NORTHWESTERN UNIVERSITY

Defining and Therapeutically Targeting IDH1%T Oncogenicity in GBM

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULLFILLMENT OF THE REQUIREMENTS

for the degree

DOCTOR OF PHILOSOPHY

Field of Life Sciences

By

Kevin M. Murnan

EVANSTON, ILLINOIS

March 2022



ABSTRACT
Defining and Therapeutically Targeting IDH1%T Oncogenicity in GBM

Kevin Murnan

Glioblastoma multiforme (GBM) is the most prevalent primary central nervous system tumor,
characterized by resistance to therapeutic intervention, inevitable recurrence, and ultimately
patient death. The dismal prognosis is due in part to underlying molecular factors that promote an
intratumoral cellular state heterogeneity and protect tumor cells from cell death pathways. Our
group recently identified that upregulation of IDH1YT is a unique molecular event in the context
of GBM which promotes a stem like cellular state while producing NADPH reducing equivalents
necessary for fueling de novo lipid biogenesis. Further, we have shown that genetic and
pharmacological reduction of IDH1YT function decreases tumor burden while extending survival
in a patient-derived xenograft (PDX) mouse model of GBM. Based on these results, we
hypothesized that IDHIWT may regulate mechanisms of intratumoral heterogeneity while
suppressing cellular death. By performing in vitro experiments coupled with TCGA analysis we
have uncovered the role of IDHIYT for maintaining GIC stemness and plasticity by promoting an
outer radial glia (0RG)-like cellular state capable of contributing to intratumoral heterogeneity.
We have further shown that IDH1WT protects glioma cells from ferroptotic cell death by providing
precursors and reducing equivalents necessary for master ferroptotic regulator GPX4 cofactor,
GSH, production. In an effort to exploit this unique metabolic vulnerability, we have characterized
a first-in-class, brain-penetrant IDH1WYT inhibitor, IDH1i-13. Treatment with IDH1i-13 resulted in

decreased tumor burden and increased survival in a PDX model of GBM. To determine whether



IDHIVYT dysregulation is a generalized mechanism of cancer pathogenesis, we performed TCGA
analysis identifying a multitude of cancers codified by aberrant IDHIYT expression and associated
impact on patient survival. Collectively, our results further our understanding of IDHIYT in GBM

pathogenesis while providing a therapeutically viable modality for patient treatment.
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1.1 GLIOBLASTOMA (GBM)

1.1.1 Overview, Clinical Presentation, and Standard of Care

Glioblastoma (GBM) is a devastating brain tumor characterized by poor prognosis and resistance
to therapeutic intervention, ultimately culminating in patient death. Manifesting within the brain,
GBMs belong to a heterogeneous group of brain tumors known as gliomas which includes
astrocytomas and oligodendrogliomas, their names reflecting presumed glial cells of origin (/).
Presenting as a highly malignant grade IV astrocytoma (graded I-1V), the median survival time for
GBM is a mere 14-16 months post diagnosis (/, 2). This dismal prognosis is due in part to GBM
presenting with significantly heightened rates of cellular division, vascular proliferation, invasion,
tumor necrosis, and resistance to therapies relative to grade II and grade III gliomas (3). The most
critical factor impacting patient survival, however, is the invariable recurrence of the GBM tumor
mass following surgical resection (4). Unfortunately, in addition to being the deadliest form of
central nervous system tumors GBMs are also the most diagnosed with an incidence rate of 3-5
per 100,000 people (7, 5). Despite the median age of patients at diagnosis being 65 years old,
World Health Organization (WHO) grade IV IDH-mutant astrocytomas (previously identified as

IDH-mutant GBM) do arise during early adulthood in approximately 10% of patients (5-7) .

Symptomatic onset is non-specific with broadly similar symptoms shared amongst other forms of
brain tumors and more benign neurological conditions. The most common early indication shared
among GBM patients is headache resulting from increased intracranial pressure (8). Motor,

sensory, otoneurological, and neuropsychological symptoms may also arise, with any
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combinations of these symptoms increasing the likelihood of a GBM tumor being identified within
the clinic (/). The variety of symptoms a patient presents with are dependent on tumor size,
location, and degree of peritumoral edema (9). Unfortunately, as these symptoms often overlap
with multiple more benign neurological conditions, detecting GBM during the early stages of
progression remains challenging. Diagnosis is confirmed based on the presence of prevailing
symptoms coupled with gadolinium-enhanced magnetic resonance imaging (MRI) for
confirmation (/0). Immunohistochemistry of resected tissue, assessing for high mitotic index,
nuclear atypia, cellular polymorphism, pseudopalisading necrosis, microvascular hyperplasia,

further aids in establishing grade and prognosis (9, 11).

Following diagnosis, standard of care regimen entails maximal surgical resection with additional
steps such as radiation therapy and alkylating agent temozolomide (TMZ) treatment administered
depending on the patient’s age and performance status (/0). Surgical resection aims to improve
neurological function, wean patients from supportive corticosteroid treatments (such as
dexamethasone), and improve quality of life while prolonging survival (/). Patients deemed
healthy and capable undergo daily fractionated radiation therapy over 6 weeks with concomitant
and adjuvant TMZ treatment for a maximum of 6 months (/2). Of note, heterogeneity between
GBMs, as discussed later, may entail stratification of patients into subgroups for specialized
treatment. As an example, the promoter methylation status of O methylguanine-DNA
methyltransferase (MGMT) influences MGMT expression. When the promoter is unmethylated,

MGMT protein reverses the alkylating properties of TMZ, actively preventing TMZ induced DNA
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damage and resultant cell death (/3). Thus, methylation status of the MGMT promoter region can

predict a patient’s response to standard of care therapy (/4).

Maximal surgical resection in conjunction with chemoradiation extends survival to approximately
15-16 months whereas the median survival for adults that do not undergo treatment is
approximately 3-4.5 months post diagnosis (15, 16). Despite surgical resection, GBM invariably
recurs with up to 80% of tumors arising within 2-3 cm of the initial tumor site (/7). This recurrent
GBM is often more aggressive and resistant to therapeutic intervention than the initial tumor
burden. Due to the potential for adverse effects which impact quality of life (coupled with the
incurable nature of GBM) the decision to undergo treatment is often associated with informed
counselling (/8). As such, identifying novel therapeutic modalities with minimal off-target effects

is of critical importance.

1.1.2 Heterogeneity Among and Within GBM

1.1.2.1 IDH-wildtype GBM and grade 1V IDH-mutant astrocytomas are distinct disease
entities

Historically, there have been two major classifications of GBM —primary and secondary GBM.
Due to the increasing importance of the IDH family of enzymes in pathogenesis and progression,
WHO has recently re-classified these main forms of GBMs as IDH-wildtype GBM and grade IV
IDH-mutant astrocytoma, respectively (/7). IDH-wildtype, or de novo, GBM account for
approximately 90% of all grade IV astrocytoma cases and present as a grade IV glioma without

previous indication of a lesser lesion (/9). Though afflicting an older patient population, these
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GBMs are more aggressive than grade IV IDH-mutant astrocytomas, with a median survival time
of 4.7 months without intervention. Grade IV IDH-mutant astrocytomas, on the other hand, arise
from a lower-grade glioma in younger patients and account for the remaining 10% of cases. These
grade IV gliomas are less aggressive with a median survival time of 7.8 months without

intervention (/9).
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Due to their clinical and pathological presentations IDH-wildtype GBM and grade IV IDH-mutant
astrocytoma tumors represent distinct disease entities (20, 21) (Fig. 1). IDH-wildtype tumors tend
to present later in life, display widespread anatomical distribution, and exhibit the full spectrum of

genetic subtypes —classical, mesenchymal, proneural —discussed in detail later (22-24). Grade IV

Progenitor Cells

IDH1 mutation (~80%)

l TP53 mutation (~65%)

Low-grade Diffuse

LOH 10q (70%) Astrocytoma

EGFR amplification (~40%) LOH 19q (~40%)
TP53 mutation (~30%)
PTEN mutation (~30%)
NF1 alteration (~20%)
MDM2 amplification (~15%) Astrocytoma
MDM4 amplification (7%)
IDH1WT overexpression (65%) LOH 10q (>60%)

Anaplastic

IDH1-wthigh IDH1-wtlow Grade IV IDH-mutant
Glioblastoma [NGlioblastoma Astrocytoma

(~65%) (~25%) (~10%)

Figure 1. IDH-wildtype GBM and Grade IV IDH-mutant Astrocytoma Development
IDH-wildtype GBM and grade IV IDH-mutant astrocytoma are distinct disease entities. IDH-
wildtype GBM arise from a neural stem cell (NSC) or multipotent neural progenitor cell (NPC)
of origin that progressively accumulates genetic events facilitating presentation as a de novo
grade IV astrocytoma. Though a cell of origin for grade IV IDH-mutant astrocytoma is
uncertain, IDH mutation is an early initiating event within progenitor cells. Subsequent genetic
events progress from low grade glioma to manifestation as grade IV IDH-mutant astrocytoma.

IDH-mutant astrocytomas, on the other hand, arise during early adulthood within frontal lobe

structures of the brain (20). The spatial, temporal, and genetic differences between these two types
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of grade IV astrocytomas may reflect their evolution from distinct progenitor cells of origin. As
grade IV IDH-mutant astrocytomas arise during frontal lobe maturation, a period defined by
extensive oligodendrocyte development, a lineage restricted oligodendrocyte progenitor cell
(OPC) of origin initially appeared likely (25, 26). Recent single-cell RNA-seq (scRNA-Seq)
studies, however, suggest all IDH-mutant gliomas may arise from neural progenitor cells (NPCs)
capable of differentiating into both astrocytes and oligodendrocytes, with progression to grade IV
astrocytoma a consequence of distinct genetics (27). Variability in anatomical location,
histopathological presentation, diverse gene signatures, and molecular resemblance to neural stem
cells (NSCs) suggest that IDH-wildtype GBM arise from a NSC or multi-potent NPC cell of origin
that, similar to IDH-mutant gliomas, is influenced by underlying genetic factors (25, 27). Though
precise cells-of-origin are subject to debate, studies found that increasing neural lineage restriction
effectively prevents gliomagenesis, thus underscoring stem-like cellular states as most susceptible

to tumorigenesis and differentiated cells as least susceptible (28).

Further underscoring that despite being histopathologically similar these grade IV astrocytomas
are distinct disease entities are the unique molecular dysregulation events. Genetically, the central
point of diversion appears to arise from wildtype-IDH1 (IDHYT) and mutant-IDH1 (IDHM%)
functionality. Whereas IDHYT catalyzes the conversion of isocitrate and NADP* into alpha-
ketoglutarate (¢ KG), a neomorphic mutation in IDHM" results in the conversion of aKG into the
oncometabolite 2-hydroxyglutarate (2-HG) at the expense of NADPH (29). As a result of aberrant
2-HG production, IDHM! tumors present with global DNA hypermethylation (30). This epigenetic

remodeling can in turn enhance expression of oncogenes while limiting expression of tumor
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suppressor critical for grade IV IDH-mutant astrocytoma propagation (37, 32). In contrast to
IDHWT tumors which upregulate IDH1 to enhance NADPH production and facilitate de novo lipid
biogenesis, IDHM" tumors have decreased pools of NADPH (33, 34). Beyond IDH mutational
status there exists more molecular aberrations that highlight key differences between these two
GBMs. For example, EGFR amplification events are prevalent in IDHYT GBM whereas TP53
mutation and 19q loss events occur with heightened frequency in grade IV IDH-mutant
astrocytomas (/9). The role of IDHI1 in the context of IDHM"t and IDHYT GBMs is discussed in

greater detail later.

1.1.2.2 Subtypes and Cellular States Comprising GBM

In addition to IDH status, GBM tumors can be further classified based on their genetic and
associated transcriptional profiles. Presently, there are three molecular subtypes of GBM—
classical, mesenchymal, and proneural (35). A fourth, neural, subtype was initially identified;
however, recent evidence suggests this subtype arose from contamination of the original samples
in the study (23). Each of these subtypes are enriched for specific genetic events. Classical GBM
harbor the most common genetic mutations observed throughout all GBM cases, namely
chromosome 10 amplifications and chromosome 7 deletions. These chromosomal events result in
significant EGFR amplification and PTEN loss, respectively. This EGFR amplification is coupled
with high expression of the neuronal development related Notch and Sonic Hedgehog (SHH)
signaling pathways. Intriguingly, the classical subtype may show more pronounced responsiveness
to radiation therapy than the other two subtypes (35). By comparison, the mesenchymal subtype

is associated with high percentage of necrosis and associated inflammation. Frequent
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mutation/deletion of NF1 as well as elevated expression of CHI3L1 and MET are associated with
the mesenchymal subtype (35, 36). Finally, the proneural subtype associates most strongly with a
younger patient population than the classical and mesenchymal GBM subtypes. Defining features
of proneural GBM include PDGFRA amplification, IDH1 and TP53 mutations, as well as an
oligodendrocytic gene signature (35, 37). Before reclassification, grade IV IDH-mutant

astrocytomas were near universally of the proneural subtype.

While intertumoral heterogeneity between individual patients presents a challenging obstacle for
treatment of GBM, intratumoral heterogeneity is more commonly being viewed as the major factor
underscoring therapeutic failure. In the context of GBM, a variety of cell types within the same
tumor often harbor unique genetic mutations or epigenetic states, influencing a unique cellular
phenotype (38). For example, despite GBMs being classified into one predominant subtype, multi-
regional sampling of GBMs has revealed that each individual tumor is comprised of multiple
populations of molecular subtypes within different regions of the tumor (39). Moreover,
longitudinal studies have shown a propensity for tumor cells to change subtype over time (23).
Reflecting this, recent studies suggest the classical subtype may itself exist as a blend of
mesenchymal and proneural cellular populations (40). For these reasons therapeutics targeting one

specific GBM subtype are largely ineffective.

Advances in the single cell genomics fields have enhanced our understanding of this intratumoral
heterogeneity. In 2019 Neftel et al. performed full length scRNA-Seq on 20 adult and 9 pediatric

GBM samples in an effort to identify transcriptional states that drive GBM malignant cell
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GBM Cellular States

. Neural Progenitor (NPC)-like
v LS Fel Oligodendrocyte Progenitor (OPC)-like
o ! S
» Astrocyte (AC)-like

Mesenchymal (MES)-like

Figure 2. Comprehensive Profiling of Intratumoral Heterogeneity as Revealed by scRNA-
Seq

Adapted from Qazi et al. 2019. Neftel et al. used scRNA-seq to demonstrate that four cellular
states resembling normal neural lineages exist together within a single GBM. Color gradients
represent the undifferentiated to differentiated spectrum of cells that can exist within each GBM
cellular state.

heterogeneity (47). The authors identified that GBM cells exist in four distinct cellular states that
reflect distinct gene expression signatures of specific neural cell types (Fig. 2). Further, the
distribution of these cell types varied drastically between each sampled tumor. These cell types
include NPC-like, OPC-like, astrocyte cell (APC)-like, and mesenchymal cell (MES)-like. Each
cell type was associated with an underlying genetic factor—EGFR amplification in APCs, NF1
alterations in MESs, CDK4 amplification in NPCs, and PDGFRA amplifications in OPCs;
however, these alterations do not define a state but instead influence it. Most striking, however, is
that the authors showed any GBM subpopulation state is capable of giving rise to tumors consisting

of all four states, thus highlighting the high plasticity of GBM cells. More recently, single cell

proteogenomic and metabolomic investigations have identified four GBM immune subtypes,
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characterized by distinct immune cell populations within the tumor (42). The identification of these
immune subtypes enhances our understanding of GBM heterogeneity in regard to tumor

microenvironment interactions.

1.1.3 Reappropriation of the Neurodevelopmental Axis

Establishment of cellular hierarchy in cancer often involves the recapitulation of tissue stem cell
and lineage differentiation developmental programs (27). The identification of genetic subtypes
first hinted at a potential reappropriation of prototypical neurodevelopment pathways in the
context of glioblastoma. For example, the proneural subtype of which grade IV IDH-mutant
astrocytoma near exclusively exist is characterized by amplification of PDGFRA as previously
discussed. PDGFRA is a critical marker that defines the OPC population of cells, responsible for
giving rise to the oligodendrocyte populations of the brain, with its ligand Platelet Derived Growth
Factor (PDGF) driving OPC proliferation (43, 44). The expression of PDGFRA within grade IV
IDH-mutant astrocytoma is therefore likely not coincidental, but instead reflects an OPC cell of
origin as previously discussed. Contrasting this, classical GBM exhibits heightened upregulation
of Nestin (NES), the prototypical marker of neural stem cell (NSC) and neural progenitor cell
(NPC) populations. Classical GBM further exhibits activation of the SHH pathway which, in the
context of neural development, is responsible for patterning the brain and spinal cord (45) while
regulating adult NPC populations postnatally (46). Similarly activated Notch signaling is essential
for the maintenance of NSC populations in the developing and adult brain (47). Since the seminal
work identifying the molecular subtypes of GBM, our understanding of how GBM repurposes

neurodevelopmental pathways for pathogenesis continues to grow stronger.
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1.1.3.1 Glioma Initiating Cells (GICs)

A small population of cells, known as glioma initiating cells (GIC)s, that have acquired the stem-
like properties of multi-lineage differentiation and self-renewal capabilities drive intratumoral
heterogeneity and tumor recurrence following resection in GBM. A population of GICs were first
isolated within tumor derived cell fraction via expression of the NSC surface marker CD133 (48).
GICs are functionally defined by whether orthotopic transplantation into mice generates a tumor
that recapitulates hallmarks of the human disease (49). In culture, the CD133+ cells could give rise
to tumors that recapitulated hallmarks of GBM including cellular subpopulations within the brain
underscoring intratumoral heterogeneity (50). In addition to seeding the various neural populations
present within GBM tumor mass, in vitro culture of GICs in endothelial conditions resulted in
transdifferentiation into a cellular population consistent with endothelial cell hallmarks while
orthotopic in vivo implantation resulted in derivative endothelial cells contributing to
vascularization as evidenced by endothelial cell CD133+ expression and chromosomal aberrations

7).

Since the initial identification and characterization of GICs, researchers have gained a greater
understanding of their functional properties. GICs are profoundly resistance to both chemotherapy
and radiation therapy (RT), thus codifying their role in GBM recurrence following resection and
therapeutic intervention (52, 53). The stemness capabilities of GICs effectively propagate tumor
burden. Differentiation along the astroglial axis induced by Bone Morphogenetic Proteins (BMPs)

results in GIC astroglial and neuronal differentiation, decrease in proliferation, and suppression of
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tumor growth, elegantly showing differentiation reduces GIC tumor propagating potential (54).
Reprogramming of GICs into induced pluripotent cells alters their tumorigenic potential upon
direction to specific cellular lineages, suggesting developmental programs overlaying genetic
alterations determine key properties of GICs in gliomas (55). Further underscoring the importance
of neurodevelopmental reprogramming in GICs, by expressing a core set of neurodevelopmental
transcription factors (SOX2, OLIG2, POU3F2, and SALL?2), differentiated GBM cells can be fully

reprogrammed into GICs (56).

Advances in the field of scRNA-seq have furthered our understanding of how GICs contribute to
the cellular architecture of GBMs. Initially, GICs were identified within IDH-wildtype GBM via
expression of surface markers such as CD133, CD44, CD49f, L1CAM, PDGFRA, EGFR, SSEA1,
and A2B5 (27). While markers can enrich for GIC populations, it was unclear whether certain
markers isolate unique or similar cellular populations. As previously indicated, an emerging model
supports GBM malignant cells existing in four cellular states (NPC-like, OPC-like, AC-like, MES-
like) (41). While proliferation signatures are present in each of the 4 cellular states in IDHYT GBM,
only the MES-like, NPC-like, and OPC-like cellular states were capable of propagating tumors in
vivo (41, 57). Cross-referencing published scRNA-seq with expression profiles of aforementioned
GIC surface markers, GIC transcription factors, and neural lineage markers revealed that different
GIC markers isolate distinct cellular states (27). Further, the cell type composition of GBMs

reflects GIC cellular states contained within the tumor (58).
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Recently, a subpopulation of GICs prevalent among the GIC cellular states was identified that
recapitulates the hallmarks of outer radial glia (0RG) cells thought absent during adulthood (58).
During cortical development, radial glia undergo symmetric and asymmetric division, functioning
as progenitor cells responsible for giving rise to the majority of neurons and glia that populate the
brain (59) (Fig 3). In the context of GBM, tumor cell genetic lineages for 11 patient-derived GBM
samples were established, identifying presence and absence of copy-number variations originating

from an oRG-like cell across all malignant cell types, indicating a precursor oRG-like GIC
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Figure 3. Neural Lineage

Adapted from Kriegstein et al. 2009. Glial nature of cells within the brain throughout development
and into adulthood. During development as the brain thickens, neuroepithelial cells elongate and
become radial glial (RG) cells. These RG cells can divide asymmetrically, giving rise to neurons
or neural precursor cells (NPCs) that can further give rise to neurons. RG cells can also divide
asymmetrically giving rise to oligodendrocyte progenitor cells (OPCs) that in turn give rise to
oligodendrocytes. As RG daughter cells move into mantle for differentiation, with neurons
migrating along RG processes, the brain thickens which further elongates RG cells. With an
apical/basal polarity, RG cells apically project a single primary cilium into the ventricle; basally,
RG contact basal lamina, meninges, and blood vessels. As embryonic development ends, the
majority of RG apically detach, converting into astrocytes while remaining RG produce OPCs. A
subset of RG remains apically attached, functioning as NSCs in the neonate. Neonatal RG continue
producing OPCs and NSCs which in turn generate neurons and oligodendrocytes. Some RG
convert into ependymal cells whereas others convert into Type B SVZ astrocytes of the SVZ that
function as NSCs within the adult. Apical contact at the ventricle and basal endings in blood cells
allows Type B SVZ astrocytes to maintain an epithelial organization while continuing to generate
neurons and oligodendrocytes through NSC and OPC intermediaries. Arrow colors represent
direct, symmetric, or asymmetric transformation; RG, radial glia; NPC, neural precursor cell; OPC,
oligodendrocyte progenitor cell; MA, mantle; MZ, marginal zone; NE neuroepithelium; SVZ,
subventricular zone; VZ, ventricular zone.

population is capable of giving rise to each malignant cell type within the tumor (58). This oRG-
like population’s identity was controlled by the expression of canonical oRG cell-surface marker
PTPRZ1 (60), with knockdown resulting in downregulation of other radial glia markers. In line

with a putative role as GICs, orthotopic transplantation of PTPRZI1+ cells resulted in tumors
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consisting of neurons and glia (58). Further, as a function of mitotic somal translocation, the oRG-
like GIC population effectively invaded neighboring brain region. As mitotic somal translocation
is not known to occur outside of development, the presence of oRG-like GICs highlights the
reactivation of neurodevelopmental pathways normally inactive in adulthood during GBM

tumorigenesis.

1.1.3.2 Invasion, Migration, and Infiltration

One of the predominant clinical hallmarks of GBM tumor is extensive infiltration into adjacent
brain parenchyma (67). These invasive properties of GBM were first described in a 1938
publication by Hans Scherer (62). Scherer described in detail gliomas migrating along defined
brain structures, infiltrating neighboring tissue. He further noted that glioma cells tend to change
morphologically, adapting their physical shape to assume that of the particular brain region they
infiltrate. Since his seminal work, investigators have demonstrated that GBM tend to migrate away
from tumor bulk hypoxic niches, traveling along white matter tracts and basement membranes of
blood vessels into the brain parenchyma (63, 64). Contrary to other high-grade cancers which
intravasate into blood and lymphatic vessels, GBM cells instead travel along such scaffolding in a
manner reminiscent of radial glia asymmetric self-renewal and migration during cortical
development (65, 66). Indeed, several genes typical for neurodevelopment are repurposed for
invasion. Myosin II, for example, plays a critical role during somal translocation within radial glia
during brain development by relocating microtubules towards the leading edge of protrusions (67).
During GBM invasion myosin II is similarly upregulated, facilitating leading edge migration and

invasion into neighboring brain regions (68). Most striking, however, is the recent identification
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of an oRG-like population of cells that persists in adult GBM patients (58). This radial glia-like
population extends protrusions into neighboring brain regions, facilitating self-renewal of a new
population of radial glia-like cells capable of giving rise to tumor bulk. As previously discussed,
Bhaduri et al. further showed that this radial glia-like subpopulation of glioma cells is defined and
maintained by PTPRZ1 expression. Both the PTPRZI receptor and its ligand PTN are necessary

for invasion (69, 70).
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1.2 ISOCITRATE DEHYDROGENASE 1 (IDH1)

1.2.1 Overview of Isocitrate Dehydrogenase Family of Enzymes

Oftentimes altered metabolic states disrupt normal organ physiology and contribute to or cause a
wide range of human diseases including cancer and neurodegeneration (77, 72). To support
unabated tumor growth and progression, for example, cancer cells undergo metabolic rewiring
including heightened glutamine catabolism, elevated glucose oxidation through the tricarboxylic
acid cycle, and enhanced synthesis of fatty acids (73, 74). In fact, more than 90 years ago Otto
Warburg observed that even in the presence of abundant oxygen cancer cells rely on enhanced
glucose conversion to pyruvate (aerobic) or lactic acid (anaerobic) in order to fuel macromolecular
synthesis while generating energy in the form of adenosine 5’-triphosphate (ATP) (75). More
recently, the identification of neomorphic mutations in IDHIYT and IDH?2 nearly a decade ago has
helped further fuel the field of cancer metabolism research (6, 76). Coupled with their central role
in energy metabolism, redox balance, and anaplerosis, metabolism research has begun more
comprehensively investigating the IDH family of enzymes in the context of disease pathogenesis

and progression.

Eukaryotic cells express three paralogs of IDHs, each differing in structural organization,
subcellular localization, allosteric regulation, and catalytic mechanisms (74). Ultimately each
enzyme catalyzes the oxidative decarboxylation of isocitrate (ICT) into a-ketoglutarate (aKG).
Though each paralog’s role in cellular metabolism often overlaps, their individual functions are

non-redundant. Subcellular localization and the cofactor for catalysis are primary influencers of
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Figure 4. Subcellular localizations and chemical reactions by wild-type IDH and tumor-
derived IDH mutant enzymes
Tommasini-Ghelfi*, Murnan* et al. 2019.

metabolic responsibilities for these proteins (Fig 4). While IDH2 and IDH3 are found within the
mitochondrial matrix, IDHIWT localizes to the cytosol and peroxisomes. Despite differing
localizations, IDH1%T and IDH2 are both homodimers, utilizing nicotinamide adenine dinucleotide
phosphate (NADP*) as an electron acceptor (77, 78). IDH3, on the other hand, functions as a
heterotetramer, catalyzing a rate limiting, irreversible step of the TCA cycle via its substrate
nicotinamide dinucleotide (NAD*) (79). Further exemplifying the non-redundancy of these
paralogs is their often disparate expression within organs. IDH2, for example, is most highly
expressed within the heart, muscle, and activated lymphocytes; IDHIWYT, on the other hand, shows
most prominent expression within the liver while presenting moderate to absent in other tissues
(80). Aberrant tissue expression of IDH proteins during disease pathogenesis and progression,

however, is more widespread (74) (Fig 5).
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1.2.2 The Roles of IDH1IW" Derived Cytosolic o KG

Through production of aKG, the IDH family of enzymes are capable of exerting influence over a
wide variety of cellular processes and pathways. As a key intermediate of the citric acid cycle,
oxidative decarboxylation of mitochondrial aKG by aKG dehydrogenase results in the generation
of succinyl-CoA and electron donating NADH (817). Cytosolic aKG, on the other hand, does not
directly participate in the TCA cycle. Under conditions of hypoxia tumor cells can undergo
reversion of TCA cycle flux whereby reductive carboxylation of cytosolic aKG to citrate is
imported into the mitochondria and serves as a precursor for acetyl-CoA production and
lipogenesis (82). While this TCA cycle reversion is of importance and worth noting, the primary

mechanisms underlying cytosolic aKG’s pleiotropic contributions towards cancer progression are
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more widespread and common. First, aKG’s conversion to glutamate impacts multiple
biochemical processes critical for cancer pathogenesis and progression. Perhaps most striking,
however, is that by promoting aKG dioxygenase activity aKG exerts epigenetic control over gene

expression.

1.2.2.1 Cytosolic . KG Regulation of o KG-Dependent Oxygenases

IDH1IYT, via its production of aKG, regulates the enzymatic activity of oKG-dependent
oxygenases to influence gene expression and function. Molecularly, aKG-dependent oxygenases
catalyze a diverse range of biochemical processes and reactions including DNA, RNA, protein,
and lipid chemical modifications (74). These modifications in turn facilitate a diverse range of
cellular processes including maintenance of pluripotency, hypoxic response, angiogenesis,
inflammation, among many others (83-86). Due to their myriad roles in facilitating cellular
homeostasis, disruption in function of aKG-dependent oxygenases often underscore a wide variety
of diseases, including grade IV IDH-mutant astrocytoma (87). As IDH1YT supplies the necessary
cofactor for their function, it appears likely that misregulation of IDHIWYT expression may

contribute to the pathogenic properties of aKG-dependent oxygenases.

Histone methylation at Lys and Arg residues result in DNA supercoiling, modulating gene
expression by diminishing accessibility of transcription factors and enhancers to specific
chromatin regions (88). Jumonji C (JmjC) catalytic domain containing oKG-dependent
oxygenases actively demethylate these histone marks, enhancing chromatin accessibility (89, 90).

These enzymes have proven critical in the regulation of pluripotency. Jarid2, a Jumonji C domain
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protein for example, controls activity of PRC2 which in turn is a key regulator of development
genes in embryonic stem cells (97). In line with this observation, naive embryonic stem cells
exhibit high levels of intracellular aKG that in turn function to catalyze JmJC dependent histone
demethylation (92). Dysregulation of JmJC domain containing oxygenase activity has been

implicated in a wide variety of cancers ranging from GBM to leukemia, often as a result of IDH

mutation (93, 94).

DNA methylation is an epigenetic mechanism whereby transfer of a methyl group to the C5
position of cytosine, forming 5-methylcytosine, facilitates the recruitment of proteins that actively
inhibit the binding of transcription factors (95). Thus, DNA methylation is an efficient and
reversible method of regulating transcriptional expression. This epigenetic remodeling is often
facilitated by aKG-dependent oxygenases belonging to the Ten-eleven translocation
methylcytosine dioxygenase (TET) family of DNA demethylases. One critical cellular process that
TET enzymes regulate is the maintenance of pluripotency, with differential tissue and temporal
expression influencing non-redundant developmental lineages (96, 97). TET1 expression is
restricted to non-differentiated cell lines and is involved in maintenance of stemness whereas TET2
is heavily involved in differentiation of embryonic stem cells towards a hematopoietic lineage (98,
99). An intracellular pool of aKG is critical for maintaining functional TET activity, as direct
manipulation of aKG level results in disrupted TET activity and associated downstream processes
(92, 100, 101). As with the JmJC domain containing oxygenases, TET family disruption as a result
of IDH mutation has been implicated in a variety of cancers including but not limited to GBM,

leukemia, and Ollier disease (93, 102-104).
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1.2.2.2 Cytosolic 0.KG Production of Glutamate

Recently, the role of glutamate in tumor cell pathogenesis and progression has become a field of
heightened interest. Through enzymatic transamination cytosolic aKG may fuel glutamate
production within cancer cells. This reversible transamination event can be catalyzed by branched-
chain amino acid transaminase 1 (BCAT1) and BCAT?2 at the expense of branched-chain a-
ketoacids leucine, isoleucine, or valine (/05). Derivative glutamate itself can in turn fuel
nucleotide and fatty acid biosynthesis, control production of alanine, aspartate, and serine, or be
imported into the mitochondria to support TCA cycle progression (/06). Glutamate further plays
a key role in neutralizing ROS by supporting synthesis of the potent antioxidant reduced
glutathione (GSH). Glutamate contributes to GSH generation via two distinct mechanisms which
ultimately are part of the same pathway. First, glutamate and cysteine can be converted into
gamma-glutamyl cysteine, the immediate precursor to GSH, via glutamate cysteine ligase (GCL)
(107). Second, intracellular glutamate can be exported from the cell by antiporter system x.- at a
1:1 ratio coupled with cystine import (/08). Cystine in turn is oxidized into cysteine in an NADPH
dependent manner, thus fueling GSH synthesis, oxidative stress response, and ferroptosis defense

(109).

Synaptic glutamatergic signaling in GBM has recently been identified as a critical mechanism for
GBM pathogenesis and progression. One of the first studies hinting at the possibility of functional
synapses between neurons and tumor revealed GBM tumors release glutamate to facilitate growth

whereas inhibition of glutamatergic NMDA receptor signaling attenuates this growth advantage in
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situ (110). A subsequent study identified that GBM also express Ca?* permeable, AMPA receptors
(111). The authors found that dysregulation of these glutamatergic receptors inhibited tumor cell
locomotion while inducing apoptosis (/17). Recently, investigators identified fully functional
glutamatergic synapses between neighboring neurons and GBM tumor cells, thus showing GBMs
fully integrate within the neuronal network of the brain (772, 113). These neurogliomal synapses
exclusively consist of a presynaptic neuron and Ca**-permeable, AMPA receptor expressing post-
synaptic glioma cells. Neuronal excitation results in membrane depolarization and induced post-
synaptic currents within recipient GBM tumor cells, in turn evoking secondary messenger Ca*
mediated cellular growth and invasion (172, 113). Strikingly, GBM tumor cell release of glutamate
into the extracellular environment via aforementioned system x.- stimulates neuronal excitability,
thus facilitating a positive reinforcement feedback loop (712, 114). Highlighting the potential
importance of IDHIWT in facilitating this glutamatergic synaptic signaling, suppression of the
aforementioned amino-acid transaminase BCAT]1 effectively blocks glioma cell excretion of

glutamate (/15).

1.2.3 The Effects of IDH1"" Cytosolic NADPH Production

In addition to generating a pool of cytosolic aKG, IDHIYT produces cytosolic NADPH which
functions as a reducing equivalent for lipid biogenesis (74). During de-novo fatty acid synthesis,
the carbon from 8 acetyl-CoA are converted into palmitic acid in a series of reactions which utilize
14 molecules of NADPH (/16). The saturated fatty acid palmitic acid can in turn be converted into
monounsaturated fatty acids (MUFAs) via Stearoyl-CoA desaturase (/17). Resultant MUFAs can

in turn be further processed into polyunsaturated fatty acids (PUFAs) and the phospholipid
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phosphatidic acid (/18). Conversely, elongation of palmitic acid by fatty acid elongases, such as
ELOVLG, results in the synthesis of saturated fatty acid stearate, seeding for the production of
more complex lipids (718, 119). Regardless of the end product, the catalytic progenitor steps in de

novo fatty acid synthesis require a vast reservoir of rate-limiting cytosolic NADPH.

Building upon these observations, a direct role for IDHI™T in lipogenesis was uncovered by a
series of experiments manipulating IDHIWT expression within murine models. Over-expression of
IDHIVYT specifically within the liver and adipose tissues of mice resulted in generation of extensive
fat pads. These fat pads were characterized by accumulation of lipid droplets, adipocyte
hypertrophy, and reduced levels of carbon precursor metabolites required for de novo fatty acid
synthesis —acetyl-CoA and malonyl-CoA (/20). Further supporting a key role for IDHIYT in
lipogenesis, ectopic expression of mir-181a directly binds to and downregulates IDH1WT transcript
level. Accordingly, there is a substantial decrease in the expression of genes critical for lipid
biosynthesis, presumably as a result of reduced aKG dependent dioxygenase activity (/27). In
regard to cancer, our group identified that GBM cells increase IDH1YT to generate a cytosolic pool
of NADPH which facilitates growth and proliferation via lipid biogenesis. Depletion of IDH1WYT
in GBM tumor cells limits this cytosolic pool of NADPH. As a result, acetyl-CoA which can no

longer be reduced to palmitic acid accumulates within the cytosol (33).

In addition to supporting de novo lipid biogenesis, cytosolic NADPH is a potent antioxidant
playing a pivotal role in combatting oxidative stress and radiation damage. While mice

homozygously null for IDHIYT undergo normal pre- and postnatal development, upon exposure



40
to an external stressor induces robust phenotypic response. In contrast to wild-type littermates,
IDH1%T-deficient mice treated with the endotoxin lipopolysaccharide (LPS) showed enhanced
susceptibility to death due to elevated levels of hepatic oxidative stress, pronounced DNA damage
leading to apoptosis, and elevated expression of proinflammatory cytokines. These findings
correlated with an increase in NADP*/NADPH ratio in comparison to WT mice, suggesting
IDH1%T’s ability to supply cytosolic NADPH underscored the observed phenotype (/22).
Supporting these findings, IDH1WT depletion in vitro across multiple cell lines revealed that due
to a reduced ability to neutralize ROS, cells exhibited heightened sensitivity to UV-radiation and
H,0, (123). Our group built upon these findings, identifying that IDH-wildtype GBM upregulate
IDH1YT to increase and intracellular pool of NADPH, correlating with elevated levels of the
critical antioxidant GSH (33). Conversely, grade IV IDH-mutant astrocytoma, in which IDH 1Mt
instead utilizes NADPH in the production of 2-HG, have reduced intracellular NADPH and GSH

levels resulting in elevated ROS generation (34).

1.2.4 IDH1 In Cancer

A broad spectrum of cancers are characterized by aberrant expression of each of the IDH family
members (Fig. 5). Pathogenic over-expression of IDH1"T was initially identified by our group and
our collaborator’s group in the context of adult and pediatric GBM (33, 124). More recently,
deleterious over-expression of IDHIWT and IDH2W"T has also been reported in the context of
prostate cancer (PC) and lung cancer, respectively (125, 126). In contrast to the emerging role of
IDH"T in cancer progression, IDH mutational events have been extensively documented. While

driver or early initiating event mutations within IDH1 and IDH2 are best studied in the context of
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brain tumors, such mutations also occur with high prevalence in acute myeloid leukemia (AML),
and less frequently within myelodysplastic syndromes (MDSs) and myeloproliferative neoplasms
(MPN) (74, 76). IDH mutations define a variety of chondrosarcomas including intracranial
chondrosarcoma, central chondrosarcoma, and central and periosteal chondromas (76). Similarly,
IDH mutations further cause Ollier disease and Marfucci syndrome, both of which are
characterized by cartilaginous tumors (/04). IDH mutations have also been identified in
angioimmunoblastic T-cell lymphoma, thyroid carcinoma, cholangiocarcinoma and as a hallmark
of the unique breast cancer subtype, papillary carcinoma with reverse polarity (74). It is worth
noting that in nearly every instance, IDH mutations in cancer are heterozygous with retention of a

wild-type allele (76).

1.2.4.1 Grade 1V IDH-mutant Astrocytoma

A single, monoallelic missense mutation at Arg!3? of IDH1 is the early initiating event that defines
approximately 82% of grade IV IDH-mutant astrocytomas, driving evolution of low-grade glioma
to grade IV astrocytoma (6, /27). This mutation is a gain-of-function, neomorphic mutation,
impacting the binding affinity and conformation of the enzyme’s active site. As a result, IDHIM’s
affinity for isocitrate is greatly diminished whereas the affinity for NADPH is enhanced.
Consequently, the forward reaction is hindered whereas a partial reverse reaction catalyzing the
reduction of aKG to (R)-2HG at the expense of NADPH is observed (29). Analogous Arg!'”
missense mutation in IDH2 similarly produces (R)-2HG while also defining a subset of grade IV
IDH-mutant astrocytomas, albeit production of (R)-2HG is heightened relative to IDH1M*, This

elevated production of (R)-2HG by mitochondrial IDH2M" reflects the necessity for a large aKG
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and NADPH reservoir to facilitate the partial reverse reaction, as mitochondrial anaplerosis can
readily replenish the substrate and electron donor, respectively (74). Targeting IDHIM" to the
mitochondria results in enhanced (R)-2HG production, thus suggesting that IDH1M"t and IDH2Mut
have similar intrinsic enzymatic activity and that o KG and NADPH availability greatly influences
(R)-2HG production. As IDHIM' and IDHIYT are localized to the cytosol and peroxisomes,
production of (R)-2HG by IDH1M" enzyme is dependent on the retained wild-type IDH1 allele for
the generation of cytosolic NADPH and aKG (/28). Though grade IV IDH-mutant astrocytoma
is codified by the presence of a single mutant allele, loss of wild-type allele has not been observed
thus highlighting the possibility of IDHIWYT contributing to disease pathogenesis and progression

in the context of grade IV IDH-mutant astrocytoma.

Despite being an early initiating event, neomorphic IDH1YT mutation alone appears insufficient
for transforming neural cells and promoting gliomagenesis. Expression of IDHI1R!3? promotes
proliferation, colony formation, and differentiation inhibition in vitro, however, recapitulation of
tumorigenesis in vivo is more nuanced (93). Conditional, heterozygous Cre-mediated knock-in of
IDH1R32 within NPC or hematopoietic populations fails to recapitulate a glioma phenotype.
Embryonic expression within brain progenitors via nestin-Cre resulted in cerebral hemorrhages
and perinatal lethality due to high accumulation of (R)-2HG impairing collagen maturation,
disrupting brain matter structures and initiating an endoplasmic reticulum stress response (/29).
Conversely, inducible nestin-Cre driven IDH1R!*? expression within the subventricular zone of
adult mice recapitulated early gliomagenesis events such as NSC proliferation, self-renewal, and

infiltration; however, the mice failed to develop tumors, instead developing hydrocephalous and
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grossly dilated lateral ventricles (/30). Underscoring the necessity for additional driver events,
heterozygous expression of IDH1?3? within murine NSCs modified for P53 and ATRX loss
(events typical of grade IV IDH-mutant astrocytoma) resulted in low grade astrocytoma (/37).
Expanding upon these findings, viral introduction of IDH1?3? in conjunction with PDGFA to a
mouse model lacking Cdkn2a, Atrx, and Pten recapitulates a proneural, GBM-like phenotype

(132).

In grade IV IDH-mutant astrocytoma, (R)-2HG functions as an oncometabolite, eliciting
widespread dysregulation that in turn contributes to glioma progression. Supporting a central role
of (R)-2HG for disease pathogenesis, cells treated with cell-permeable (R)-2HG mimic the effect
of IDH1R!32 mutation (93). More specifically, (R)-2HG treatment elicits a DNA hypermethylation
phenotype, a hallmark of grade IV IDH-mutant astrocytoma. While intracellular concentrations of
(R)-2HG are maintained via 2HG Dehydrogenase (2HGDH) mediated oxidation of (R)-2HG back
into aKG, in the context of grade IV IDH-mutant astrocytoma, production of (R)-2HG appears to
exceed the capacity for 2HGDH mediated conversion to aKG (74). As a result, astrocytoma
tumors have elevated levels of (R)-2HG with intracellular concentrations ranging from 1 mM to
30 mM within the tumor while simultaneously diffusing from the center mass, exposing the tumor

microenvironment to low millimolar concentrations of (R)-2HG (733).

Competitive inhibition of aKG-dependent enzymes is a core tenet of (R)-2HG’s oncogenic
capabilities in grade IV IDH-mutant astrocytomas. By competing with aKG, (R)-2HG exerts

epigenetic control via modulating the activity of aKG-dependent dioxygenases. Accumulation of
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epigenetic disruption results in extensive and irreversible damage to the DNA and histone
methylation landscapes (74, 134). Targets of interference include the aforementioned JmjC family
of histone lysine demethylases and the TET family of DNA demethylators among others
previously discussed (/35). As a functional result of aberrant DNA methylation induced by (R)-
2HG, DNA hypermethylation compromises the binding of CCCTC-binding factor (CTCF) with
its binding sites, resulting in loss of insulation between topological domains (/36). This in turn
leads to aberrant gene activation and in the context of grade IV IDH-mutant astrocytoma,
constitutive activation of PDGFRA, the prototypical oncogene for the proneural GBM subtype of
which grade IV IDH-mutant astrocytomas near exclusively existed before reclassification (35,
136). Beyond its role in modulating the epigenome, by inhibiting the ALKBH DNA repair enzyme
(R)-2HG facilitates the accumulation of DNA damage. While this disruption in DNA repair
kinetics can lead to further genomic instability, it also renders grade IV IDH-mutant astrocytomas
uniquely sensitive to alkylating agents (/37). Highlighting another point of susceptibility to
therapeutic intervention, (R)-2HG interferes with the activity of aforementioned BCAT1 and
BCAT?2, abrogating glutamate production via these transaminases. As a result, grade IV IDH-
mutant astrocytomas have an increased dependence on Glutaminase (GLS) for the synthesis of

glutamate and GSH and are thus susceptible to pharmacological inhibition of GLS (/38).

1.2.4.2 IDH-wildtype GBM
The functional contributions of IDHIWT to GBM progression is an emerging field of study in
comparison to the oncogenic contributions of IDHIM", The identification of exclusive BCATI

expression within IDH-wildtype tumors and promoter methylation patterns correlating with this
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expression first hinted at the role of IDH1YT in GBM pathogenesis (/15). The authors identified
that BCAT1 expression is contingent on promoter hypomethylation and IDH-wildtype GBM
growth is dependent on this expression. Using shRNA targeting BCAT to deplete expression, the
authors showed substantial reduction in tumor size without DNA fragmentation, hinting that
BCAT’s effect is mediated through enhancing proliferation. Mechanistically, IDH1YT produces
oK G critical for BCAT mediated branched chain amino acid (BCAA) and fatty acid catabolism.
As such, the authors showed shRNA mediated suppression of IDH1WT reduced BCAT1 expression,
presumably via modulation of the epigenome as a result of reduced aKG-dependent dioxygenase

activity, whereas aKG treatment rescued expression (/15).

Direct evidence of IDH1YT promoting GBM pathogenesis and progression was later identified. By
performing TCGA analysis coupled with immunohistochemistry of patient samples, recent reports
indicate that up-regulation of IDH1YT in IDH-wildtype GBM is novel mechanism whereby GBMs
increase cytoplasmic NADPH and aKG pools critical for metabolic rewiring (33, 124). GBM
patient-derived, IDH1YT manipulated orthotopic murine xenografts showed IDHIWYT depletion
decreases tumor burden while enhancing survival whereas over-expression accelerates tumor
growth and decreases survival. Enhanced NADPH production promoted lipid biogenesis whereas
elevated cytosolic aKG levels promoted cellular de-differentiation via epigenetic modifications
(33). Further, researchers have shown elevated NADPH levels contribute to GSH and
deoxynucleotide production resulting in decreased ROS production (33) and enhanced radiation

therapy resistance (139), respectively.
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1.3 FERROPTOSIS

1.3.1 Overview in the Historical Context

One of the most important factors influencing cell fate is response to oxidative stress. As most
living organisms rely on oxygen as an electron acceptor during redox-based metabolism, how cells
respond to oxidative stress is of critical importance (/09). Under most physiological conditions
cells have built in defense pathways to curtail accumulation of deleterious reactive oxygen species
(ROS). Despite the protective mechanisms, cells may undergo a form of regulated cell death now
known as ferroptosis in response to increasing oxidative stress and the ensuing increase in lipid
peroxidation (/40). Unlike apoptosis (characterized by chromatin condensation, disintegration of
cytoskeleton, and formation of apoptotic bodies) or necrosis (characterized by cytoplasmic
swelling and membrane rupture), ferroptotic cells present with mitochondrial shrinkage, vanishing
of mitochondrial cristae as opposed to fragmentation, and increased membrane density (/40-142).
Though the field of ferroptosis research is relatively nascent, ferroptosis is recognized as one of
the most evolutionarily conserved and oldest forms of cell death, present throughout many

different species (109, 143-145).

The term ferroptosis was initially coined in 2012, though the roots of ferroptosis research predate
this by more than half a century. During this period researchers identified that deprivation of
cysteine results in cellular death whereas supplementation with cysteine prevents this cell death
(140, 146). For decades the underlying mechanisms remained elusive. In the late 1980s researchers

observed similar cellular death in neuroblastoma and hippocampal cells (/47, 148). This cell death
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was associated with glutathione (GSH) depletion, exacerbated by low cystine (oxidized cysteine,
the precursor to glutathione) media. Subsequent work in the early 1990s demonstrated that this
type of cell death was associated with a substantial increase in ROS as a result of GSH depletion,
which in turn allowed for a lethal influx of calcium into the cell (/49). Though subtle
morphological distinctions deviating from early cysteine deprivation studies years prior existed,
these works provided valuable insight into how cysteine, GSH, and ROS can contribute to cellular

death.

The field of ferroptosis research was more formally solidified in the early 2000s. Via a high-
throughput screen to identify novel anti-cancer drugs, a compound known as erastin was
discovered that induces cell death without nuclear changes, DNA fragmentation, or caspase
activation (/50). Morphologically, these cells presented with increased lipid bilayer density while
the membrane remained intact, reduced mitochondrial volume, and dissipation of mitochondrial
cristae (140, 150). Counter-screening identified this cell death could be inhibited by iron-chelators
(141), thus the inspiration for the term ferroptosis (/40). Further studies showed that promoting
activity of cystine transporter system X.- or GSH-dependent selenoprotein GPX4 activity
effectively inhibited oxidative stress and associated ferroptotic death (1517, 152). Coupled with the
cysteine and GSH research decades prior, a much clearer picture of this still relatively undefined
form of cell death was beginning to take shape. We now know that ferroptosis is a form of cell

death caused by the accumulation of toxic oxidized phospholipids (/09).
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Polyunsaturated fatty acids (PUFAs) of the plasma membrane are converted into phospholipids by
Acyl-CoA Synthetase Long Chain Family Member 4 (ACSL4) and Lysophosphatidylcholine
Acyltransferase 3 (LPCAT3). These phospholipids in turn are the substrates for lipid peroxidation.
Subsequent phospholipid peroxidation can then occur via non-enzymatic or enzymatic pathways.
Non-enzymatic lipid peroxidation occurs via the Fenton reaction, a chemical reaction between iron
and hydrogen peroxide resulting in cytotoxic free radicals (/53). These cytotoxic ROS are a result
of general cellular maintenance, in particular mitochondrial oxidative metabolism (/54).
Enzymatic lipid peroxidation, on the other hand can be executed by cytochrome P450
oxidoreductase (POR) or iron-dependent lipoxygenases (LOX) (/55-158). Once peroxidized,
these phospholipid hydroperoxides (PLOOHSs) can interact with PUFAs or free iron and oxygen,
and initiate a cascading chain reaction whereby subsequent phospholipids are converted into

PLOOHSs while generating more ROS species (109, 142).

Though the precise effector mechanisms for ferroptotic cell death remain elusive, several
contributing factors have been identified. First, as uncontrolled peroxidation of PUFAs is the most
downstream event identified, it stands to reason that elevated membrane damage in conjunction
with pore formation disrupts plasma membrane integrity (/09). Conversely, recent data suggests
that cross-linked phospholipids containing two PUFA tails are particularly toxic to cells, likely
due to increased susceptibility to peroxidation or decreased membrane fluidity, which in turn
disrupts membrane function (109, 159). A second scenario exists whereby PLOOHs decompose,
generating electrophiles. These deleterious ROS species would in turn elicit further oxidative

damage upon macromolecules and cellular structures (/09). Though the relative contributions of
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these factors to ferroptotic death remain to be elucidated, it appears likely they each contribute to

lipid peroxidation and the ensuing induction of ferroptosis.

1.3.2 Regulation of Ferroptosis

As a regulated form of cell death, we now know the canonical ferroptosis controlling pathway is
the cysteine-GSH-GPX4 axis. The glutamate-cystine antiporter, system X.-, imports cystine into
the cell at a 1:1 ratio with glutamate. Once imported, cystine is subsequently reduced to cysteine
by either thioredoxin reductase 1 (TXNRD1) or glutathione reductase (GR) in an NADPH
dependent manner (/60, 161). Subsequently, cysteine can be converted into GSH via glutathione
synthetase (GSS) which then functions as the critical cofactor for GPX4 activity (162, 163).
Ultimately, GPX4 functions as the master regulator of ferroptosis by catalyzing reduction and
detoxification of deleterious lipid peroxides. Mechanistically, GPX4 utilizes GSH as a reducing
agent during this detoxification, converting GSH into oxidized glutathione (GSSG). GSSG can
then in turn be reduced back to GSH at the expense of NADPH by GR, thus ensuring a steady state
reservoir of GSH within the cell. Underscoring the critical importance of GPX4 in protecting cells
from oxidative stress, global knockout of GPX4 results in elevated lipid peroxidation and non-
apoptotic cell death of mouse embryos (/57). Similarly, conditional brain specific depletion results

in neurodegeneration (157).

The role of iron in ferroptosis, as the name suggests, is of critical importance. First, the Fenton
reaction responsible for propagating non-enzymatic phospholipid peroxidation utilizes iron (/64).

Second, many redox-based metabolic processes involved in the generation of ROS require iron
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(109). Finally, many enzymatic executioners of ferroptosis such as the LOX family of proteins
rely on iron as an essential component for catalysis (/65). Thus, cellular regulation of iron
homeostasis has a profound effect on sensitizing or desensitizing cells to ferroptosis. For example,
when cellular iron storage is increased following autophagic degradation of the iron-containing
protein Ferritin, ferroptosis is propagated (/66). Similarly, the iron-carrier protein Transferrin is a
potent inducer of ferroptosis, with the Transferrin Receptor (TfR1) reinforcing cellular import and
influencing intracellular iron concentration (/67). Conversely, iron export has been shown to

promote ferroptosis resistance (/68).

While the cysteine-GSH-GPX4 axis and iron metabolism are most intrinsically entwined with
ferroptosis regulation, more regulatory mechanisms exist worth noting. Oxidative-stress defense
pathways, such as that regulated by NRF2, oppose ferroptosis (/69). Similarly, ferroptosis
suppressor protein 1 (FSP1) is an NADH:ubiquinone oxidoreductase, effectively suppressing lipid
peroxidation and ferroptosis by reducing ubiquinone and lipid radicals (/70). Hypoxia has recently
been identified as an inducer of ferroptosis. Under hypoxic conditions mitochondrial enzyme III
increases ROS production which in turn facilitates lipid peroxidation (/09). Indirect activation of
ferroptosis regulating genes can occur in response to mutation or physiological dysregulation. P53,
for example, is one of the most highly mutated tumor suppressors in cancer and a key regulator of
a large cohort of ferroptosis regulators including FSP1 (171, 172). Increased density promoting
cell-to-cell contact stimulates the Hippo signaling pathway and activation of Yap, a transcription
factor whose targets include aforementioned TfR1 and ACSL4 (/73). Finally, exogenous

monounsaturated fatty acids (MUFAs) incorporate into the plasma membrane, effectively
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displacing oxidizable PUFAs and inhibiting ferroptosis (/74). Thus, plasma membrane lipid

composition and ubiquinone supply have a profound effect on ferroptosis regulation.

1.3.3 The Emerging Role of Ferroptosis in Disease Pathogenesis

Though a physiological role for ferroptosis remains elusive, pathological relevance has been
extensively documented. In fact, cancer research has been linked to ferroptosis since the studies of
the early 2000s which identified the cysteine-GSH-GPX4 axis as a critical regulator. Since then
we have learned that cancer cells existing in a mesenchymal state, resistant to chemotherapeutics
and apoptosis are uniquely susceptible to ferroptosis induction due to their reliance on GPX4
activity (/75). This reliance on GPX4 activity reflects the high metabolic rate of cancer cells,
producing excess ROS into an environment consisting of elevated intracellular reservoirs of iron
relative to normal cells (/76). Genetic perturbations in critical ferroptosis regulators or pathways
controlling the expression of said regulators may also influence cancer cell susceptibility to
ferroptosis. Previously discussed Hippo signaling pathway genes, for example, are frequently
mutated in cancer, driving a metastatic state while simultaneously sensitizing cells to ferroptosis
(109, 177). Beyond cancer, ferroptosis has been implicated as a major cause of cell death following
ischemic damage (109, 178). Similarly, lipid peroxidation, diminished GSH levels and reduced
GPX4 activity are hallmarks of a variety of neurodegenerative diseases including Huntington’s
Disease (AD) and Amyotrophic Lateral Sclerosis (ALS) (179, 180). The role of ferroptosis in
promoting neurodegeneration underscores the unique susceptibility of neurons, whose membranes
are rich PUFAs and undergo high metabolic activity, to oxidative stress and lipid peroxidation

(164, 178).
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Ferroptotic inducing strategies present an attractive avenue for cancer therapy. As the master
regulator of ferroptosis, GPX4 presents as an attractive candidate. GPX4 inhibiting compounds
such as RSL3 are enticing; however, GPX4 itself is not an ideal candidate for two major reasons.
First, GPX4 lacks a small-molecule binding pocket, thus inhibitors such as RSL3 covalently bond
with the selenocysteine residue present within GPX4 and other selenoproteins (/87). This opens
the possibility of off-target effects. Second, GPX4 itself is a critical protein essential for the health
and maintenance of a wide range of cell types, especially neurons (/57). Inhibiting system x.- is
another natural candidate. With their elevated levels of metabolism rendering them more
susceptible to oxidative stress, tumor cells are more dependent on system x.- to detoxify ROS than
normal cells (/09). Pharmacological inhibition of system xc- using erastin or FDA approved
sulfasalazine was shown to abate tumor growth in lymphoma and glioma murine models,
respectively (/82). Such ferroptosis inducing strategies may further synergize with other
therapeutic approaches such as immunotherapy and radiation therapy (RT). Anti-PDL1 antibodies
stimulate CD8+ T-cells to secrete IFNYy, an efficient suppressor of system X.-, thus sensitizing cells
towards ferroptosis (/83). Finally, RT has been shown to both induce ferroptosis and synergize
with ferroptotic inducers. Contrary to its perceived canonical role of DNA-damaging effects,
cytoplasmic radiation has recently been shown to deplete GSH while inducing lipid peroxidation,
triggering ferroptosis itself while further synergizing with ferroptotic inducers (/84). These
findings underscore the exciting promise of exploiting ferroptosis regulation in the context of

therapeutic interventions.



CHAPTER 2: MATERIALS AND METHODS

53



54

2.1 TCGA In silico Analysis

Processed data profiling IDH1WT and associated genes of interest transcript level across 33 unique
The Cancer Genome Atlas (TCGA) RNA-Seq datasets were downloaded from the Gene
Expression Profiling Interactive Analysis (GEPIA) web-based porta (/85). Physiologically normal
tissue IDH1WT and genes of interest transcriptional data was obtained from the Genotype Tissue
Expression (GTEX) project, as accessed via the GEPIA web-based portal. 163 GBM tumors (/86)
and 207 physiologically normal tissue samples (/87) were profiled, respectively. Processed GBM
DNA methylation profiles spanning 543 unique GBMS (24) were downloaded from the cBio
Cancer Genomics Portal (188, 189). Differential, survival, and correlation analysis were performed
using GEPIA standardized pipeline. Differential expression was analyzed via one-way ANOVA
with ILog, FCI Cutoff of 1 and p-value Cutoff of 0.01, matching TCGA disease state data with
TCGA normal and GTEx data. Overall survival analysis was performed using Mantel-Cox test
with median cutoff for differential groups. Correlation analysis was performed via pair-wise gene
expression Pearson analysis. Gene ontology (GO) analysis was performed using PantherDB
Fisher’s exact statistical overrepresentation test, GO biological process complete, with genes

aligned to reference homo sapiens gene database (/90).

2.2 Cell Culture

Patient derived glioma initiating cell (GIC)-20 and GIC-387 were gifts from Kenneth Aldape
(University of M.D. Anderson Cancer Center) and Dr. Jeremy Rich (Cleveland Clinic),
respectively. Transformed glioma cell line LN382 was a gift from Dr. Webster Cavenee

(University of California, San Diego). Normal human astrocytes (NHA) were a gift from Dr. Russ
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Pieper (University of California, San Francisco). GICs were grown as neurospheres within
untreated, tissue culture flasks (Corning), in Full Media consisting of DMEM/F12 50:50 with L-
glutamine (Corning), supplemented with 1% Pen/Strep antibiotics (Invitrogen), B27 (Invitrogen),
N2 (Invitrogen), GlutaMAX (Life Technologies), human-Epidermal Growth Factor (hEGF:
Shenandoah Biotech), human-Fibroblast Growth Factor (hFGF- Shenandoah Biotech), Leukemia
Inhibitory Factor (LIF: Shenandoah Biotech). LN382 and NHA cell lines were grown in DMEM
1X with 4.5 g/LL glucose, L-glutamine and sodium pyruvate (Corning) containing media
supplemented with 10% Fetal Bovine Serum (FBS) (Life Technologies) and 1% Pen/Strep
antibiotics (Life Technologies). Neurospheres were cultured in Neurosphere Media comprising
DMEM/F12 1:1 (Invitrogen), supplemented, B27 (Invitrogen), N2 (Invitrogen), Pen/Strep/Glut
100X mix (Invitrogen). IDH1YT knockdown and over-expression of GIC and LN382 cell lines was

previously performed by our lab as detailed in (33).

2.3 Cellular Differentiation and Growth curves

GIC-387 cells were seeded at 50,000 cells/well (Day 0) in a 6-well, un-treated or treated plate
(Corning) in either Full Media or Full Media supplemented with 10% FBS, respectively. Cells
were imaged every 3d, assessing for gross morphological changes. Following imaging, cells were
treated with StemPro Accutase Cell Dissociation Reagent (ThermoFisher) to dissociate cells. Cells

were counted via Trypan Blue (ThermoFisher) exclusion on a Countess Cell Counter (Invitrogen).
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24 RT-qPCR
Total RNA was extracted from control and IDH1W¥T-manipulated cultured cells using RNeasy kit
(Qiagen) according to manufacturer’s protocol. cDNA was reverse transcribed from 500ng total
RNA using M-MLV Reverse Transcriptase (Promega) according to manufacturer’s instructions.
qPCR was performed using Fast SYBR Green Master Mix (Applied Biosystems) and primers
specific for IDH1 (forward primer: 5’- GGCGAGCAGCACAGAGAC -3’, reverse primer: 5’-
TCACCCCAGATACCATCAGA -37), NES (forward primer: 5’-
GGTCTCTTTTCTCTTCCGTCC -3°, reverse primer: 5’- CTCCCACATCTGAAACGACTC -

3’), PDGFA (forward primer: 5°’- GCAAGACCAGGACGGTCATTT -3’, reverse primer: 5’-

GGCACTTGACACTGCTCGT -3%), PTPRZ1 (forward primer: 5-
ATCCTGGCAGCAGGTGACTCAG -3, reverse primer: 5-
CCTCAGCTAGACCAATACGAGAC -3%), VIM (forward primer: 5-

GACGCCATCAACACCGAGTT -3’, reverse primer: 5°- CTTTGTCGTTGGTTAGCTGGT -3°),
GAPDH (forward primer: 5’- TGTGGGCATCAATGGATTTGG -3°, reverse primer: 5’-
ACACCATGTATTCCGGGTCAAT -3°). All reactions were performed via 7900HT Fast Real-
Time PCR System (Applied Biosystems) with mRNA quantified and results analyzed using AACt

method.

2.5 Western Blot Analysis
For all Western analysis, proteins were separated by NuPage 4%-12% Bis-Tris gels via SDS-
PAGE (Life Technologies) and transferred to Hybond P PVDF membranes (Genesee Scientific,

GE). Membranes were washed for 5 minutes in PBS + 0.05% Tween 20 (PBS/Tween), blocked
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with 5% milk in PBS/Tween for 1 hour, and incubated with primary antibodies overnight.
Membranes were then washed 3x with PBS/Tween for 10 minutes per wash and developed with
secondary goat anti-rabbit, goat anti-mouse, or donkey anti-goat IgG antibodies (Santa Cruz) in
5% milk PBS/Tween. Membranes were then washed 3x more at 10 minutes each wash with
PBS/Tween. Following washing, blots were developed with Supersignal West Dura ECL (Pierce)
following manufacturer’s protocol. Primary antibodies: anti-IDH1 (Invitrogen, PA5-28206), anti-

GPX4 (Abcam, ab125066), anti-HSP70 (BD Pharmingen, 610607).

2.6 Murine NSC Isolation and Differentiation

NSCs were isolated from the subventricular zone (SVZ) of postnatal day 1 mice and cultured as
neurospheres using established protocols (/97) and grown in Neurosphere Media containing 20
ng/ml EGF for 3d at 37 °C, 5% CO,. Neurospheres were then plated at 50,000 cells/ml and 12h
later infected with lentivirus containing CSII or CSII-IDH1YT constructs (33). Plates were returned
to the 37 °C, 5% CO, incubator and cultured for 2 additional days. Neurospheres were then
collected, pelleted via centrifugation, and virus containing media replaced with fresh Neurosphere
Media containing 20 ng/ml EGF, and repeated. Cells were then trypsinized, resuspended in
neurosphere media at 1 x 107 cells/ml and FACS sorted for GFP+ expression. 2 x 104 cells/ml were
plated at 1 ml/well onto Poly-D-Lysine (PDL)-coated coverslips within 24-well plate (Corning).
Cells were incubated at 37 °C, 5% CO, for 3d then neuronal differentiation induced by changing
media with Neurosphere Media containing 1 ng/ml EGF and 10 ng/ml BDNF and placed in

incubator for 7d. Immunocytochemistry using anti-NeuN and anti-Beta III Tubulin antibodies was
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performed following standardized protocols (/92). Percentage of NeuN+/Beta III Tubulin+ cells

was quantified.

2.7 a KG-Quantification

Total aKG was quantified using the aKG Assay Kit (BioVision) according to manufacturer’s
instructions. IDHIWYT and manipulated GICs were grown in 6-well untreated plates (Corning) for
24h. Cells were collected in 50 ul of aKG assay buffer supplied by the aforementioned kit and
incubated on ice for 30min. Samples were subsequently deproteinized and neutralized using the
Deproteinizing Sample Preparation Kit (BioVision) following manufacturer’s instructions. 50 ul
of sample was added into triplicate wells of a 96 well plate and 50 ul of Reaction Mix added to
each sample. The plate was then incubated in the dark at 37 °C for 30min then read at

excitation/emission 535/587 nm.

2.8 Genomic DNA Isolation

Genomic DNA was isolated from IDH1YT and manipulated GICs using the Blood & Cell Culture
DNA Kit (Qiagen). GICs were incubated at 37 °C, 5% CO, in a 6-well tissue culture plate for 9d
in Full Media or Differentiation Media then spun down, washed in PBS, and resuspended in PBS.
Following manufacturer’s instructions, cells were lysed, spun, and residual debris discarded from
nuclear pellet. Nuclear pellet was resuspended and protein degraded via Proteinase K treatment.
QIAGEN Genomic-tips (Qiagen) were equilibrated via manufacturer’s instructions, and sample
applied to Genomic-tips, with the sample moving through resin via gravity flow. Genomic tip was

washed 3x with buffer and sample eluted then precipitated by addition of room temp isopropanol.
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2.9 DNA Methylation Quantification

Global DNA methylation was quantified using MethylFlash Global DNA 5-mC Quantification Kit
(EpiGentek) and MethylFlash according to manufacturer’s instructions. In a 96well plate, 100ng
of genomic DNA per sample was added to 80ul of binding solution and incubated at 37 °C for 90
min. Binding solution was removed and each well washed 3x with wash buffer. Methylated and
hydroxymethylated DNA was captured via addition of provided antibodies, incubated at RT for
30 min. Following incubation wells were washed 4x with wash buffer and incubated with enhancer
solution at RT for 30 min. Each well was then washed 5x with wash buffer, incubated with
developer for 10 min in dark before stop solution was added. Absorbance at 450nM was then

recorded.

2.10 Epigenetic Histone Modification Analysis

Histone modifications as a result of IDHIYT expression were quantified via the Epiproteomic
Histone Modification Panel B (Northwestern Proteomics). Biological triplicates of IDHI1WT
manipulated and control GIC-387 were grown in either Full Media or Differentiation Media for
6d at 37 °C, 5% CO,. 2 million cells per triplicate were then pelleted, washed in PBS, and pellets
flash frozen in liquid nitrogen. Samples were then provided to the Northwestern University
Proteomics Core Facility. Nuclei were then isolated and histones acid-extracted. Samples were
derivatized via propionylation reaction and digested with trypsin following established protocols
(193). Each sample was resuspended in 50 ul of 0.1% TFA/mH,0O and 3 pl for each technical

triplicate used for liquid chromatography mass spectrometry (LCMS).
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2.11 Transwell Invasion Assay

Invasive properties were determined via a transwell invasion assay. Matrigel hESC-Qualified
Matrix (Corning) was thawed and liquified on ice. Under sterile conditions, 50 u L of Matrigel was
added to 24-well, 12 mm, 8.0 um pore size, polycarbonate transwell inserts (Millipore Sigma) and
solidified in a 37 °C incubator for 30 minutes to form a thin gel layer. Transwell inserts were then
placed within the wells of a 24 well untreated tissue culture plate (Corning). IDH1%T-manipulated
and control GIC-387 cells were dissociated with StemPro Accutase Dissociation Reagent
(ThermoFisher) and 1 x 10%cells / 100u1 resuspended in DMEM/F12 50:50 with L-glutamine
(Corning), supplemented with 1% Pen/Strep antibiotics (Invitrogen), and 0.1% bovine serum
albumin (BSA). 100 ul of cell solution was plated on top of each transwell insert and incubated
for 10 minutes at 37 °C and 5% CO,. 600 ul of Full Media was pipetted to the bottom, lower
chamber in each well containing an insert, ensuring Full Media contacted the transwell membrane.
Cells were then incubated for 36h at 37 °C and 5% CO,. Following incubation, migrated cells
within the lower chamber were counted via Trypan Blue (ThermoFisher) exclusion on a Countess

Cell Counter (Invitrogen).

2.12 Wound Closure Migration Assay

To assess migration capacity, 1 x 109 LN382 cells were plated/well in a 6-well tissue culture treated
plate (Corning) and placed in an incubator at 37 °C and 5% CO,. Upon reaching confluency, in a
sterile environment, a 200 p1 pipette tip was pressed firmly against the top of the tissue culture

well and a swift, vertical wound down through the cell monolayer was made for each sample.



61
Media and debris were aspirated. 2 ml of fresh tissue culture media was slowly added against the
wall of each well, avoiding detachment of adherent cells. Following wound generation an image
was taken, establishing t= 0 timepoint, and wounding region boundaries established. The tissue
culture plate was placed back into the 37 °C and 5% CO, incubator. Every 4h the plate was
removed from the incubator and images taken of each wound with the Revolve (Echo) microscope.
After t= 24h the images were analyzed using the Revolve microscope’s software, calculating the

total area of each wounding region.

2.13 Oxidative Stress Detection
To determine oxidative stress levels, IDHIWT and manipulated GICs were treated with a final
concentration of 5 M CellROX Reagent (ThermoFisher) and incubated for 30 min at 37 °C. The

media was removed and cells washed 3x with PBS and read at emission/excitation 640/665 nm.

2.14 GSH Quantification

Total GSH production was quantified via Glutathione Colorimetric Detection Kit (Invitrogen)
following manufacturer’s instructions. GIC cell pellets were washed with PBS, resuspended in 5%
aqueous 5-sulfo-salicylic acid with 2-vinylpyridine to deproteinize sample, and lysed via vortexing
before being incubated for 10 min at 4 °C. Samples were centrifuged and supernatant collected.
50 ul of sample, 25 ul of detection reagent, and 25 ul reaction mixture were added to wells of a

96 well plate. Reaction was incubated at RT for 20 min and absorbance read at 405 nm.
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2.15 Lipid Peroxidation Quantification
To determine lipid peroxidation levels, we utilized the Lipid Peroxidation (MDA) Assay Kit
(Colorimetric) (Abcam) following manufacturer’s instructions. 1 x 10° cells/well IDHI1YT and
manipulated GICs were lysed in 0.5% Triton X-100 lysis buffer containing 10 mM Tris-HCL, pH
8, 150 mM NaCl, and protease inhibitor cocktail. Samples were diluted in Dilution Buffer and 50
1 of samples added to wells of a 96-well clear bottom microplate. 10 L. MDA Color Reagent
solution was added to each well and incubated at RT for 10-30 min. 40 x1 Reaction Solution was

added then incubated at RT for 45 min. Absorbance was read with a microplate reader at 694 nm.

2.16 GSR Activity Assay

To assess GSR enzymatic activity we used the Glutathione Reductase GR Assay Kit (Abcam). 1
x 10¢ IDH1W™T and manipulated GICs per biological triplicate were homogenized in Assay Buffer.
To 100 ul of sample, 5 ul 3% H,0, was added an incubated at 25 °C for 5 min to destroy GSH. 5
1 Catalase was added and incubated at 25 °C for 5 min before adding 50 p1 of samples to a 96-
well plate (Corning). 50 ul of reaction mix containing DTNB solution which reacts with GSH to
generate TNB2 (yellow, Amax= 405) was added to each well, and absorbance immediately read at
405nm establishing t= 0. Readings were taken every 10 mins until t= 90, with plate incubated at

25 °C between readings.

2.17 GPX4 Activity Assay
To quantify GPX4 activity we used the Glutathione Peroxidase Assay Kit (Abcam). 2 x 10°

IDHIYT and manipulated cells per biological triplicate were harvested, washed in PBS,
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resuspended in 200 ul of Assay Buffer. Supernatant was collected and 50 ul/well added to a 96-
well plate. 40 ul of reaction mix containing Assay Buffer, 40nM NADPH solution, GR solution
and GSH solution for one set of conditions was added to each well. To assess IDHIWT effect on
GPX4 activity independent of supplemental GSH and GR solutions, 40 ul of reaction mix
consisting of Assay Buffer and 40nM NADPH solution was added to a second set of samples.
Reactions were incubated at RT for 15 min then 10 ¢l cumene hydroperoxide solution added to
each well to start GPX reaction. Absorbance readings at 340 nm were immediately recorded
establishing t= 0. Readings were taken every 5 min until t= 120, with the plate stored at 25 °C

between readings.

2.18 BCarbon-Glucose Studies

IDH1YT and manipulated GIC-20s were grown in media supplemented with 10 mM glucose until
90% confluence was achieved. 24h later, media containing 10 mM [U-3C] Glucose was added.
After 3h, 24h, and 72h cells were collected, pelleted, washed using 150 mM Ammonium Acetate
without disturbing pellet, then snap frozen in liquid nitrogen. Samples were then sent for GC-MS
processing. Microtubes containing pellets were removed from -80 °C storage and maintained on
wet ice during processing. 0.3 mL chilled 8:2 isopropanol:chloroform (EMD) mixture was added
to each sample to initiate protein precipitation and extracted metabolites dried under vacuum at 45
°C. 1 mL BF3/Methanol was added to each sample then samples incubated at 60 °C for 3h. 200 ul
LCMS water and 300 1 Hexane were added to cooled samples before being vortexed, sit for 5
min, vortexed again, and centrifuged for 3 min to facilitate layer separation. Organic layer was

transferred to autosampler for GC-MS analysis as described (33).
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2.19 MTS Assay

To assess cellular viability we used the MTS Assay Kit (Abcam). 0.1 x 105 cells were seeded per
well in a 96-well plate (Corning). Cells were then treated with either vehicle, RSL3 (0.1 uM), or
IDH1i-13 (0.1 uM, 0.5 uM, 3 uM, 6 uM, 12 uM) and incubated at 37 °C, 5% CO, for 48h and
72h, respectively. For GSH and GSSG rescue studies, 250 uM and 500 uM of GSH and GSSG
was added concomitantly to IDH1i-13 treated cells. Following incubation, 20 ul/well of MTS
reagent was added and incubated for 2h at 37 °C, 5% CO,. Plates were then removed from

incubator, briefly shaken on a shaker, and absorbance measured at OD= 490nm.

2.20 SYTOX Assay

To determine extent of cell death with membrane rupture, we utilized SYTOX Green Nucleic Acid
Stain (Invitrogen). GICs were seeded at 0.1 x 105 cells/well in a 96-well, flat, clear bottom black
microplate (Corning) and treated with increasing concentrations of IDH1i-13 (0.1 uM, 0.5 uM, 3
uM, 6 uM, 12 uM). For rescue experiments, cells were concomitantly treated with O M and 5
uM N-acetyl L-cysteine (NaC) (Millipore Sigma), 5 mM and 10 mM of membrane permeable
Dimethyl 2-oxoglutarate (aKG) (Sigma-Aldrich), or 1 M and 2 yM of Ferrostatin-1 for 48h and
72h at 37 °C, 5% CO,. Following incubation, SYTOX Green was added to each well at a final
concentration of 500 nM and incubated in the dark at 37 °C, 5% CO, for 1h. Absorbance was then
read on a fluorescent plate reader with excitation and emission maxima of 504 nm and 523 nm,

respectively.
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2.21 IDH1i-13 Pharmacokinetics

2.21.1 IDH? Activity Assay

To determine whether IDH1i-13 inhibits IDH2 we used the Isocitrate Dehydrogenase Activity Kit
(Sigma-Aldrich). For each IDH1i-13 concentration, 100 uM, 10 uM, 1 uM, .1 uM, .01 uM, .001
uM, and O uM control of IDH1i-13 was added to 50 u1 of IDH Assay Buffer in a 96-well plate in
triplicate. Master Reaction Mix consisting of 38 ul IDH Assay Buffer, 8 ul Developer, 2 y1 IDH
Substrate, and 2 u1 NADP* per condition was then added each sample. To start the reactions at the
same time, 10 nM of human-rIDH2 (Abcam, ab198082) was added to each well using a
multichannel pipette. The plate was incubated at 37 °C in dark and after 3 min absorbance was
read at 450 nm on a microplate reader, establishing (Ti..). The plate was subsequently read every

5 min at 450 nm, with incubation at 37 °C in the dark between readings.

2.21.2 EC5y Calculations

ECs, value of IDH1i-13 inhibition of IDH2 was determined using Prism. Log concentrations of
IDH1i-13 and nmol concentrations of NADPH (readout) datapoints were normalized with 0%
defined as smallest mean in each data set and 100% defined as largest mean in each data set. Data

was analyzed via nonlinear regression (curve fit); log(inhibitor) vs. normalized response.

2.22 IDH1i-13 Specificity /n Silico Analysis
Using the Gene Ontology (GO) Browser, a list of proteins associated with the GO term ‘NADP
binding’ was generated (/94). IDH1YT, IDH2, and NADP binding proteins’ crystal structures in

conformation with cofactor were downloaded from the RCSB Protein Data Bank (rcsb.org) (77,
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195). Profiled are the stretches of sequences with the most contact with bound cofactor. To
determine amino acid sequence specificity of IDHIWT NADPH binding pocket, the IDHIYT 10
amino acid sequence containing His315 was uploaded to Protein Basic Local Alignment Search

Tool (BLASTp) (196).

2.23 In Vivo Xenograft Model

All animals used in the study were under an approved protocol of the Institutional Animal Care
and Use Committee (IACUC) of Northwestern University. Luciferase-expressing GIC-20 cells
(1.5x 10° cells / 3ul) were dissociated via Accutase (Life Technologies) and resuspended in HBSS.
6-8 week old female nude mice (The Jackson Laboratory) were anesthetized and placed within
stereotactic frames. Surgical area was cleaned with betadine and 70% ethanol. An incision was
made in the scalp of the mice, and subsequently a 0.7 mm Burr hole was created in the skull using
a microsurgical drill, 2 mm lateral right of the sagittal suture and 0.5 mm posterior to the bregma.
A Hamilton syringe was loaded with 3 ul of GIC-20s and inserted 3.5 mm into the brain. After 1
minute of stabilization, cells were implanted at a rate of 1 ul/min, with 1 minute of stabilization
following each pl implanted. The syringe was then withdrawn and skin was closed with sutures.
Mice were sacrificed based on observed neurological impairment. 11-13 mice per group were used
in each study group. Two weeks following implantation mice were randomized into two groups
based on bioluminescence as determined using the Lago (Spectral Instruments Imaging). 11 mice
received IDH1i-13 (10 mg/kg) and RT (2GY) x 5 M-F for 2 weeks. 13 mice received vehicle (30%
PBS, 20% DMSO, 50% PEG) and RT (2GY) x 5 M-F for 2 weeks. Following 2 weeks treatment,

mice rested for 1 week and were treated biweekly with IDH1i-13 or vehicle until week 7 total.
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Survival analysis between control and experimental group was determined using the Kaplan-Meier

method, with statistical significance determined by the log rank (Mantel-Cox) test.

2.24 In Vivo Bioluminescence Imaging

Tumor growth following orthotopic implantation of luciferase expressing GIC-20s was monitored
by bioluminescence imaging (Lago, Spectral Instruments Imaging). Mice were injected with 200
pul luciferin potassium salt (Perkin Elmer), anesthetized, and imaged using the Lago.
Bioluminescence was quantified using Aura Imaging Software (Spectral Instruments Imaging),

with bioluminescence quantified relative to non-tumor bearing mice.

2.25 Histology

Paraffin embedded mouse brains isolated from patient-derived xenograft (PDX) mouse models
were provided to the Mouse Histology and Phenotyping (Laboratory) for sectioning and
hematoxylin and eosin (H&E) staining. Gross pathology of brain sections was assessed via light

microscopy by pathologist Dr. Craig Horbinski.

2.26 Statistical Analysis

All experimental data are presented as mean + standard error of the mean, unless otherwise
specified. Experimental and control groups were compared for significance by two-tailed
Student’s t-test. A p-value < 0.05 was considered statistically significant. Sample size estimates
were not used. Kaplan-Meier survival curves, cox proportional hazard ratios, and 95% confidence

intervals were analyzed by Mantel-Cox and Gehan-Breslow-Wilcoxon tests. Genes with similar
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expression pattern were ranked by Pearson correlation coefficient, and gene expression correlation

determined using methods including Pearson, Spearman, and Kendall.
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CHAPTER 3: IDH1VT PROMOTES A RADIAL GLIA-LIKE, GLIOMA INITIATING

CELL IDENTITY
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3.1 Abstract

Glioblastoma multiforme (GBM) is a devastating brain cancer characterized by rapid progression,
resistance to therapeutic intervention, and inevitable patient mortality. One major hurdle curtailing
therapeutic efficacy is the profound interpatient and intratumoral heterogeneity of GBM. GBMs
can broadly be classified into three molecular subtypes—classical, proneural, and mesenchymal--
based on genetic events within key oncogenic and neurodevelopmental programs. Intratumorally,
despite GBMs being primarily represented by one molecular subtype, individual cellular
populations of each subtype may exist in different ratios while freely changing from one subtype
to another. Thus, understanding molecular events critical for promoting these unique cellular states
while maintaining plasticity is of great importance. We recently discovered that IDH-wildtype
GBM are characterized by transcriptional upregulation of the non-mutated, wild-type form of
IDH1 (IDH1%T). Over-expression of IDHIYT in murine P53/PTEN co-deleted NSCs promoted
tumorigenesis, whereas genetic and pharmacological inhibition of IDH1YT within patient-derived
glioma-initiating cells (GICs) and derivative xenografts reduced growth and tumor progression.
Molecularly, IDH1WT depletion in GICs resulted in reduced aKG production that promoted histone
hypermethylation, induction of a tumor suppressive gene signature, and cellular differentiation.
Building upon these findings, we tested the hypotheses that IDH1WT promotes a stem-like cellular

state that influences molecular subtype via unique chromatin modifications.
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3.2 Results

3.2.1 IDH1"" is Over-expressed in GBM

Our group previously identified that IDH1YT is upregulated in approximately 2/3 of all high grade
gliomas (HGGs) and that this IDHYT upregulation and the occurrence of IDH1 point mutation are
mutually exclusive (33). We further showed that IDHIWYT suppression in glioma initiating cells
(GICs) results in decreased aKG production, histone hypermethylation, and a more differentiated
glioma cell state (33, 124). Our present study sought to expand upon these findings by defining
the molecular mechanisms by which IDHIWYT promotes the stem like properties of GICs. As the
molecular subtypes of GBM are distinguished by dysregulation of non-redundant stemness factors,
we performed TCGA-Analysis to assess IDHIWT transcript level across GBM molecular subtypes.
IDH1YT was upregulated within each molecular subtype (Fig. 6A) and negatively correlated with
patient survival most strongly within the classical subtype (Fig 6B-E). These in silico analyses
suggest that enhanced IDH1WT expression is a pathogenic, universal event within IDH-wildtype

GBM irrespective of molecular subtype and underlying stemness factors.
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Figure 6. IDH1%" is over-expressed in each GBM molecular subtype, correlating with patient
survival
TCGA dataset analysis of IDHIWT transcript levels. IDHIWT mRNA levels in normal tissue (n=
207) vs classical GBM (n= 40), mesenchymal GBM (n= 55), and proneural GBM (n= 37) tumors
(A). Kaplan-Meier survival analysis of patients expressing high IDHIWYT (IDH1"¢") and low

IDH1VT (IDH1"™) mRNA levels across classical (B), mesenchymal (C), proneural (D) and all (E)
GBM subtypes.

3.2.2 IDH1V" Promotes GIC Stemness Via Epigenetic Dysregulation

Previous work by our lab indicated that decreased expression of IDHIWT level within GICs
promotes cellular differentiation (33). We therefore sought to test the inverse hypothesis, that
elevated IDHIWT expression promotes a de-differentiated, stem-like state. Patient-derived GIC-
387s genetically modified to stably over-express either IDHIYT (Wt-IDH1) or CSII control
plasmid (CSII) were grown in specially formulated media lacking FBS but supplemented with
human Epidermal Growth Factor (EGF), basic Fibroblast Growth Factor (bFGF), and Leukemia
Initiating Factor (LIF), i.e., conditions that promote neurosphere formation while closely mirroring
phenotypic and genotypic properties of primary tumors (/97). When exposed to fetal bovine serum
(FBS), known to induce differentiation in human embryonic stem cells (/98), we observed that
IDHIYT over-expressing GIC-387s resisted adherence to poly-D-lysine/laminin matrix and

showed enhanced proliferation in suspension (Fig. 7A, B). By contrast, control GIC-387s readily



74

A B. C D
10x 20x
P *
40000007 wmm csi ! € 60 wmm csi
WDH1 'ﬁ" '*_‘| '% WHIDH1 *
csi CSIIFBS @
2 3000000-] wiori Fes g = g
3 X 40 oo e
5 < = g
o 2000000 - * g 3
8 mnn 4 z
£ = i 7 E 20 =
2 1000000 2
WtIDH1 I & 8
| S
0 T === T T z 0 T Y T
Day 0 Day 3 Day 6 Day 9 IDH1 NES -
o

I
8
.
s

Figure 7. Cellular differentiation is inhibited by IDH1%T expression

(A) Gross microscopy of IDHI1YT-overexpression (Wt-IDH1) vs control (CSII) GICs 6d post FBS
supplementation. (B) Cellular growth curve analysis. (C) qPCR analysis of IDH1YT and NES
transcript levels 6d post FBS supplementation. (D) Quantification of FACs sorted NSC
populations lentivirally transduced to over-express IDH1YT or control plasmid supplemented with
10 ng/ml BDNF to induce neuronal differentiation. * p < 0.05; ** p < 0.01; *** p < 0.001

adhered and differentiated, with a decreased proliferation rate (Fig. 7A, B) As IDH1YT is most
highly upregulated in the classical subtype, and NES expression is elevated within this molecular
subtype, we performed qPCR assessing for NES expression. Under differentiation conditions we
observed robust upregulation of NES expression in Wt-IDH1 GICs (Fig. 7C). NPCs characterized
by NES expression are a presumed cell of origin in the context of IDH-wildtype GBM. Therefore,
we investigated whether IDHIWT expression similarly reduces differentiation potential within
NSCs. Under differentiation conditions, primary murine NPCs infected with lentivirus containing
Wt-IDHI readily resisted neuronal differentiation relative to CSII control NPCs (Fig. 7D).
Together, these results indicate IDH1YT expression is sufficient for promoting stem cell-like

properties in patient-derived GICs and murine NPCs.

Due to (R)-2HG competitively inhibiting aKG, aKG-dependent DNA dioxygenase activity is

disrupted resulting in a DNA hypermethylation phenotype within IDH-mutant GBMs (/03). We
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Figure 8. IDHIY' over-expression increases oKG expression, yielding a DNA
hypomethylation phenotype

(A) Quantification of intracellular aKG levels in cells over-expressing IDHIYT (Wt-IDH1) and
control (CSII) GICs. Quantification of total 5-methylcytosine (5-mC) DNA (B) and 5-
hydroxymethylcytosine (C) in Wt-IDH1-GICs and CSII-GICs grown in differentiating (FBS
supplementation) and non-differentiating conditions. * p < 0.05.

therefore speculated that up-regulation of IDH1WT through increased o KG production regulates
DNA methylation in GICs. Stable over-expression of IDH1"T resulted in robust enhancement of
oKG production (Fig. 8A). Elevated aKG level in Wt-IDH1 GIC-387s correlated with global
decrease in DNA 5-methylcytosine (5-mC) and 5-hydroxymethylcytosine (5-hmC) levels (Fig.
8B, C). Under differentiating conditions, the effect of IDHIWYT over-expression on DNA
methylation was further enhanced (Fig. 8B, C). Previously we identified disruption of histone
modifications upon IDHIYT reduction; however, our approach was limited to H3K4, H3K9,
H3K27, and H3K36 marks. To expand upon these results, in an unbiased fashion, we performed
liquid chromatography mass spectrometry on CSII and Wt-IDH1 GICs. IDHIYT over-expression

resulted in widespread post-translational histone mark dysregulation that was profoundly
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exacerbated upon exposure to differentiating conditions (Fig. 9). Collectively, these data highlight

IDH1%T’s capacity to drastically remodel the epigenome within GICs.
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Epigenetic disruption often leads to the aberrant activation of genes critical for tumorigenesis. In
particular, DNA methylation results in recruitment of repressive complexes to promoter regions,
effectively silencing gene expression (95). As such, DNA hypomethylation induced by IDHIWYT
expression may lead to increased expression of genes critical for promoting stemness. Within a
brain tumor, GICs are maintained via intrinsic mechanisms as well as exogenous factors derived
from their niche, such as hypoxia and eNOS signaling (49). In an effort to identify the most
clinically relevant IDHIYT regulated stemness candidates, we performed unbiased TCGA
correlation analysis to identify the top transcriptional correlates with IDH1YT mRNA expression
within human patients (Fig. 10A). Gene ontology pathway analysis of the top 500 IDHI1WT
correlates identified significant enrichment for pathways involved in neurodevelopmental
processes and stem cell maintenance (Fig. 10B). To identify individual genes that may contribute
to stemness, we assigned correlation ranks (CRs) to each transcriptional correlate, with the number
representing its IDH1WT correlation ranking relative to the entirety of TCGA GBM transcriptome.
Strikingly, among the top correlates, we identified stemness factors that underscore the proneural
and classical GBM molecular subtypes. Proneural GBM related PDGFA, the ligand for PDGFRA,
is sufficient to drive a proneural phenotype (/99) and had a CR of 2 (Fig. 10A, C). Surprisingly,
classical GBM related NES was also highly correlated, with a CR of 149 (Fig. 10A, D). PDGFA
and NES gene body methylation negatively correlated with IDH1YT mRNA expression, supporting
IDHIYT mediated DNA de-methylation as the mechanism whereby IDHIWYT controls their
expression (Fig. 10E, F). To confirm that IDHIYT controls the expression of both NES and

PDGFA, we performed RT-qPCR on GICs stably transfected with shRNA targeting IDHIWT,
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Knockdown of IDHIWT resulted in significant reduction in both NES and PDGFA (Fig. 8G).
Strikingly this reduction was rescued via treatment with DNA methyltransferase inhibitor and

demethylating agent 5-Aza-2’-deoxycytidine (2DE) (Fig. 10G). These results indicate that by
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inducing a DNA hypomethylation phenotype, IDH1"T regulates the expression of stemness factors

that define classical and proneural tumor cell states.
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Figure 10. IDH1"" Regulates Expression of Classical and Proneural Driver Genes

(A) TCGA dataset analysis profiling top mRNA correlates with IDH1WT transcript level in GBM.
(B) Gene-ontology analysis of the top 500 TCGA IDHIWT correlates. (C, D) TCGA-GBM
correlation analysis between IDHIWYT transcript level and PDGFA, NES mRNA levels,
respectively. (E, F) TCGA-GBM correlation analysis between IDHIWT transcript levels and NES,
PDGFA, gene body methylation, respectively. (G) qPCR analysis of IDHIYT, NES, and PDGFA
mRNA levels in GIC-387s stably expressing sh-IDHIWT construct (shIDH1) or sh-scramble
(shScr) treated with vehicle or 0.5 uM 5-Aza-2’-deoxycytidine (2DE) for 24h. PCC= pearson
correlation coefficient; TPM= transcripts per million; R= correlation coefficient; CR= correlation
rank; * p < 0.05; ** p < 0.01.
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3.2.3 IDH1VT Expressing GICs Adopt a Radial Glia-like Identity

Radial glia represent a cellular population that gives rise to the vast majority of neurons and glia
within the brain during development. Recently, an outer radial glia (0RG)-like population of GICs
was identified that can give rise to each cell type comprising GBM tumor mass (58). Of note, the
radial glia transcriptome is modulated in a temporal manner in response to ever changing
developmental gradients (59, 200). Both NES and PDGFA are expressed within radial glia in a
temporal manner, with NES expression emerging during radial glia genesis in response to apical-
basal Notch gradient levels, before PDGFA expression and glial features are detected during late
embryogenesis (201, 202). Based on these data we hypothesized that IDH1YT expression induces
an oRG-like identity in GICs. Within human patient samples, as assessed through analysis of the
TCGA dataset, we observed high correlation between an oRG gene signature [as described in (60)]
and IDHIWT expression (Fig. 11A). As PTPRZ1 is the master regulator of the oRG-like GIC
identity (58), we assessed for correlation between IDH1WT and PTPRZ1. These two genes were
highly correlated, with a CR of 14 (Fig. 10A, 11B). Gene body methylation, however, was not
correlated with IDHIYT mRNA expression (data not shown). We further note that the ligand for
PTPRZ1, Pleiotrophin (PTN) exhibited a statistically significant CR of 4 (Fig. 10A). To directly
assess whether IDH1YT may be promoting an oRG-like cellular state, we performed RT-qPCR for
IDH1YT in GICs modified for stable IDH1YT over-expression and knockdown. Elevated IDH1WYT
resulted in increased PTPRZ1 and the canonical radial glia marker VIM expression whereas
reduced of IDH1YT expression was associated with lower expression of PTPRZ1 and VIM (Fig.

11C, D). Collectively, these data support IDH1WT expression promoting an oRG-like GIC identity.
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Figure 11. IDH1Y" Promotes an oRG-like GIC identity

(A) TCGA-GBM dataset analysis of IDHIYT mRNA correlation with outer radial glia gene
signature (n= 65 genes). (B) TCGA-GBM dataset analysis of IDH1WT transcript correlation with
PTPRZ1 mRNA levels. (C) qPCR analysis of IDHI, PTPRZ1, and VIM mRNA levels in GICs
stably expressing sh-IDHIWYT construct (shIDH1) and sh-control (shScr) constructs. (D) qPCR
analysis of IDHIYT, PTPRZ1, and VIM mRNA levels in GICs stably over-expressing IDH1WT
(Wt-IDH1) or control (CSII). TPM= transcripts per million; R= correlation coefficient; CR=
correlation rank; * p < 0.05; ** p < 0.01; *** p < 0.001

The oRG gene signature that IDH1YT strongly correlates with is enriched for genes implicated in

epithelial to mesenchymal transition and invasive behavior (58). Moreover, oRG-like GICs mimic
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cortical developmental programs, utilizing mitotic somal transfer in order to invade neighboring
tissue within the brain and seeding for future tumor propagation and recurrence (58). We therefore
tested whether IDH1YT expression within GICs contributes to invasive and migratory properties.
In a transwell invasion assay, we found that IDHIWYT over-expression significantly enhanced
invasion through Matrigel (Fig. 12A). By contrast, IDHIYT knockdown ablated the capability of
GICs to migrate through Matrigel (Fig. 12B). To assess whether IDHIWT expression influences
migratory behavior, we performed a wound healing assay which mimics in vivo cellular migration
using adherent LN382 cells. In line with our invasion assay results, we observed that a reduction
in IDHIWT significantly decreased the migratory capacity of glioma cells (Fig. 12C, D). Together

our data indicates IDH1WT as regulator of oRG-like identity and phenotypes.
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Figure 12. IDH1%"T increases invasion and migration in GBM cells

(A) Transwell migration assay. Quantification of total number of IDHI1W% -overexpressing GIC-
387s (Wt-IDH1) vs control GIC-387s (CSII) that invaded through Matrigel after 36h. (B)
Transwell migration assay. Quantification of total number of shIDHIYT GICs (387 sh98) vs shScr
GICs (387 shScr) that invaded through Matrigel after 36h. (C) Wound healing assay.
Quantification of wounding area closure in patient derived LN382 glioma cells stably expressing
sh-IDHIW¥T knockdown (LN382 shIDH1) or control (LN382 pLKO) constructs. (D) Representative
images of area quantified during wound healing assay. * p < 0.05; ** p < 0.01; *** p < 0.001

3.3 Discussion

We have demonstrated that IDH1"T is upregulated within each molecular subtype of GBM and

that this upregulation promotes GIC stem cell-like properties and marker expression indicative of
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an oRG-like cellular state. Underlying transcriptional aberrations were associated with increased
oKG production and robust epigenetic dysregulation, including a DNA hypomethylation
phenotype. This DNA hypomethylation phenotype underscores how IDHIWT regulates the
expression of classical and proneural GBM driver genes NES and PDGFA. Importantly, IDH1WYT
controls the expression of radial glia master regulator PTPRZ1 and canonical marker VIM through
yet to be determined (epigenetic) mechanisms. We have further shown that expression of IDH1WYT
within GICs is sufficient for promoting a pro-migratory and invasive phenotype, a hallmark of
oRG-like GICs. Collectively, these findings support our central hypothesis that IDH1YT promotes
a stem-like cellular state that influences molecular subtype at least in part via unique DNA or

chromatin modifications.

Our data shows that IDHIYT is capable of evoking widespread epigenetic remodeling via
production of aKG. This epigenetic remodeling is associated with an increase in stem-cell like
characteristics including elevated proliferation and resistance to differentiation. Moreover, we
have shown that the regulation of DNA methylation is the mechanism by which IDH1YT controls
expression of stemness factors NES and PDGFA. Whereas IDH-mutant gliomas present with
profound CpG Island and DNA hypermethylation (203) we observed IDHIWT expression to be
correlated with a DNA hypomethylation phenotype. We hypothesize that IDHIWT’s effect on DNA
methylation is mediated by the Ten-eleven translocation methylcytosine dioxygenase (TET)
family of aKG-dependent demethylases. Mechanistically, TET proteins are responsible for
oxidation of 5’-methylcytosine to 5’-hydroxymethylcytosine, the first step in the DNA

demethylation process (204). In the context of grade IV IDH-mutant astrocytoma, however, IDHM"t
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derived (R)-2HG actively competes with aKG, resulting in diminished TET activity and
associated DNA hypermethylation (/03). Importantly, the epigenetic modulatory activity of TET
proteins is critical for maintaining stem cell state during embryogenesis (205). Though our results
are preliminary, and an activity assay needs to be performed, it stands to reason that excess aKG
production stimulates TET hydroxylase activity resulting in DNA hypomethylation phenotype in

the context of IDH-wildtype GBM.

Our finding that IDHIYT can control multiple stemness associated factors, such as NES and
PDGFA, is intriguing. While GBM molecular subtypes are a key concept that have been adopted,
built upon, and informed therapeutic development since their identification, recent data, however,
suggests this ideology should be reevaluated. GBM scRNA-Seq has demonstrated that patient-
derived tumors of a specific, predominant subtype, consist of subpopulations of tumor cells with
unique cellular states that map to each of the three molecular subtypes, with the highest frequency
subpopulation establishing the predominant molecular subtype (39, 47). While grade IV IDH-
mutant astrocytoma tumors consist of one proliferative, NPC-like cellular state, ~90% of tumor
cells exist within non-proliferative, differentiated oligodendrocyte-like (OC-like) and astrocyte-
like (AC-like) cellular states. By contrast IDH-wildtype tumor cells are composed of proliferating
NPC-like, OPC-like, mesenchymal-like (MES-like), and AC-like cellular states. Importantly,
unlike grade IV IDH-mutant astrocytomas, an isolated population of any one IDH-wildtype GBM
cellular state can give rise to the diverse spectrum of cellular states upon orthotopic transplantation

(41). Underlying genetic mutations such as EGFR amplification can influence initial cellular states
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and lineage differentiation, however, our knowledge of further intrinsic and environmental cues

influencing cellular plasticity is incomplete (58, 206).

Here, we propose that IDH1YT is a critical factor for maintaining IDH-wildtype GIC stemness and
plasticity by promoting an oRG-like cellular state. While NES and PDGFA are typically markers
of adult NPC and OPC populations, respectively, they are temporally expressed within radial glia
cells in response to developmental needs and morphogenic gradients during embryogenesis (201,
202). Bhaduri et al. recently identified an oRG-like cellular state that becomes reactivated within
IDH-wildtype GBM patient samples (58). They further demonstrated that this oRG-like GIC
population can give rise to genetically diverse cells and therefore may represent a driving force of
GBM intratumoral heterogeneity. Our observations that IDHI1WT highly correlates with an oRG
gene signature within GBM patients, regulates the expression of the oRG master regulator
PTPRZ1, the canonical marker VIM, as well as PDGFA and NES, and facilitates an invasive
phenotype support IDHIWT as a regulator of the oRG-like GIC state. We speculate that tumors
derived from an orthotopic xenograft model overexpressing IDHIWT would consist of the four
cellular states identified by Neftel et al. 2019. as tumor cell and stem cell niches provide necessary
support for expansion and differentiation (58, 60). Thus, our model suggests that by establishing
an oRG-like GIC state, IDHIWT promotes a high-level cellular plasticity that facilitates the
transition into NPC-like, OPC-like, MS-like and AC-like cellular states in response to

physiological stress and developmental cues.

While exciting, our data is preliminary. First, the majority of our in vitro studies were performed
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via manipulation of the patient-derived cell line, GIC-387. GIC-387 cells are characterized by
EGFR amplification, typical of classical GBM molecular subtype. It will be necessary, in future
studies, to expand these experiments by including patient derived GICs of each molecular subtype,
to support our central thesis that IDH1YT is eliciting widespread reprogramming to an oRG-like
cellular state, and promotes intratumoral heterogeneity in cell and most importantly, in orthotopic
tumor models in vivo. Secondly, though we have shown three canonical markers of oRG-like GIC
cellular identity (PTPRZ1, VIM, NES) are controlled by IDH1"T expression, we have yet to show
that these GICs are capable of undergoing mitotic somal translocation (MST). While our data
certainly support an oRG-like identity, future studies are required to identify MST events as the

molecular driver of GIC invasion, both in cells in vitro and animal models in vivo.

Notwithstanding, though, the presented data furthers our understanding of IDH1%"’s role in GBM.
We have comprehensively documented correlations between IDHIWT expression and the
expression and DNA methylation of development genes in the TCGA dataset. We rationalized that
highly correlated genes in human patients may be regulated by IDHIYT expression due to the
robust epigenetic dysregulation excess oK G elicits. The data presented which identified stemness
factors in an unbiased manner regulated by IDHI1YT supports our methodology. Our gene set
enrichment analysis of top IDHIWT transcriptional correlates revealed a variety of molecular
processes beyond stem cell maintenance and will motivate further studies to fully define the impact

of IDH1WT on GBM tumor genetics.



CHAPTER 4: PHARMACOLOGICAL INHIBITION OF IDH1YT PROMOTES
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4.1 Abstract

Cancer cells maintain elevated levels of nicotinamide adenine dinucleotide phosphate (NADPH)
to fuel biosynthetic reactions in support of rapid cellular growth and in powering redox defense
mechanisms. Mechanistically, NADPH is a rate-limiting reducing equivalent required for de novo
lipid biogenesis, and for maintaining a reservoir of reduced glutathione (GSH)—a key
intermediary in redox defense as well as ferroptosis regulation (207). Ferroptosis is a programmed
cell death pathway driven by the peroxidation of phospholipids and is regulated by the Glutathione
peroxidase 4 (GPX4) lipid repair pathway (208, 209). Importantly, GSH functions as an
indispensable co-factor for GPX4 activity, providing a mechanistic link between NADPH
production and ferroptosis regulation (2/0). Due to its role in supporting lipid biosynthesis and
maintaining a reservoir of GSH critical for redox and ferroptosis defense, NADPH metabolism has
emerged as an enticing metabolic vulnerability and potential point of therapeutic intervention

within cancer cells.

Our group has recently identified that IDH-wildtype GBM upregulate wild-type Isocitrate
Dehydrogenase 1 (IDH1"T) to generate large pools of cytosolic NADPH (33). RNAi-mediated
knockdown of IDHIW™T slows patient derived xenograft tumor growth while over-expression
increases tumor burden. We identified that elevated levels of NADPH fuel de-novo lipid
biogenesis, supporting rapid growth and proliferation of high grade glioma (HGG) tumor cells.
Further, we showed that this excess NADPH generated by IDHIWT associated with reduced
reactive oxygen species (ROS) production. These data support IDHIWTs role in HGG

pathogenesis and progression via elevating lipid-biosynthesis and enhancing protection from lipid
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peroxidation. Based on these findings, we hypothesize that IDH1WT protects HGG tumors from
ferroptotic cell death and is a therapeutically viable drug candidate for ferroptosis induction
in GBM tumors. As IDHIWT global knockout mice present phenotypically normal (/22), we

further hypothesize that inhibition of IDH1"T will have minimal toxicity on healthy tissue.
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4.2 Results

4.2.1 IDH1VT Suppresses Ferroptosis via Regulation of the Cysteine/GSH/GPX4 Axis

Enhanced lipid biosynthesis in support of unabated cancer cell growth is a hallmark of
tumorigenesis. Our group demonstrated that IDHIYT promotes lipogenesis by providing tumor
cells with cytosolic NADPH, which represents a rate- limiting reducing equivalent required for de
novo fatty acid synthesis (33). Phospholipids of the plasma membrane, however, are susceptible
to reactive oxygen species (ROS)-mediated peroxidation which in turn triggers ferroptosis.
Ferroptosis is actively inhibited by Glutathione Peroxidase 4 (GPX4) mediated reduction of
deleterious peroxides via oxidation of the potent antioxidant reduced glutathione (GSH). The
cysteine/GSH/GPX4 lipid repair axis that inhibits ferroptosis has multiple steps that could be
regulated by IDH1YT products NADPH and o KG (Fig. 13). As such, we hypothesized that IDH1WYT

protects glioma cells from ferroptotic death in part through increased GPX4 lipid repair.



93

Cystine  Glutamate

\ /

System X+
Cystimej
NADPH BCKAs BCAAs  NADPH NADP*
GSR/TXNRD1
\l GlutamateM a-KG Mlsocitrate
Cysteine

BCAT1 IDH1
GCL

Gamma-Glutamylcysteine

Glycine
GSS

NADPH GSH
GSR \< > GPX4
GSSG 1

Ferroptosis

Figure 13. Overview of cysteine/GSH/GPX4 lipid repair axis

Ferroptosis inhibiting cysteine/GSH/GPX4 lipid repair axis and points of potential IDHIWT
regulation. Extracellular cystine import is coupled with glutamate efflux at a 1:1 ratio via
glutamate/cystine antiporter, System x.+. Cystine is subsequently reduced to cysteine in an
NADPH manner via Glutathione Reductase (GSR) or Thioredoxin Reductase 1 (TXNRD1).
Glutamate cysteine ligase (GCL) generates gamma-glutamyl cysteine via ligation of cysteine and
glutamate. Glutathione synthetase in turn catalyzes the condensation of gamma-glutamyl cysteine
and glycine, forming reduced glutathione (GSH). Glutathione peroxidase 4 (GPX4) converts toxic
lipid hydroperoxides to non-toxic peroxide alcohols at the expense of GSH, yielding oxidized
glutathione (GSSG). To maintain a reservoir of available GSH within the cell, Glutathione
reductase (GSR) utilizes NADPH to reduce GSSG to GSH. Glutamate to fuel the import of cystine
and gamma-glutamylcysteine production can be generated from the Branched chain amino
transferase 1 (BCAT1) mediated transamination of the IDH1YT product aKG. Red text indicates
points of regulation IDHIYT can directly influence via its products. NADPH= nicotinamide
adenine dinucleotide phosphate; BKCA= branched chain alphaketo acids; BCAA= branched chain
amino acids.
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As ferroptosis is initiated in response to unabated oxidative stress which in turn initiates lipid
peroxidation we sought to determine whether IDH1WT protects against such cellular stress. Glioma
Initiating Cells (GICs) manipulated for stable IDH1"T knockdown (shIDH1) expression showed
increased levels of ROS as determined by CellROX Red, a dye that becomes fluorescent in the

presence of ROS (Fig. 14A). Because GSH is a potent antioxidant critical for cellular response to
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Figure 14. IDH1"" controls lipid repair via regulation of the cysteine/GSH/GPX4 axis
(A-C) Quantification of ROS, GSH, and lipid peroxidation levels within GIC cells with stable
IDH1YT knock-down (shIDH1) vs control (shCo). (D) Relative GSR activity in shIDH1 vs shCo
LN382s. (E) Relative GPX4 activity in shIDH1 vs shCo LN382. (F) Fold change of GPX4 activity
in GICs over-expressing IDHIWT (wt-IDH1) vs control (CSII). (G) qPCR analysis of relative
IDH1%T and GPX4 mRNA expression in CSII and wt-IDH1 GICs. (H) Western analysis of GPX4
and IDH1YT protein levels in CSII and wt-IDH1 GICs. Hsp70 serves as loading control. (I) TCGA-
GBM dataset analysis of IDHIYT transcript correlation with GPX4 mRNA and gene body
methylation (GPX4™). * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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ROS, we hypothesized that IDHIYT may exert antioxidative effect via enhancement of GSH
production. Strikingly, IDHIYT depletion resulted in significant reduction of intracellular GSH
levels (Fig. 14B). This reduction in intracellular GSH levels correlated with an increase in
malondialdehyde (MDA) detection, a marker for lipid peroxidation (Fig. 14C). During reduction
of lipid hydroperoxides and ROS, GPX4 oxidizes GSH into oxidized glutathione (GSSG), which
is subsequently reduced by Glutathione Reductase (GSR) to replenish the intracellular pool of
GSH necessary for redox defense (Fig. 13). As NADPH is the essential cofactor for GSR, we
tested whether IDHIWYT expression influences GSR activity. Stable knockdown of IDHIWT
expression resulted in a significant decrease in GSR activity (Fig. 14D). Correlating with reduced
GSH level, the GPX4 activity was similarly reduced in IDHIWYT diminished cells (Fig. 14E).
Conversely, over-expression of IDHIYT successfully promoted GPX4 activity (Fig. 14F). The
effect of IDHIVYT on GPX4 activity was mediated post-translationally, as manipulation of IDHIWT
levels failed to elicit an effect on GPX4 mRNA or protein levels (Fig. 14G, H). Similarly, TCGA
analysis failed to uncover correlation between IDH1WT transcript expression and GPX4 transcript
level or gene body methylation (Fig. 14I). We note, however, that reduction of GPX4 activity in
IDHIYT knockdown cells was further exacerbated when the cells were not primed with
supplemental GSH, due to GSR being incapable of reducing GSSG to GSH as a result of
diminished NADPH levels (Fig. 15). As NADPH is required for inorganic selenate metabolism
(211), we speculate that NADPH produced by IDHIYT may also influence selenocysteine
metabolism, thus impacting the functionality of the selenoprotein GPX4. Together, these data

indicate that IDH1YT regulates the cysteine/GSH/GPX4 axis.
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Figure 15. IDHIYT reduces GPX4 activity independent of NADPH production

GPX4 activity assays performed on LN382 cells stably expressing IDH1YT knockdown (shIDH1)
and control (shCo). (A) nMole of NADPH depleted over time during GPX4 activity assay when
assay is primed with supplemental reduced glutathione (GSH). (B) nMole of NADPH depleted
over time during GPX4 activity assay when assay is not primed with supplemental GSH. (C)
Relative fold change between LN382 shIDH1 and shCo with and without GSH priming.

Beyond providing reducing equivalents necessary for GSH maintenance, IDH1WT can also provide
carbon necessary for GSH biosynthesis via enhanced aKG production. In IDH-wildtype GBM,
branched chain amino acid transaminase 1 (BCAT1) is actively upregulated, providing a pathway
whereby aKG may be converted to glutamate (/15). Glutamate, in turn, is converted into gamma-
glutamyl cysteine, the immediate precursor to GSH, via glutamate cysteine ligase (GCL) (107).
We therefore tested the hypothesis that IDHIWYT promotes GSH biosynthesis by providing of GSH
metabolic precursor (Fig 13). In a GIC cell line modified for stable IDHIWT knockdown, we
performed !*Cs isotope tracing experiments to quantify la