting
cytoplasmic NADPH. Indeed, some mutant IDH1 knock-in models of cancer cells showed

lowered levels of NADPH and GSH levels when compared to control cells (Molenaar,
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Maciejewski, Wilmink, & van Noorden, 2018). From these results, one can therefore
hypothesize that wild-type IDH1 is anti-ferroptotic, whereas mutant IDH1 is pro-ferroptotic.

It has also been previously shown that tumors containing IDH1 mutations are more
sensitive to radiation therapy compared to those containing the wild-type protein, an effect that
can be suppressed with small-molecule inhibitors of mutant IDH1 (Molenaar et al., 2018). Given
the relationship that we have explored between radiation and ferroptosis, we could further
investigate if IDH1 mutant cancer cells are particularly sensitive to radiation-induced ferroptosis
and represent a potential biomarker for the use of ferroptosis inducers as radiosensitizers.

To test whether IDH1 mutations can indeed render cells more sensitive to radiation-
induced ferroptosis, we would first treat a panel of IDH1 mutant and IDH1 wild-type glioma
cells and test their sensitivities to radiation alone, ferroptosis inducers alone, or a combination of
both. We would then design single nucleotide-specific sSiRNAs to knock down either the mutant
or wild-type allele in heterozygous IDH1 mutant cell lines, and test if the cells would become
more sensitive or resistant to ferroptosis.

If the predicted effects are observed, we would then test if decreases in NADPH and GSH
are indeed the key metabolite changes by which IDH1 mutants sensitize cancer cells to
ferroptosis and radiation. Each of these metabolites will be measured in wild-type and IDH1
mutant cell lines, both at baseline and when treated siRNA knockdown. We will then look to
establish a correlation between NADPH or GSH levels to the IDH1 mutational status of the cell

line to possibly connect a known biomarker of ferroptosis with a novel one.
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7.5 Establishing a patient-derived glioblastoma tumor bank for small-molecule drug
discovery

In chapter 6, we described the development of a patient-derived glioblastoma tumor bank
cultured as 3D neurospheres. Using RNA sequencing, we showed that these GBM models were
more similar to patient samples and more transcriptionally diverse than commonly used
glioblastoma cell lines. By coupling RNA sequencing to a high-throughput screen of small-
molecule drugs, we established a proof-of-principle for drug discovery by correlating the
sensitivities of GBMs to MDMZ2 inhibitors and an EGFR inhibitor with the expression and
mutational status of these genes.

Although patient-derived glioblastoma cell cultures have been made available previously
alongside their expression profiles (Stringer et al., 2019), our work represents a significant
advance because we have demonstrated that we can combine RNA sequencing and small-
molecule drug screens to draw meaningful conclusions about drug sensitivity in each particular
GBM sample. Ideally, this paves the way for potential personalized glioblastoma therapies,
which are prescribed to the patient based on their tumor’s genetic signatures, predicting
vulnerabilities to specific treatments.

We have shown that several of these GBM models are tumorigenic in orthotopic mouse
models. A sensible next step following high-throughput drug screens would be to validate the
effectiveness of the proposed treatment in a mouse xenograft, which we have shown to more

closely mimic the expression profiles of tumors taken directly from patients.
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