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Redox Homeostasis and Beyond:
The Role of Wild-Type Isocitrate Dehydrogenases
for the Pathogenesis of Glioblastoma
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Abstract

Significance: Glioblastoma is an aggressive and devastating brain tumor characterized by a dismal prognosis
and resistance to therapeutic intervention. To support catabolic processes critical for unabated cellular growth
and defend against harmful reactive oxygen species, glioblastoma tumors upregulate the expression of wild-
type isocitrate dehydrogenases (IDHs). IDH enzymes catalyze the oxidative decarboxylation of isocitrate to
a-ketoglutarate (a-KG), NAD(P)H, and CO2. On molecular levels, IDHs epigenetically control gene expression
through effects on a-KG-dependent dioxygenases, maintain redox balance, and promote anaplerosis by pro-
viding cells with NADPH and precursor substrates for macromolecular synthesis.
Recent Advances: While gain-of-function mutations in IDH1 and IDH2 represent one of the most compre-
hensively studied mechanisms of IDH pathogenic effects, recent studies identified wild-type IDHs as critical
regulators of normal organ physiology and, when transcriptionally induced or down regulated, as contributing to
glioblastoma progression.
Critical Issues: Here, we will discuss molecular mechanisms of how wild-type IDHs control glioma patho-
genesis, including the regulation of oxidative stress and de novo lipid biosynthesis, and provide an overview of
current and future research directives that aim to fully characterize wild-type IDH-driven metabolic repro-
gramming and its contribution to the pathogenesis of glioblastoma.
Future Directions: Future studies are required to further dissect mechanisms of metabolic and epigenomic
reprogramming in tumors and the tumor microenvironment, and to develop pharmacological approaches to
inhibit wild-type IDH function. Antioxid. Redox Signal. 39, 923–941.

Keywords: glioma, isocitrate dehydrogenases, metabolism, cancer immunology, small molecule inhibitor

Introduction

The reprogramming of cellular metabolism disrupts
normal organ physiology and contributes to or causes

many human diseases, including cancer (Hanahan and
Weinberg, 2011; Yin et al., 2017). Cancer cells undergo
extensive metabolic rewiring to support unabated tumor

growth and progression. In 1902, Theodor Boveri hypothe-
sized that human cancers are caused by genomic aberrations
converting normal cells into incessantly dividing tumor cells.
By extension, in the 1920s, Otto Warburg proposed that tu-
mor cells exhibit defects in mitochondrial energy metabolism
to adapt to the increased demands of limitless proliferation
(Pavlova et al., 2022).
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Warburg observed that even in the presence of abundant
oxygen, cancer cells rely on enhanced glucose uptake and
conversion to pyruvate (aerobic) or lactic acid (anaerobic) to
fuel macromolecular synthesis and generate energy in the
form of adenosine 5¢-triphosphate (ATP). Boveri’s concepts
of cell cycle checkpoints, oncogenes, and tumor suppressors
and Warburg’s idea of metabolic adaptation to cancerous
transformation ignited the field of cancer genetics and me-
tabolism to elucidate the molecular underpinnings of
metabolism-driven tumor initiation and progression. Today,
100 years after the seminal discoveries of Boveri and War-
burg, the idea that tumorigenesis and altered metabolism are
intertwined (‘‘metabolic transformation’’) is more relevant
than ever.

Cancer cells can efficiently take up and utilize nutrients for
energy production and biomass expansion. Such metabolic
adaption, in turn, profoundly affects gene expression and as-
sociated differentiation processes. In the past decade, cancer
metabolism witnessed a renaissance and renewed interest.
Research revealed that cancer metabolic rewiring, particularly
in glioblastoma, is far more complex than initially postulated,
and extends beyond changes in glycolytic flux.

Research over the past decade added immensely to our
understanding of cancer metabolism and identified many
changes in different metabolic pathways, including en-
hanced glutamine catabolism, heightened glucose oxidation
through the tricarboxylic acid (TCA) cycle, and increased
lipid biosynthesis, as contributing to or driving malignant
phenotypes (Tommasini-Ghelfi et al., 2019; Vander Heiden
and DeBerardinis, 2017).

The identification of neomorphic mutations in the iso-
citrate dehydrogenase (IDH) family members IDH1 and
IDH2 over a decade ago, together with recent studies that
identified the transcriptional upregulation of wild-type IDHs
as a tumor-promoting event, helped further fuel cancer me-
tabolism research (Yan et al., 2009; Yang et al., 2012). As
wild-type IDHs play a fundamental role in energy metabo-
lism, redox balance, and anaplerosis, metabolism research
has begun to investigate the role of the IDH family of en-
zymes more comprehensively, unraveling their contribution
to cancer initiation, progression, and therapy resistance.

Among the many functions of wild-type IDHs, the regu-
lation of redox homeostasis has been identified as one of the
enzymes’ most critical protumorigenic activities. Cancer
cells present with heightened levels of reactive oxygen spe-
cies (ROS) (Liou and Storz, 2010). These ROS are derived
from oxygen and exist as highly reactive free radicals. ROS
are capable of oxidizing molecules and macromolecular
structures either to the benefit or to the detriment of cancer
cell survival (Glasauer and Chandel, 2013; Sies et al., 2022).

Tumor cells are, therefore, under constant pressure to
maintain an auspicious equilibrium between the tumor-
promoting and tumor-antagonizing effects of oxidative
stress. Due to the high basal metabolic rate and fatty acid
content in many different cancer types, in particular those
that grow within the central nervous system (CNS), including
glioblastoma, changes in redox balance are especially critical
for their pathogenesis and progression (Belanger et al., 2011;
Gopal et al., 1963).

Research in the past few years pointed to wild-type IDHs
as metabolic enzymes that initiate, propagate, and protect
glioblastoma through their effect on oxidative stress re-

sponses. In this review, we will discuss the ROS scavenging
properties of wild-type IDHs, the effects of wild-type IDH
overexpression on gene expression and key metabolic path-
ways, including de novo lipid biosynthesis and one-carbon
metabolism, and provide an outlook on future research
strategies to fully understand and therapeutically target on-
cogenic mechanisms of wild-type IDHs.

Grade 4 Malignant Glioma: Phenotypes, Genotypes,
and Mechanisms of Progression

Glioblastoma is a devastating, invariably lethal brain tu-
mor characterized by poor prognosis and resistance to ther-
apeutic intervention (Lukas et al., 2019). Glioblastoma is the
most common subset of a heterogeneous group of brain tu-
mors known as gliomas, their name reflecting a presumed
glial progenitor cell-of-origin (McKinnon et al., 2021).
Classified as a World Health Organization (WHO) grade 4
astrocytoma, the median survival time for glioblastoma is a
mere 14–16 months after diagnosis (McKinnon et al., 2021;
Tan et al., 2020). Glioblastoma presents with high mitotic
indices, vascular proliferation, diffuse invasion into the
normal brain parenchyma, extensive intratumoral necrosis,
and resistance to extant therapies (Olar and Aldape, 2014).

Glioma-initiating cells as drivers
of glioblastoma phenotypes

The most critical factor impacting patient survival is the
invariable recurrence of glioblastoma after surgical resection
and therapeutic intervention, typically within 2–3 cm of the
initial tumor site (Campos et al., 2016; Jue and McDonald,
2016). Recurrent glioblastoma is thought to arise from a
multipotent population of glioblastoma stem or stem-like
cells, which are characterized by heightened therapy resis-
tance (Bao et al., 2006). Also known as glioma-initiating cells
(GICs), they have acquired the stem-like properties of mul-
tilineage differentiation and self-renewal capabilities.

GICs were first isolated based on the expression of the
neural stem cell (NSC) surface marker CD133 (Singh et al.,
2003). Upon orthotopic implantation into immunocompro-
mised mice, CD133+ GICs give rise to tumors with pheno-
typic hallmarks of the human disease (Lathia et al., 2015),
including resistance to chemotherapy and radiation therapy
(RT) (Bao et al., 2006; Chen et al., 2012). Differentiation of
GICs along astroglial and neuronal axes induced by bone
morphogenetic proteins resulted in decreased proliferation
and suppression of tumor growth, demonstrating that differ-
entiation reduces the tumor-propagating potential of GICs
(Piccirillo et al., 2006).

Dedifferentiation of GICs into induced pluripotent cells
followed by differentiation into specific cellular lineages al-
ters their tumorigenic potential, suggesting that develop-
mental programs and genetic alterations define the
fundamental properties of GICs in gliomas (Stricker et al.,
2013). Further underscoring the importance of neurodeve-
lopmental reprogramming in GICs, by expressing a core set
of neurodevelopmental transcription factors (SOX2, OLIG2,
POU3F2, and SALL2), differentiated glioblastoma cells can
be fully reprogrammed into GICs (Suva et al., 2014).

Badhuri et al. (2020) created a glioblastoma tumor cell
atlas using single-cell transcriptomics of cancer cells. When
mapped onto a reference framework of the developing and
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adult human brain, the study identified multiple GIC subtypes
that coexist within a single tumor, including a highly infil-
trative subpopulation that recapitulates the hallmarks of outer
radial glia (oRG) cells (Bhaduri et al., 2020). The oRG-like
identity was controlled by the expression of the oRG cell
surface marker protein tyrosine phosphatase receptor type Z1
(PTPRZ1) (Pollen et al., 2015).

Orthotopic transplantation of PTPRZ1-positive cells resulted
in glioblastoma formation in mice, with tumor-derived oRG-like
cells undergoing mitotic somal translocation. As mitotic somal
translocation is not known to occur outside CNS development,
the presence of oRG-like GICs highlights the importance of
reactivating neurodevelopmental pathways during glioblastoma
tumorigenesis that are typically inactive in adulthood.

Hypoxic conditions are necessary for the maintenance and
propagation of normal stem cell populations within the brain
(Pistollato et al., 2007) and similarly, fuel the propagation,
maintenance, and transdifferentiation of GICs (Lathia et al.,
2015). The role of hypoxia in propagating glioblastoma
progression was first suggested by the presence of micro-
vascular hyperplasia and palisading necrosis (Monteiro et al.,
2017). Pseudopalisades, or hypercellular zones, include
hypoxic cells that, though less proliferative than adjacent
astrocytoma cells, are highly motile and migrate away from
hypoxic centers (Brat et al., 2004).

Secreted factors from the pseudopalisading cells, such as
vascular endothelial growth factors (VEGFs), promote the
recruitment of endothelial cells to support microvascular
proliferation and cellular invasion; however, the vasculature
is often abnormal and consists of endothelial cells displacing
the pericytes that provide mechanical stability and support to
the microvasculature (Carmeliet and Jain, 2011; Kaur et al.,
2005). This localized disruption of the microvasculature in-
terferes with oxygen distribution, and thus extends areas of
hypoxia and necrosis.

As a result, hypoxia-inducible factor 1 (HIF-1) expression
is induced within palisading cells, which, in turn, transcrip-
tionally controls oxidative stress response and proangiogenic
genes (Kaur et al., 2005). In addition to promoting tumor
angiogenesis, GIC-associated expression of HIF-1 activates
the phosphatidylinositol 3-kinase-Akt and extracellular
signal-regulated kinase 1 and 2 pathways to drive CD133+

GIC expansion (Soeda et al., 2009).
Strikingly, HIF-1 activation within normoxic glioma cells

is sufficient to drive the expression of CD133 and promotes a
more stem-like state (Bar et al., 2010). Conversely, sustained
expression of HIF-1 elicits transdifferentiation of GICs into
endothelial cells via enhanced VEGF signaling, underscoring
the delicate dichotomy between GIC maintenance and dif-
ferentiation (Soda et al., 2011; Xiong et al., 2021). Indeed,
recent studies have identified hypoxia as a potent intrinsic
factor that promotes GIC plasticity, enabling GICs to tran-
sition from one cellular state to another (Dirkse et al., 2019).
Whereas HIF-1 expression is not restricted to GICs, HIF-2 is
preferentially expressed within GIC populations to regulate
their tumorigenic properties (Li et al., 2009).

Mechanistically, HIF-2 induces the expression of specific
cancer stem cell-related gene signatures, including compo-
nents of the Notch and calcineurin pathways (Seidel et al.,
2010). Expression of HIF-1 and HIF-2 allows GICs to ef-
fectively respond to oxidative stress, and facilitates their
maintenance and expansion.

Glioblastoma invasion

One of the predominant clinical hallmarks of glioblastoma
tumors is extensive infiltration into the adjacent brain pa-
renchyma (Claes et al., 2007). These invasive properties of
glioblastoma were first described in a 1938 publication by
Scherer (1938).

Scherer (1938) described gliomas migrating along defined
brain structures and infiltrating neighboring tissue. He further
noted that glioma cells tend to change morphologically,
adapting their physical shape to assume that of the brain
region they infiltrate. Since his seminal work, investigators
have demonstrated that glioblastoma migrate away from tu-
mor bulk hypoxic niches, traveling along white matter tracts
and basement membranes of blood vessels into the brain
parenchyma (Cuddapah et al., 2014; Westphal and Lamszus,
2011).

Contrary to other high-grade cancers, which intravasate
into the blood and lymphatic vessels, glioblastoma cells
travel along such scaffolding. This process is reminiscent of
radial glia asymmetric self-renewal and migration during
cortical development (Hansen et al., 2010; Hatoum et al.,
2019).

Indeed, several genes typical of neurodevelopment are
repurposed for invasion. Myosin II, for example, is impli-
cated in somal translocation within radial glia and plays
critical roles during brain development by relocating micro-
tubules toward the leading edge of protrusions (Tsai et al.,
2007). Myosin II is similarly upregulated during glioblas-
toma invasion, facilitating leading-edge migration and in-
vasion into neighboring brain regions (Osswald et al., 2015).

With the recent identification of an oRG-like population of
cells that persists in adult glioblastoma patients (Bhaduri
et al., 2020), mentioned above, it is conceivable that a radial
glia-like population of cell extends protrusions into neigh-
boring brain regions and drive glioma infiltrative properties
(Qin et al., 2017; Shi et al., 2017).

Grade 4 Gliomas: A Disease of IDH1 Expression
and Mutation

Historically, the neuro-oncology field classified glioblas-
tomas into two major subtypes: primary (de novo) and sec-
ondary glioblastoma. With a more detailed understanding of
the importance of IDHs in the pathogenesis and molecular
diagnosis of gliomas, the WHO has recently reclassified these
two manifestations of grade 4 gliomas as IDH-wildtype
glioblastoma and grade 4 IDH-mutant astrocytoma (Louis
et al., 2016). Wild-type IDH1 and IDH2 enzymes catalyze the
oxidative decarboxylation of isocitrate to a-ketoglutarate
(a-KG), NADPH, and CO2.

Mutations in IDH1 and IDH2 are neomorphic gain-of-
function mutations, which affect cofactor binding affinity and
the conformation of the enzymes’ active center. Arg100 and
Arg132 in IDH1, and Arg140 and Arg172 in IDH2 form
hydrogen bonds with the a-carboxyl and b-carboxyl groups
of isocitrate. When mutated, the enzymes’ binding affinity to
isocitrate decreases, while affinity to NADPH increases.

As a consequence, mutations abrogate the IDH forward
reaction; that is, the oxidative decarboxylation of isocitrate to
a-KG (Xu et al., 2004), and due to the ensuing conforma-
tional change of the active center, result in the catalysis of a
partial reverse reaction, in which a-KG is reduced to (R)-2-
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hydroxyglutarate [(R)-2HG], but not further carboxylated
(Dang et al., 2009). All neomorphic IDH-mutant enzymes
produce (R)-2HG (Fig. 1).

Wild-type IDH glioblastoma account for *90% of all
grade 4 astrocytoma cases. These tumors present as a grade 4
glioma without previous indication of a lesser malignant tu-
mor, and are typically diagnosed in an older patient popula-
tion (Ohgaki and Kleihues, 2005). Expanding the
understanding of pathogenic wild-type IDH1 function, two
recent studies revealed that 2/3 of high-grade glioma (HGG)
overexpress wild-type IDH1 mRNA, as defined by having a
fold change >1.5 in comparison with normal brain tissue
(Calvert et al., 2017; Wahl et al., 2017).

IDH1 point mutation and wild-type IDH1 transcriptional
upregulation were mutually exclusive in this analysis (Cal-
vert et al., 2017). Wild-type IDH1 overexpression was ob-
served across different genetic subclasses of glioblastoma
(Fig. 2A) and inversely correlated with patient survival
(Fig. 2B–E). Levels of wild-type IDH1 mRNA varied ac-
cording to tumor cellular differentiation, transcriptome-
defined subclassification, and tumor grade, with grade 4
gliomas showing the most robust wild-type IDH1 expression.

Reflecting increases in wild-type IDH1 transcript level,
elevated wild-type IDH1 protein expression was also evident
through immunohistochemical analysis (Calvert et al., 2017).
These findings point to distinct subtypes of HGG: low and
high expressers of wild-type IDH1 (wild-type IDH1low, wild-
type IDH1high, respectively) and mutant IDH1 grade 4 as-
trocytoma (Fig. 3) (Calvert et al., 2017).

Wild-type IDH tumors present later in life and display
widespread anatomical distribution within the brain (Brennan
et al., 2013; Parsons et al., 2008; Wang et al., 2018). Grade 4
IDH-mutant astrocytomas, on the contrary, arise from a lower
grade glioma in younger patients and account for the re-
maining 10% of cases. These grade 4 gliomas are less ag-
gressive and have a median survival time of 7.8 months
without intervention, compared with 4.7 months reported for
wild-type IDH glioblastoma (Ohgaki and Kleihues, 2005).
Due to their distinct clinical and pathological presentation,
wild-type IDH glioblastoma and grade 4 IDH-mutant astro-
cytoma tumors are considered separate disease entities
(Fig. 3) (Cloughesy et al., 2014; Ohgaki and Kleihues, 2013).

IDH-mutant grade 4 gliomas are predominantly located in
frontal lobe structures and maintain a gene signature associ-
ated with the proneural subtype, as discussed below. In con-
trast, wild-type IDH tumors show a more widespread
anatomical distribution and display genetic features common
to all transcriptionally defined subtypes of high-grade glioma
(Lai et al., 2011). While region-specific differences in the tu-
mor microenvironment likely influence tumor phenotypic and
molecular characteristics, the concept of distinct progenitor
cell-of-origin, as a contributing factor underlying differences
between IDH1 wild-type and mutant tumors, has gained
traction (Alcantara Llaguno et al., 2015; Zong et al., 2015).

The restricted phenotypic and spatial presentation of mu-
tant IDH1 gliomas, combined with similarities these tumors
share with fetal and adult brain parenchyma, is consistent
with their origin from a lineage-committed precursor with
limited differentiation potential. Such cells are abundant at a
specific stage and location in forebrain development (Lai
et al., 2011).

Together with the presence of oligodendroglial histologic
features, the findings suggest that oligodendrocyte precursor
cells (OPCs) may represent the cell-of-origin for mutant
IDH1 grade 4 astrocytoma (Lai et al., 2011). Although IDH
mutation and associated CpG island methylator phenotype
together with p53 mutation may occur in quiescent NSCs
(cell-of-mutation), tumors can arise from a lineage-
committed progeny (cell-of-origin), such as OPCs, after
proliferative expansion related to forebrain maturation.

Mosaic analysis with double markers in a genetically en-
gineered murine glioblastoma model confirmed that muta-
tions initially induced NSCs can lie dormant and only trigger
malignant transformation after differentiation into OPCs.
These findings suggest that mutation may initially occur in
either NSCs or OPCs, and only OPCs provide the proper
cellular context needed for transformation (Liu et al., 2011).

Further supporting OPC as a contributor to the pathogenesis
of grade 4 mutant IDH1 astrocytoma, OPCs can generate
protoplasmic astrocytes (Nishiyama et al., 2009), which may
allow bipotent OPCs to give rise to brain tumors with astro-
cytic features. As a result of OPC transformation, low-grade
gliomas develop, and through acquiring additional genomic
aberrations these tumors progress into grade 4 astrocytomas.

FIG. 1. Subcellular local-
ization and chemical reac-
tions catalyzed by wild-type
IDH and tumor-derived
IDH mutant. IDH, isocitrate
dehydrogenase. Color images
are available online.
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Compared with mutant IDH1 tumors, wild-type IDH1
glioblastoma show greater variability in anatomical location,
histopathologic presentation, and genetic profiles, which,
together with their molecular resemblance to murine NSCs,
point to NSCs as the cell-of-origin (Lai et al., 2011). Using
Nestin-creERTM, Ascl1-creERTM, and neuron-glial antigen
2 (NG2)-creERTM transgenes that drive recombination se-
lectively in NSCs, or lineage-restricted CNS progenitor
cells, Parada and colleagues demonstrated that distinct
glioblastoma-initiating cell populations, in the setting of
identical driver mutations, give rise to different subtypes
that can be distinguished on histopathologic and molecular
levels.

The tumors showed associations with varying types of
transcriptomically defined glioblastoma. Furthermore, they

had a distinct histopathologic presentation, including varying
degrees of necrosis and proliferation, and maintained gene
expression profiles specific to the progenitor cell type from
which they originate (Alcantara Llaguno et al., 2015). These
studies support the idea that glioblastoma tumors have a
‘‘cell-of-origin memory’’ that defines tumor pheno- and ge-
notypes (Fig. 4) (Alcantara Llaguno and Parada, 2016).

When expressed in p53-deficient murine NSCs, mutant
IDH1 inhibits progenitor cell growth in vitro, reduces glioma
formation in vivo, and increases overall animal subject sur-
vival (Chen et al., 2014). IDH1R132H growth-inhibitory effect
is due to diversion of a-KG from wild-type IDH1, and re-
duced carbon flux from glucose or glutamine into lipids.
Replenishment of a-KG through glutaminolysis compensates
for these growth and flux deficiencies (Chen et al., 2014),

FIG. 2. Wild-type IDH1 is over-
expressed in glioblastoma.
(A) TCGA analysis of wild-type IDH1
expression in classical, MES, and PN
glioblastoma tumors. *p < 0.05. (B–E)
Glioblastoma patient survival as a
function of wild-type IDH1 expres-
sion. The tumors were stratified based
on median wild-type IDH1 expression,
with cutoff high and low percentage
set at 50%. The dotted lines represent
the 95% confidence intervals for the
high group and low groups. HR, haz-
ard ratio; MES, mesenchymal; PN,
proneural; TCGA, The Cancer Gen-
ome Atlas. Color images are available
online.
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suggesting that mutant IDH1 tumors require a specialized
metabolic niche characterized by elevated glutamate flux for
growth and expansion.

Such a niche is provided by frontal lobe neocortical
structures, where the majority of IDH-mutant tumors occur.
Wild-type IDH1 glioblastoma, on the contrary, are unable to
sustain high glutamine flux to support a-KG production and
lipid biogenesis (Mashimo et al., 2014). To support ana-
plerosis in the absence of efficient glutamate catabolism,
increased levels of wild-type IDH1 may help sustain mac-
romolecular synthesis via enhanced a-KG and NADPH
production, and in doing so, support glioblastoma growth.

Reflecting distinct metabolic wiring in mutant IDH1 ver-
sus wild-type IDH1 high-grade tumors, NSC and OPC pro-

genitor cells also exist in specific niches within the brain, and
demonstrate metabolic adaptability to specific and changing
microenvironments (Roth and Nunez, 2016; van Tilborg
et al., 2018). OPCs represent the most abundant and widely
distributed population of cycling cells in the adult brain.
OPCs differentiate into oligodendrocytes, which produce
myelin in the CNS, and express glutamate receptors, the
activation of which influences numerous cellular processes.

Glutamate regulates OPC migration, proliferation, and
differentiation; maintains progenitor pools; and ensures
sustained neuronal myelination by regulating OPC differen-
tiation into mature oligodendrocytes (van Tilborg et al.,
2018). In contrast, NSCs are confined to hypoxic sub-
ventricular and subgranular zones. NSCs are highly adapted

FIG. 3. The genetics of wild-
type-IDH glioblastoma versus
mutant IDH grade 4 astrocytoma.
Major subtypes of adult gliomas.
Based upon the IDH mutational
status, adult diffuse gliomas are
classified into two subgroups: wild-
type and mutant IDH gliomas.
LOH, loss of heterozygosity. Color
images are available online.

FIG. 4. Progenitor cell-of-origin defines spatial and molecular presentation of glioblastoma. (A) Using inducible Cre
recombinases driven by progenitor-specific promoter elements, such as nestin (NSC-selective) or NG2 (OPC-specific),
progenitor cell-type–specific expression of wild-type IDHs, in the setting of identical driver mutations, may give rise to
different high-grade glioma subtypes. (B, C) These tumors can be distinguished on histopathologic and molecular levels,
including spatial presentation and the tumors’ association with different transcriptomically defined subtypes. These studies
support the idea that glioblastoma tumors have a ‘‘cell-of-origin memory’’ that defines tumor pheno- and genotypes
(Alcantara Llaguno and Parada, 2016). Modified from figures 1 and 2 in reference Alcantara Llaguno et al. (2016). NG2,
neuron-glial antigen 2; NSC, neural stem cell; OPC, oligodendrocyte precursor cell. Color images are available online.
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to hypoxia by maintaining low oxidative stress, and show
increased expression and activity of rate-limiting enzymes
implicated in lipogenesis to sustain anaplerosis that supports
stem cell expansion (Bernal and Arranz, 2018).

Recent single-cell RNA-sequencing (scRNA-Seq) studies
suggest that IDH-mutant gliomas arise from neural pro-
genitor cells (NPCs) capable of differentiating into astrocytes
and oligodendrocytes (Suva and Tirosh, 2020). Although the
precise cell-of-origin continues to be subject to debate,
studies found that increasing neural lineage restriction ef-
fectively prevents gliomagenesis, indicating stem-like cel-
lular states as most susceptible to tumorigenesis and
differentiated cells as least vulnerable (Alcantara Llaguno
et al., 2019).

Glioblastoma Genetic Subtypes

Besides IDH mutations, grade 4 gliomas can be classified
based on their genomic and transcriptional profiles. There are
three transcriptionally defined molecular subtypes of grade 4
gliomas—classical, mesenchymal, and proneural (Verhaak
et al., 2010). These subtypes are enriched for specific genetic
events. Classical grade 4 tumors harbor the most common
genetic mutations: chromosome 10 amplification and chro-
mosome 7 deletions, resulting in epidermal growth factor
receptor (EGFR) amplification and phosphatase and tensin
homolog (PTEN) loss. EGFR amplification is associated with
high expression of the neuronal development-related Notch
and sonic hedgehog (SHH) signaling pathways.

Intriguingly, the classical subtype may show more pro-
nounced responsiveness to RT than the other two subtypes
(Verhaak et al., 2010). By comparison, the mesenchymal
subtype is associated with a high percentage of necrosis and
related inflammation, and is characterized, on a molecular
level, by frequent mutation/deletion of neurofibromatosis type
1 (NF1) and elevated expression of CHI3L1 and MET (Phillips
et al., 2006; Verhaak et al., 2010). Defining features of the
proneural subtype include platelet-derived growth factor re-
ceptor A (PDGFRA) amplification and TP53 mutations, as
well as genes that drive the oligodendroglial axis during early
tumor formation (Jackson et al., 2006; Verhaak et al., 2010).

Despite gliomas being classified into one predominant
subtype, multiregional sampling has revealed that individual
tumors are comprised of populations of diverse molecular
subtypes (Patel et al., 2014), with longitudinal molecular
profiling demonstrating the propensity of tumor cells to
change subtype over time (Wang et al., 2018).

Advances in single-cell genomics have enhanced our un-
derstanding of intratumoral heterogeneity and tumor cell
plasticity. Full-length scRNA-Seq sequencing of 20 adult and
9 pediatric glioblastoma samples identified transcriptional
states that drive glioblastoma malignant cell heterogeneity
(Neftel et al., 2019). The study demonstrated that glioblastoma
tumor cells exist in four distinct cellular states that reflect
different gene expression signatures reflective of specific
neural cell types; that is, NPC-like, OPC-like, astrocyte cell
(AC)-like, and mesenchymal (MES) cell-like states.

The distribution of these cell types varied drastically be-
tween each sampled tumor. Each cell type was associated with
the key molecular alterations; that is, EGFR amplification in
AC-like, NF1 mutations in MES-like, CDK4 amplification in
NPC-like, and PDGFRA amplification in OPC-like states.

Importantly, any cell state can give rise to tumors comprised of
all four states, highlighting the high degree of plasticity of
glioblastoma tumor cells.

The identification of glioma molecular subtypes also pro-
vided important insight into our understanding of how grade
4 gliomas reappropriate prototypical neurodevelopment
pathways. For example, grade 4 mutant IDH astrocytoma are
predominantly of the proneural subtype and often have am-
plification of PDGFRA as previously discussed. PDGFRA is
a critical marker of OPCs, and its ligand, PDGF, drives OPC
proliferation (Calver et al., 1998; Pringle and Richardson,
1993), further supporting the notion that OPCs may represent
the cell of origin of grade 4 mutant IDH astrocytomas. In
contrast, classical glioblastoma upregulate nestin, the proto-
typical marker of NSC and NPC populations.

Glioblastoma of the classic subtype also exhibits activa-
tion of the SHH pathway, which, in the context of neural
development, is responsible for patterning the brain and
spinal cord (Dahmane and Ruiz i Altaba, 1999) and regu-
lating adult NPC populations postnatally (Lai et al., 2003).
Similarly, activated Notch signaling is essential for main-
taining NSC populations in the developing and adult brain
(Imayoshi et al., 2010).

The Roles of Wild-Type IDH Enzymes
in Glioblastoma Development

In eukaryotes, three IDH paralogs catalyze the oxidative
decarboxylation of isocitrate to a-KG for overlapping but
nonredundant metabolic cellular processes (Tommasini-
Ghelfi et al., 2019). Subcellular localization, cofactor re-
quirements, structural organization, catalytic mechanism,
and allosteric regulation differ between paralogs (Fig. 1).
IDH1 localizes to both cytosol and the peroxisomes, while
IDH2 and IDH3, as part of the TCA cycle, are found within
the mitochondrial matrix. IDH1 and IDH2 function as
homodimers, use NADP+ as an electron acceptor, and require
binding to a divalent metal ion, typically Mn2+ or Mg2+.

IDH3 is a heterotetramer composed of two 37-kDa a
subunits (IDH3a), one 39-kDa b subunit (IDH3b), and one
39-kDa c subunit (IDH3c) (Bzymek and Colman, 2007).
IDH3 catalyzes an irreversible and rate-limiting step of the
TCA cycle, which is tightly regulated through substrate
availability (citrate, ADP, isocitrate, NAD+, Mg2+/Mn2+),
product inhibition (NADH, a-KG), and competitive feedback
inhibition (ATP), to avoid unnecessary depletion of isocitrate
and accumulation of a-KG (Bzymek and Colman, 2007; Qi
et al., 2008).

Wild-type IDH1 promotes glioblastoma progression
and therapy through effect on redox balance
and de novo fatty acid biosynthesis

To define the impact of wild-type IDH1 on glioblastoma
progression, Calvert et al. (2017) conducted a series of gain-
of-function experiments using cDNA complementation and
RNAi-mediated loss-of-function experiments in patient-
derived GICs and murine NSCs. Knockdown of wild-type
IDH1 reduced the proliferation of GICs (Calvert et al., 2017),
and knockdown cells grow more slowly as orthotopic xeno-
grafts compared with cells without a wild-type IDH1
knockdown after intracranial injection in NOD-SCID mice
(Calvert et al., 2017). Conversely, overexpression of wild-
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type IDH1 in luciferase-expressing murine NCS null for p53
and PTEN increased tumor formation and growth after in-
tracranial injection, and reduced animal survival (Calvert
et al., 2017).

Wild-type IDH1 promotes lipid biosynthesis. Studies in
liver and adipose cells and tissue revealed that wild-type
IDH1 controls lipid metabolism due to its ability to produce
cytosolic NADPH, the rate-limiting factor for lipogenesis
(Koh et al., 2004; Shechter et al., 2003). During de novo fatty
acid synthesis, eight acetyl-CoA molecules are converted
into palmitic acid in a series of reactions that utilize 14
molecules of NADPH (Carta et al., 2017). The saturated fatty
acid palmitic acid is converted into monounsaturated fatty
acids (MUFAs) via stearoyl-CoA desaturase (Enoch et al.,
1976).

Resultant MUFAs can be further processed into polyun-
saturated fatty acids (PUFAs) and phospholipid phosphatidic
acid (Koundouros and Poulogiannis, 2020). Conversely,
elongation of palmitic acid by fatty acid elongases results in
the synthesis of saturated fatty acid stearate to produce more
complex lipids (Koundouros and Poulogiannis, 2020; Mat-
suzaka et al., 2007).

As the de novo fatty acid synthesis requires a vast reservoir
of rate-limiting cytosolic NADPH, Calvert et al. (2017) ex-
plored the effect of wild-type IDH1 on anaplerotic flux,
particularly lipid biosynthesis, by performing targeted me-
tabolomic studies. GICs modified for stable wt-IDH1
knockdown had significantly reduced a-KG and NADPH
levels (Calvert et al., 2017). Using liquid chromatography-
mass spectrometry–based quantification of free fatty acid
species and uniformly 13C6-labeled glucose and 13C2 acetate
tracers, the study found the reduction in the NADPH/NADP+

ratio to be associated with diminished de novo saturated fatty
acid and MUFA biosynthesis.

Under conditions of hypoxia (Metallo et al., 2012) and
anchorage-independent tumor spheroid growth ( Jiang et al.,
2016), wild-type IDH1 can promote the reductive formation
of citrate from glutamine by catalyzing the conversion of a-
KG to isocitrate (the ‘‘reverse’’ reaction). Citrate can sub-
sequently be converted to acetyl-CoA (coenzyme A) and then
malonyl-CoA, the carbon precursors for de novo lipogenesis.

To determine whether wild-type IDH1, under normoxic
conditions, can promote the anaplerotic replacement of
acetyl-CoA by stimulating a-KG production (via the ‘‘for-
ward reaction’’), 13C-label incorporation into acetyl-CoA
was assessed. GICs expressing wild-type IDH1 targeting
shRNA exhibited elevated levels of 13C2-labeled acetyl-CoA,
suggesting that acetyl-CoA accumulates in wild-type IDH1
compromised cells, as it cannot be used for de novo fatty acid
synthesis due to limited cytosolic NADPH availability.

Wild-type IDH1 controls redox homeostasis. In addition
to supporting de novo lipid biogenesis, cytosolic NADPH is a
potent antioxidant playing a pivotal role in combatting oxi-
dative stress and radiation damage. Mice homozygously null
for wild-type IDH1 undergo normal pre- and postnatal de-
velopment, but in contrast to wild-type littermates, are more
susceptible to treatment with the endotoxin lipopolysaccha-
ride due to elevated levels of hepatic oxidative stress, pro-
nounced DNA damage leading to apoptosis, and high
expression of proinflammatory cytokines. These findings

correlated with an increase in the NADP+/NADPH ratio
compared with wild-type mice, suggesting that wild-type
IDH1’s ability to supply cytosolic NADPH is critical for the
observed phenotype (Itsumi et al., 2015).

In support of this hypothesis, wild-type IDH1 depletion
in vitro in multiple glioblastoma cell lines revealed that cells
exhibited heightened sensitivity to ultraviolet radiation and
H2O2 due to inefficient recycling of the potent antioxidant
reduced glutathione (GSH) and a reduced ability to neutralize
ROS (Lee et al., 2002).

In neurons, loss of wild-type IDH1 expression renders cells
hypersensitive to oxidative stress due to unabated accumu-
lation of ROS (Yang et al., 2017). When upregulated in
glioblastoma, wild-type IDH1 increased the intracellular
pool of NADPH and enhanced cellular GSH levels (Calvert
et al., 2017). Conversely, grade 4 IDH-mutant astrocytoma,
in which mutant IDH1 utilizes NADPH for the production of
2HG, have reduced intracellular NADPH and GSH levels
resulting in elevated ROS abundance (Shi et al., 2014).

Wild-type IDH1 controls susceptibility to radiation and
targeted therapies. Knockdown of wild-type IDH1 in RT-
resistant glioma cell lines with differing p53 mutational sta-
tus sensitized each cell line to RT with enhancement ratios
between 1.3 and 1.6, like the radiosensitization typically in-
duced by temozolomide (Chakravarti et al., 2006; Choi et al.,
2014). The radiosensitization conferred by wild-type IDH1
knockdown was mediated by increased ROS as it was nearly
entirely reversed by incubation with the antioxidant precursor
N-acetyl cysteine (NAC) (Calvert et al., 2017; Wahl et al.,
2017). In vivo tumor regression studies using xenograft
models carrying a doxycycline-inducible shRNA directed
against wild-type IDH1 demonstrated that reduction in wild-
type IDH1 expression enhanced RT antitumor effect, as in-
dicated by reduced tumor volume (Wahl et al., 2017).

Inhibition of growth factor receptors, especially EGFR, is
known to suppress lipid biosynthesis (Cheng et al., 2018a;
Cheng et al., 2018b; Guo et al., 2009) and cooperate with
ROS scavengers to reduce GIC survival (Monticone et al.,
2014). Analysis of The Cancer Genome Atlas (TCGA) gene
expression data showed a significant correlation between
wild-type IDH1 and EGFR mRNA expression, suggesting
that the combined inhibition of EGFR and wild-type IDH1
may reduce glioma cell survival (Calvert et al., 2017).

To address whether wild-type IDH1, through its impact on
lipid biosynthesis and redox balance, modulates cell re-
sponses toward erlotinib, Calvert et al. (2017) defined the
apoptotic response of GICs with and without amplified EGFR
to RNAi-mediated knockdown of wild-type IDH1. Erlotinib
treatment increased Annexin V positivity in shIDH1-
expressing GICs with amplified EGFR. Treatment of
erlotinib-primed cells with cell-permeable a-KG or the fatty
acid palmitate plus the cholesterol precursor mevalonate
protected cells from the proapoptotic effects of wild-type
IDH1 knockdown, suggesting that a reduction of fatty acid
and cholesterol biosynthesis is essential for proapoptotic ef-
fects of wild-type IDH1 knockdown.

In addition to promoting erlotinib treatment-associated
apoptosis by limiting lipid synthesis, wild-type IDH1
knockdown in GICs augmented cellular ROS levels because
of a decrease in reduced glutathione and NADPH. Treatment
of wild-type IDH1 knockdown cells with the ROS scavenger
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EUK-134 or NAC reduced effector caspase activation in
response to erlotinib treatment, suggesting elevated ROS in
GICs with reduced wild-type IDH1 expression contributes to
the proapoptotic effects of EGFR inhibition (Calvert et al.,
2017).

Wild-type IDHs and the epigenetic control
of gene expression

Wild-type IDH1, via production of a-KG, regulates the
enzymatic activity of a-KG-dependent oxygenases and, in
doing so, influences gene expression and affects a broad
spectrum of cellular functions. a-KG-dependent oxygenases
catalyze a diverse range of biochemical processes and reac-
tions, including DNA and histone methylation (Tommasini-
Ghelfi et al., 2019). These modifications, in turn, regulate a
diverse range of cellular processes, including maintenance of
pluripotency, hypoxic responses, angiogenesis, inflamma-
tion, among many others (Büchler et al., 2003; Gonzalez
et al., 2018; Keith and Simon, 2007; Palazon et al., 2014).

Due to their essential roles in regulating cellular homeo-
stasis, a-KG-dependent oxygenase activity, when deregu-
lated, can contribute to various diseases. Histone methylation
at Lys and Arg residues results in DNA supercoiling, and
modulates gene expression by diminishing accessibility of
transcription factors and enhancers to specific chromatin re-
gions (Sullivan and Karpen, 2004). Jumonji C ( JmjC) cata-
lytic domain containing a-KG-dependent oxygenases

demethylate these histone marks and enhance chromatin
accessibility (Tsukada et al., 2006; Walport et al., 2016).
These enzymes have proven critical in the regulation of
pluripotency.

The JmjC domain protein Jarid2, for example, controls the
activity of polycomb repressive complex 2, an important
regulator of developmental genes in embryonic stem cells
(Peng et al., 2009). In line with this observation, naı̈ve em-
bryonic stem cells exhibit high levels of intracellular a-KG
that, in turn, functions to catalyze JmJC-dependent histone
demethylation (Carey et al., 2015).

When wild-type IDH1 is silenced, GICs showed increases
in trimethylation on H3K4, H3K9, H3K27, and H3K36
(Calvert et al., 2017). Functionally, reduced wild-type
IDH1 expression attenuated GIC self-renewal, as evidenced
by reduced sphere formation, and resulted in a more dif-
ferentiated GIC phenotype, as indicated by augmented
microtubule-associated protein 2 and glial fibrillary acidic
protein expression, markers for neuronal and glial differen-
tiation, respectively.

Chromatin immunoprecipitation-sequencing (ChIP-Seq)
experiments, using antibodies recognizing trimethylated
H3K27, K36, and K4 proteins, RNA-Seq, together with
Spatial Clustering for Identification of ChIP-Enriched Re-
gions and ingenuity pathway analysis identified a tumor
suppressor gene signature, including NDUFS1, GNG4, and
TNFAIP1, modulated by wild-type IDH1 through its impact
on histone methylation (Calvert et al., 2017).

FIG. 5. Correlation of wild-type IDH1 with an oRG gene signature. (A) TCGA dataset analysis profiling top mRNA
correlates with wild-type IDH1 transcript level in glioblastoma. (B) Gene-ontology analysis of the top 500 TCGA wild-type
IDH1 correlates. (C) TCGA dataset analysis of wild-type IDH1 mRNA correlation with oRG gene signature (n = 65 genes).
(D) TCGA dataset analysis of wild-type IDH1 transcript correlation with PTPRZ1 mRNA levels. CR, correlation rank; oRG,
outer radial glia; PTPRZ1, protein tyrosine phosphatase receptor type Z1; R, correlation coefficient; TPM, transcripts per
million. Color images are available online.
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To identify additional gene signatures regulated by wild-
type IDH1, we performed an unbiased TCGA analysis to
identify the top transcriptional correlates with wild-type
IDH1 mRNA expression in glioblastoma tumors (Fig. 5A).
Gene ontology pathway analysis of the top 500 wild-type
IDH1 correlates identified significant enrichment for path-
ways involved in neurodevelopmental processes and stem
cell maintenance (Fig. 5B).

Specifically, we observed a high correlation between wild-
type IDH1 mRNA expression and an oRG gene signature
(as described in Pollen et al. (2015) (Fig. 5C) that included
PTPRZ1, the master of oRG identity (Fig. 5D). Together with
the published results described above, these studies point to
wild-type IDH1 as a critical regulator of progenitor cell fate
and will motivate further efforts to fully define the mecha-
nisms, by which wild-type IDHs promote glioblastoma
stemness and progression, as detailed below.

Pharmacologically targeting wild-type IDHs

A series of compounds have been developed to inhibit
mutant IDH1, mutant IDH2, or both, including GSK321 and
GSK864 (GlaxoSmithKline), IDH305 (Novartis), AG-221
and AGI-6780 (Agios). These and other compounds are
discussed in detail elsewhere (Tommasini-Ghelfi et al.,
2019). For many of these compounds, the mechanism of in-
hibition has been elucidated at the molecular level by defin-
ing cocrystal structures of the inhibitor bound to enzymes by
X-ray crystallography. Most inhibitors regulate enzyme ac-
tivity allosterically by engaging an allosteric pocket, locking
the enzyme in an open, catalytically inactive conformation.

Several inhibitors that were developed to target mutant
IDH1 showed significant inhibitory activity against wild-type
IDH1. Treatment of GICs harboring high-level expression of
wild-type IDH1 with GSK864, a compound structurally re-
lated to GSK321, resulted in a dose-dependent decrease of the
NADPH/NADP+ ratio, while cells that have low IDH1 ex-
pression, including minimally transformed cortical astrocytes,
did not respond to treatment (Calvert et al., 2017). Moreover,
when tested in a panel of transformed glioma cells and patient-
derived tumor spheres, GSK864 reduced cell viability and
stem cell frequency, increased apoptosis when used in com-
bination with inhibitors of receptor tyrosine kinases, and de-
layed tumor progression in vivo (Calvert et al., 2017).

To develop high-activity small molecule inhibitors spe-
cific for wild-type IDH1 for the treatment of wild-type IDH1
cancers, AbbVie performed a high-throughput screen using
their proprietary library, which encompasses 750,000 com-
pounds. The research team identified a hit series, centered
around compound 1i, which contained a large cluster of a,b-
unsaturated enones ( Jakob et al., 2018). As indicated by the
wild-type IDH1:1i crystal structure, 1i bound to a fully closed
wild-type IDH1enzyme and competed with NADPH for ac-
cess to the wild-type IDH1 active site via the formation of a
covalent adduct and the reversible trapping of H315 located
within the NAPDH binding site ( Jakob et al., 2018).

Covalent engagement with the NADPH pocket resulted in
robust enzyme inhibition, as indicated by a cell-free EC50 of
49 nM. Further compound optimization led to the synthesis of
13i. 13i, but not a structurally related, inactive enone analog,
18i, robustly decreased the activity of recombinant wild-type
IDH1with an EC50 of 14 nM (Chung et al., 2020).

Furthermore, 13i showed dose-dependent inhibition of
cellular wild-type IDH1 activity, as measured by tracking
incorporation of 13C from glutamine to citrate ( Jakob et al.,
2018), and reduced the viability of patient-derived GICs and
the clonogenic potential of glioma cells (Chung et al., 2020).
Improved potency due to the replacement of a methyl with a
phenyl group addition at R1 is consistent with filling a lipo-
philic groove between K374/L383/A378 observed in wild-
type IDH1:inhibitor cocrystal structures and suggested a
clear trajectory to the K260 residue of the opposing mono-
mer.

Like adult glioblastoma, wild-type IDH1 is overexpressed
in pediatric high-grade gliomas (Chung et al., 2020), as de-
termined by scRNA-Seq analyses of H3K27M DIPG tumors,
with high-level expression of wild-type IDH1 detectable
across all three major DIPG subtypes. Wild-type IDH1 pro-
tein was elevated in H3K27M mutant compared with H3.3
WT tumors, as determined by immunoblot analysis using
lysates from patient-derived cells and by query of the Pe-
diatric Brain Tumor Atlas (PedcBioPortal) (Chung et al.,
2020). Mirroring the effect of genetic inactivation in adult
glioblastoma cells, RNAi-mediated knockdown of wild-type
IDH1 or treatment with 13i reduced the growth of H27K27M
mutant (wild-type IDH1high) but not H3.3 WT DIPG cells
(wild-type IDH1low).

Consistent with the progrowth activity, knockdown of
wild-type IDH1 or pharmacological inhibition using 13i re-
duced the growth rates of H3K27M DIPGs cell lines. In vivo,
intraperitoneally administered 13i crossed the blood–brain
barrier, as shown by the micromolar accumulation of 13i
within the brainstem of nontumor-bearing mice, and reduced
tumor progression and increased survival in two H3K27M
wild-type IDH1high patient-derived xenograft (PDX) models
(Chung et al., 2020).

Wild-type IDH2 regulates mitochondrial homeostasis

Highlighting the overlapping but nonredundant functions
of IDH enzymes, the production of mitochondrial NADPH by
wild-type IDH2 is critical for inhibiting mitochondrial oxi-
dative stress, mitochondrial dysfunction, and the ensuing
execution of cell death. During mitochondrial respiration,
superoxide anions are converted to toxic H2O2 by manganese
superoxide dismutase and further reduced to H2O by the
mitochondrial components of the GSH- and NADPH-
dependent antioxidant system.

In response to elevated levels of ROS, wild-type IDH2
expression is induced to facilitate the defense against ROS
( Jo et al., 2001; Kong et al., 2018). Reduced expression of
wild-type IDH2 leads to ROS accumulation, DNA frag-
mentation, lipid peroxidation, and mitochondrial damage;
conversely, overexpression of wild-type IDH2 depleted ROS
levels and promoted cell survival ( Jo et al., 2001).

Under aerobic conditions, mitochondrial a-KG feeds for-
ward into the TCA cycle to support oxidative phosphoryla-
tion and the generation of ATP (Martinez-Reyes and
Chandel, 2020). Like wild-type IDH1, wild-type IDH2 cat-
alyzes the reductive carboxylation of a-KG into isocitrate at
the expense of NADPH. This process allows cancer cells
growing in hypoxic conditions or under conditions of di-
minished oxidative phosphorylation capabilities to maintain
anaplerosis. Here, mitochondrial a-KG generated through
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glutaminolysis is reductively carboxylated by wild-type
IDH2 to generate citrate, which is then exported from the
mitochondria into the cytosol to support de novo lipid bio-
genesis (Wise et al., 2011).

Like wild-type IDH1, wild-type IDH2 levels are elevated
in TCGA glioblastoma patient samples (Fig. 6A), with the
extent of wild-type IDH2 protein overexpression correlating
with glioma grade (Fig. 6B) and negatively correlating with
patient survival (Fig. 6C). Despite well-defined pathogenic
activities of mutant IDH2 across multiple forms of cancer,
including grade 4 glioma, molecular studies directly impli-
cating wild-type IDH2 in glioma pathogenesis and progres-
sion are presently lacking. It seems plausible that wild-type
IDH2, through scavenging mitochondrial ROS and fueling
macromolecule synthesis, is essential for the growth and
progression of high-grade glioma.

Wild-type IDH3 regulates mitochondrial bioenergetics
and one-carbon metabolism

Wild-type IDH3 is predominantly localized to mitochon-
dria, but unlike the wild-type IDH2 reaction, the conversion of
isocitrate to a-KG by wild-type IDH3 is irreversible and rep-
resents one of the rate-limiting steps of the TCA cycle. This
reaction is tightly regulated by substrate availability, product
inhibition, redox state, and competitive inhibition via ATP
(Qi et al., 2008). Wild-type IDH3 subunits further control
holoenzyme properties. While the a subunit is essential for
converting isocitrate into a-KG, the b and c subunits function
to improve substrate and cofactor binding affinity.

Once a-KG is generated by wild-type IDH3, it enters the
TCA cycle, and is further metabolized into succinate, then
fumarate, facilitating TCA cycle progression and promoting
biosynthesis of critical macromolecules such as fatty acids,
nucleotides, and hemes (Krebs and Johnson, 1937). In addi-
tion, the electrons generated from NADH are transferred to
oxygen via a series of enzymatic processes known as the
electron transport chain. This exergonic series of reactions is
coupled with the endergonic synthesis of ATP (Vander
Heiden and DeBerardinis, 2017).

In contrast to its paralogs IDH1 and IDH2, genomic-
sequencing studies revealed that glioma-associated IDH3a,
IDH3b, and IDH3c subunits are not mutated (Krell et al.,
2011). In the absence of mutation, May et al. (2019) dis-

covered that IDH3a mRNA and protein levels are elevated
within glioblastoma patient samples when compared with
glial cells in normal brain, with IDH3a abundance most
prominent within the leading edge of glioblastoma tumor
specimens. Using CRISPR-Cas9 and RNAi loss of function,
together with gain-of-function studies in orthotopic glio-
blastoma tumor models, May et al. (2019) further demon-
strated that IDH3a promoted glioblastoma progression.

Reflecting its central role in the TCA cycle, IDH3a abla-
tion reduces TCA cycle turnover and shunts energy metab-
olism. Intriguingly, IDH3 function is not confined to
mitochondria. A conserved nuclear localization signal at
amino acid 124 of the a subunit allows wild-type IDH3 to
translocate to the cellular nucleus. This finding confirms
previous proteomic analyses of isolated cancer cell nuclei
and mitochondria, which demonstrated distribution of vari-
ous TCA cycle enzymes, including IDH3a, to both nucleus
and mitochondria (Qattan et al., 2012).

In particular, Nagaraj et al. (2017) demonstrated that
multiple TCA enzymes, including IDH3, localize to the cell
nucleus while maintaining a mitochondrial pool during em-
bryonic development. Enzymes associated with the cell nu-
cleus are enzymatically active and, as part of the first half of
the TCA cycle, contribute to metabolites, such as acetyl-CoA
and a-KG, which are essential for epigenetic control of gene
expression and activation of the zygotic genome during
preimplantation development.

Within the nuclear lamina, IDH3a interacted directly with
cytosolic serine hydroxymethyltransferase (cSHMT), pro-
moted thymidylate synthesis, and enhanced nucleotide
availability during DNA synthesis (May et al., 2019). Sub-
cellular fractionation revealed this interaction with cSHMT
and nuclear lamina localization was cell cycle dependent,
occurring during S-phase when DNA replication machinery
is active. cSHMT is a rate-limiting enzyme of the de novo
thymidylate synthesis pathway (Anderson et al., 2012). It
functions as a lamin-binding protein, serves as a scaffold
required for the recruitment of other enzymes implicated in
thymidylate synthesis, and interacts with components of the
DNA replication machinery to support de novo thymidylate
synthesis at sites of DNA replication (Anderson et al., 2012).

Like cSHMT loss of function, genetic inactivation of
IDH3a, while impairing nucleotide biosynthesis and cellular
growth, enhances the cellular methylation potential by

FIG. 6. Expression analysis of wild-type IDH2 in glioblastoma. (A) TCGA analysis of wild-type IDH2 expression in
normal brain and glioblastoma tumors. *p < 0.05. (B) wild-type IDH2 protein expression in gliomas as a function of tumor
grade. Tumors were stained with IDH2-specific antibodies, and staining intensity was quantified by a trained neuropa-
thologist. *p < 0.05. (C) Glioblastoma patient survival as a function of wild-type IDH2 protein expression. Stratification was
determined by Cutoff Finder: https://molpathoheidelberg.shinyapps.io/CutoffFinder_v1/. Color images are available online.
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increasing methionine cycle pathway utilization, resulting in
DNA hypermethylation and the suppression of an oncogenic
signature important for cellular growth and differentiation.
Through integrative analysis of methylation array and RNA-
seq data, followed by pathway enrichment analysis, May
et al. (2019) found that cAMP-mediated signaling and the
regulation of EMT pathways were deregulated in the setting
of IDH3a deletion.

With limited overlap between differentially methylated
and differentially expressed genes, and the enrichment of
hypermethylated CpG elements in IDH3a-deficient cells
within open sea regions, IDH3a, by promoting DNA
hypermethylation, may regulate gene expression through
additional mechanisms, for example, by regulating the re-
petitive genome (May et al., 2019).

Together, the identification of a noncanonical extra-
mitochondrial function of IDH3a suggests a previously un-
recognized functional interplay between mitochondrial
energy and one-carbon metabolism. This finding points to
cancer-associated IDH3a expression and IDH3a-controlled
one-carbon metabolism as novel metabolic vulnerabilities in
glioblastoma. It is plausible that noncanonical function of
IDH3a, that is, its interaction with cSHMT and the modula-
tion of one-carbon metabolism, selectively occurs in rapidly
dividing cells with high demand for nucleotide biosynthesis.
Therefore, targeting the IDH3a-cSHMT signaling axis via
small molecules to disrupt their interaction may represent a
novel therapeutic strategy for the treatment of glioblastoma.

As cancer cells depend on DNA synthesis to support un-
abated growth, multiple enzymes implicated in one-carbon
metabolism are upregulated in cancer, including cSHMT
(Mehrmohamadi et al., 2014). These data point to IDH3a
overexpression as a means to regulate cSHMT function and
underscore the importance of therapeutic strategies to target
components of the thymidylate pathway to halt glioblastoma
tumor progression.

Outlook

Calvert et al. (2017) have shown that except for moderate
upregulation of aconitase 1, wild-type IDHs are the only TCA
and TCA-associated enzymes that are robustly overexpressed
in glioblastoma tumors. This finding suggests that glioblas-
toma tumors are not characterized by global induction of
TCA and TCA-associated anabolic enzymes, and instead
supports the hypothesis that IDH induction represents a se-
lective oncogenic mechanism contributing to tumor pro-
gression, rather than a passive nonspecific adaptation to
increased proliferative rates. To fully characterize and
pharmacologically target wild-type IDH oncogenic effects,
the following open questions need to be answered.

How do wild-type IDHs control gene expression
through chromatin and DNA modifications?

Studies focused on wild-type, and point-mutated IDH1 and
IDH2 enzymes have begun unraveling the epigenetic mech-
anisms by which these metabolic enzymes control gene ex-
pression. As a result, novel cellular processes and pathways
that contribute to disease pathogenesis and progression have
been elucidated. Much work, however, is still needed to fully
determine the extent of the epigenetic rewiring in wild-type
IDH glioblastoma, the genes and pathways dysregulated,

how these epigenetic changes support glioblastoma pro-
gression, and whether these pathways can be therapeutically
targeted.

Wild-type IDHs, by producing a-KG and activating a-KG-
dependent dioxygenases, can modify histones and DNA CpG
islands and in doing so, regulate gene expression. The impact
of wild-type IDH1 on histone trimethylation marks in
glioblastoma, as discussed above, has been linked to the self-
renewal capacity of GICs in vitro (Calvert et al., 2017).
Future studies need to identify the a-KG-dependent dioxy-
genase(s) through which wild-type IDHs promote histone
trimethylation. Further, to expand upon these results, a global
assessment of histone modifications in wild-type IDH glio-
blastoma, using liquid chromatography-mass spectrometry,
will identify additional histone modifications that control
gene expression.

In addition, it remains unclear whether wild-type IDH
enzymes control DNA methylation. IDH mutations have
been linked to a DNA hypermethylation phenotype in grade 4
IDH-mutant astrocytoma. Here, 2HG functions as a com-
petitive inhibitor of a-KG-dependent oxygenases. CpG
methylation is often facilitated by a-KG-dependent oxyge-
nases belonging to the ten–eleven translocation methylcyto-
sine dioxygenase (TET) family of DNA demethylases.

In particular, TET2 is involved in the differentiation of
embryonic stem cells toward a hematopoietic lineage (Koh
et al., 2011; Moran-Crusio et al., 2011). An intracellular pool
of a-KG is critical for maintaining TET activity, as direct
manipulation of a-KG level disrupts TET activity and asso-
ciated downstream processes (Carey et al., 2015; Hwang
et al., 2016; TeSlaa et al., 2016). Assessing global DNA
methylation changes upon wild-type IDH expression will
reveal novel mechanisms by which wild-type IDHs control
the expression of gene signatures critical for stem-cell like
properties of GICs, including oRG-related genes, and if such
regulation affect tumor biological features, including dedif-
ferentiation potential and invasion. Notably, a recent study
reported that wild-type IDH1 is hyperacetylated at Lys224 in
colorectal cancers and liver metastases. Wild-type IDH1
acetylation regulated cellular redox hemostasis promoted
colorectal cell invasion and migration in vitro and in vivo
(Wang et al., 2020). Future studies will determine whether
wild-type IDH1 can regulate glioblastoma invasion through
effect on oRG gene signatures, and whether post-
translational modifications regulate proinvasive properties of
wild-type IDH1.

How do wild-type IDHs affect antitumor immunity?

Studies using a genetically engineered murine mouse
model with virally induced overexpression of either
IDH1R132H or wild-type IDH1 transgenes and concomitant
p53 knockdown and PDGF expression suggested that IDH1
mutation through (R)-2HG–driven epigenetic effect down
regulated the expression of leukocyte chemotaxis factors
(Amankulor et al., 2017). In particular, the infiltration of im-
mune cells linked to poor prognosis in many cancer types, such
as macrophages, microglia, monocytes, and neutrophils, was
dampened in mutant IDH1 gliomas (Amankulor et al., 2017).

Consistently, the systemic depletion of neutrophils selec-
tively slowed down disease progression of wild-type IDH1
tumors but had no other effect on the progression of mutant
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IDH1 tumors (Amankulor et al., 2017). Significant infiltra-
tion of wild-type IDH1 gliomas with immune cells, such as
macrophages, points to unique immune-related vulner-
abilities that can be therapeutically explored, for example, by
coinhibiting wild-type IDH1 enzyme activity and macro-
phage function.

In further support of immune-related differences between
wild-type and mutant IDH1 gliomas, in silico analysis using
TCGA dataset found that wild-type IDH1 glioma showed
enrichment of gene signatures associated with tumor-
promoting M2 macrophage and neutrophils (Wang et al.,
2018), high-level expression of immunoregulatory mole-
cules, such as programmed death-ligand 1, which correlated
with poor patient outcome in wild-type IDH1 as compared
with mutant gliomas (Mu et al., 2018), and association be-
tween wild-type IDH1 expression level and the extent of
immune cell infiltration (Cejalvo et al., 2020).

Future studies will determine the role of wild-type IDHs in
shaping the systemic and the tumor-associated immune sys-
tem, and will define the underlying mechanisms, in particular
those mediated by a-KG and the ensuing effect on the reg-
ulation of immunogenic factors.

How does wild-type IDH1 by controlling lipid
metabolism impact glioblastoma tumor biology?

By generating cytosolic NADPH, wild-type IDH1 pro-
motes the de novo biosynthesis of fatty acids (Calvert et al.,
2017). Within tumor cells, increased lipid biosynthesis sup-
ports unabated cell growth by providing substrates critical for
energy production, plasma membrane composition, and in-
tracellular signaling. Fatty acid esterification to a glycerol
moiety generates triacylglycerides, which are utilized during
fatty acid oxidation to generate ATP (Snaebjornsson et al.,
2020).

In addition, fatty acids are incorporated into the plasma
membrane as MUFAs or PUFAs, as glycolipids that function
in cell recognition and inflammatory response, or cholesterol,
which controls membrane fluidity. Due to the myriad species
of fatty acid-derived molecules and their unique roles within
normal and tumor cell physiology, identifying global changes
in the glioblastoma lipidome as a function of wild-type IDH
expression will provide insight into how wild-type IDH1
impacts lipid metabolism, intracellular signaling, and the
composition of intracellular and plasma membranes.

In addition to their structural roles as components of the
plasma membrane, fatty acid-derived lipids promote ferrop-
totic cell death when oxidized by iron-dependent lipox-
ygenase enzymes (Stockwell and Jiang, 2020; Stockwell
et al., 2020). Ferroptosis is a recently discovered form of cell
death that has rapidly gained recognition as a paradigm-
shifting strategy to specifically target cancer cells and per-
sister cells that are resistant to apoptosis induced by a broad
spectrum of therapies, including RT and targeted therapies
(Stockwell et al., 2020; Viswanathan et al., 2017).

Importantly, recent studies suggest that RT and immune-
mediated checkpoint inhibition promote tumor cell ferrop-
tosis. Mechanistically, IFN-c produced by activated CD8+ T
cells in response to immune checkpoint inhibitor treatment,
together with ataxia-telangiectasia mutated kinase that be-
comes activated in tumor cells upon RT treatment synergis-
tically suppressed the expression of SLC7A11, a unit of the

glutamate-cystine antiporter xc-. By exchange of glutamate
at a 1:1 ratio, system xc- imports cystine, which, upon con-
version to cysteine, is used to synthesize GSH by glutathione
synthetase. GSH, which is replenished from oxidized gluta-
thione (GSSG) by glutathione reductase, is a cofactor for
glutathione peroxidase 4 (GPX4), which converts toxic lipid
hydroperoxides to nontoxic lipid alcohols.

Downregulation of system xc- impairs cystine uptake, the
rate-limiting substrate for glutathione synthesis, dampens
lipid repair mediated by GPX4, and promotes tumor lipid
oxidation and ferroptosis. Future studies will test the hy-
pothesis that wild-type IDH1 can inhibit ferroptosis as an
important mechanism contributing to RT and checkpoint
inhibitor treatment resistance (Lang et al., 2019; Liao et al.,
2022). It is plausible that wild-type IDH1 inhibits ferroptosis
through its effect on lipid metabolism and lipid repair: PU-
FAs, upon conversion into phospholipids by ACSL4, are the
substrates for lipid peroxidation by iron-dependent lipox-
ygenase enzymes. Lipid peroxides decompose into reactive
derivatives, including aldehydes and Michael acceptors,
which can react with proteins and nucleic acids and trigger
ferroptosis. Due to increased MUFA synthesis in wild-type
IDH1high glioblastoma, exogenous MUFAs, upon incor-
poration into cellular membranes, can displace oxidizable
PUFAs from the plasma membrane and reduce lipid perox-
idation (Magtanong et al., 2019).

In addition, it will be important to test the hypothesis if
wild-type IDH1 inhibits ferroptosis by promoting lipid repair.
Here, wild-type IDH1 increases cellular NADPH level,
which is required for GSSG reduction. Beyond providing
reducing equivalents necessary for GSH and redox mainte-
nance, wild-type IDH1 may provide carbon necessary for
GSH biosynthesis via enhanced a-KG production. Through
enzymatic transamination, cytosolic a-KG may fuel gluta-
mate production within glioma cells. This reversible trans-
amination event can be catalyzed by branched-chain amino
acid aminotransferase-1 (BCAT1) and BCAT2 at the expense
of branched-chain a-ketoacids leucine, isoleucine, or valine
(Hall et al., 1993).

Importantly, BCAT1 is upregulated in wild-type IDH1
glioblastoma, likely through an epigenetic and a-KG-
dependent mechanism (Tonjes et al., 2013). Derivative glu-
tamate 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 pro-
gression (Altman et al., 2016). Glutamate also plays a key
role in neutralizing ROS by supporting GSH synthesis.
Glutamate contributes to GSH generation via two distinct
mechanisms, which are ultimately 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 (Chen et al., 2005). Second,
intracellular glutamate can be exported from the cell by an-
tiporter system xc- at a 1:1 ratio coupled with cystine import
(Bannai, 1986). Cystine is in turn oxidized into cysteine in an
NADPH-dependent manner, thus fueling GSH synthesis,
oxidative stress response, and ferroptosis defense ( Jiang
et al., 2021).

These future studies will help establish the pharmacolog-
ical inhibition of wild-type-IDH1 as a potent proferroptosis
therapy that can amplify therapeutic effects of RT or im-
munotherapies.
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How does the IDH status impact progenitor cell
transformation and glioma evolution?

The IDH mutational status defines high-grade gliomas.
Molecularly determining how IDH status drives these two
distinct disease entities will provide unprecedented insight
into the underlying mechanisms of gliomagenesis. Future
studies have to determine whether and to what extent wild-
type IDH1 expression in different progenitor cells (NSCs or
NPCs vs. OPCs) results in distinct tumor molecular and bi-
ologic properties and therapy susceptibility. Novel wild-type
IDH-gain and -loss-of-function models could define, on a
molecular level, the susceptibility of distinct progenitor cell
populations to wild-type IDH expression.

As cultured NPCs and OPCs undergo spontaneous differ-
entiation following limited passages, immortalized iPSCs
engineered to express tet-inducible wild-type IDH enzymes
transdifferentiated into NPCs and OPCs would allow for
functional characterization of progenitor cells as a function of
wild-type IDH expression. Stereotactic implantation into
brain regions specific for glioblastoma and grade 4 IDH-
mutant astrocytoma (dorsal striatum and frontal lobe struc-
tures, respectively) coupled with tumor progression and
survival analysis would provide unprecedented insight into
the effect of IDH status on gliomagenesis.

Similarly, inducible Cre alleles driven by NPCs or OPC-
specific promoters (Nestin-CreERT2 and NG2-CreERT2) will
allow the expression or deletion of wild-type IDHs in specific
progenitor cell populations, which together with gross phe-
notypic and molecular analysis of murine tumors would fur-
ther define the impact of IDH status on gliomagenesis.

What are the next steps toward pharmacologically
targeting wild-type IDH1 in gliomas?

As detailed above, small molecule inhibitors designed to
target mutant IDH1 showed significant activity against wild-
type IDH1. These include AG-120, AGI-6780, GSK321,
GSK864, and IDH305, which inhibit cellular wild-type IDH1
with half maximal inhibitory concentrations (IC50s) of
71 nM, 2.7 lM, 46 nM, 466.5 nM, and 6.14 lM, respectively
(Tommasini-Ghelfi et al., 2019). GSK864 is the only mutant
IDH1 inhibitor that was tested in wild-type IDH1 glioblas-
toma cells and derivative orthotopic mouse models.

Calvert et al. (2017) showed that low micromolar con-
centrations of GSK864 reduced glioma cell viability and
neurosphere formation, did not affect the NADP+/NADPH
ratio in minimally transformed astrocytes, and promoted
glioma cell apoptosis when combined with receptor tyrosine
kinase inhibitors (Calvert et al., 2017). When administered
intraperitoneally at 150 mg/kg, GSK864 reduced glioblas-
toma PDX burden and moderately increased animal subject
survival. While these studies established wild-type IDH1 as a
targetable oncogenic activity in glioblastoma, GSK864 will
require further optimization.

Such efforts should include the comprehensive assessment
of GSK864 brain penetrance and pharmacokinetics, the de-
velopment of optimized dosing regimens and the establish-
ment of optimal drug formulation suitable for intravenous or
oral administration. Notably, a recent study found that re-
ducing cellular magnesium levels can enhance potency of
AG-120 and GSK321 against wild-type IDH1 (Vaziri-Gohar
et al., 2022). Molecularly, Mg2+ interacts with Asp279 in the

allosteric pocket of the IDH1 isoforms and competes with
small molecule binding.

As wild-type IDH1 has a lower Km for Mg2+ compared with
mutant IDH1, Mg2+ may outcompete allosteric inhibitors for
binding to Asp279 of the wild-type, but not the mutant, en-
zyme (Deng et al., 2015). Thus, allosteric mutant IDH1 in-
hibitors need to be rigorously assessed for wild-type IDH1
engagement under varying Mg2+ conditions. Furthermore, a
recent study examining the role of wild-type IDH1 in pan-
creatic ductal adenocarcinoma (PDAC) demonstrated that
nutrient limitation, as observed in the PDAC microenviron-
ment, renders cancer but not normal cells reliant on wild-type
IDH1 activity for survival (Vaziri-Gohar et al., 2022).

Consequently, genetic or pharmacological wild-type IDH1
inhibition was associated with minimal systemic toxicity.
These findings are supported by the analysis of whole-body
constitutive wild-type IDH1 knockout mice. As described
above, global depletion of wild-type IDH1 did not affect
mouse wellness at baseline but rendered animals susceptible to
oxidative liver injury (Itsumi et al., 2015). Together with the
favorable safety profile of mutant IDH1 inhibitors, such as
FDA-approved AG-120, the therapeutic window is expected to
be significant. These findings also point to the glycemic status
of the tumor and the tumor microenvironment as a putative
biomarker for wild-type IDH1-targeting therapies.

Similar to allosteric mutant IDH1 inhibitors, covalent
wild-type IDH1-sepcific inhibitors, such as 13i, also require
further preclinical testing, including detailed pharmacoki-
netic analysis, optimization of dosing, administration and
formulation, comprehensive tumor regression analyses in
advanced glioma mouse models and in vivo validation of its
mechanism of action. 13i efficacy should also be determined
as a function of nutrient availability and the level of tumor-
associated wild-type IDH1 expression.

Finally, to enhance the antitumor effect of wild-type IDH1
inhibitors, preclinical studies need to investigate vulner-
abilities of glioblastoma cells with high wild-type IDH1 ex-
pression, to inform combinatorial regimens and to antagonize
wild-type IDH1 glioma progression more effectively. A re-
cent study of metabolic dependences in H3K27M DIPGs
exemplifies this approach. a-KG serves as a critical cofactor
for H3K27M demethylases, and is required for maintaining
low levels of global H3K27 trimethylation and sustained
growth of H3.3K27M tumor cells (Chung et al., 2020).

Consequently, the combined pharmacologic inhibition of
enzymes producing a-KG, that is, glutamate dehydrogenase
and wild-type IDH1, resulted in elevation of global
H3K27me3, suppression of tumor cell proliferation, reduced
tumor burden, and a shift of chromatin accessibility to mainly
closed states, consistent with transcriptional repression as-
sociated with elevated H3K27me3 (Chung et al., 2020).

Finally, the efficacy of wild-type IDH1 inhibitors in the
context of IDH1-mutant gliomas should be investigated. 13i
will likely be effective against mutant IDH1 grade IV as-
trocytomas as the mutant enzyme relies on wild-type IDH1
enzymes for localized supply of the a-KG, which is required
for 2HG production (Ward et al., 2013).
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Abbreviations Used
2HG¼ 2-hydroxyglutarate

a-KG¼ a-ketoglutarate
AC¼ astrocyte cell

ACSL4¼ acyl-CoA synthetase long-chain family
member 4

ASCL1¼Achaete-scute homolog 1
ATP¼ adenosine 5¢-triphosphate

BCAT¼ branched-chain amino acid
aminotransferase

CDK4¼ cyclin-dependent kinase 4
CHI3L1¼ chitinase-3–like protein 1

ChIP-Seq¼ chromatin immunoprecipitation
sequencing

CNS¼ central nervous system
cSHMT¼ cytosolic serine hydroxymethyltransferase

EGFR¼ epidermal growth factor receptor
GICs¼ glioma-initiating cells

GPX4¼ glutathione peroxidase 4
GSH¼ glutathione

GSSG¼ oxidized glutathione
HGG¼ high-grade glioma

HIF¼ hypoxia-inducible factor
HR¼ hazard ratio

IC50¼ half maximal inhibitory concentrations
IDH¼ isocitrate dehydrogenase

JmjC¼ jumonji C
LOH¼ loss of heterozygosity
MES¼mesenchymal
MET¼MET proto-oncogene, receptor tyrosine kinase

MUFA¼monounsaturated fatty acid
NAC¼N-acetyl cysteine

NAD(P)H¼ nicotinamide adenine dinucleotide
(phosphate)

NF1¼ neurofibromatosis type 1
NG2¼ neuron-glial antigen 2
NPC¼ neural progenitor cell
NSC¼ neural stem cell

OLIG2¼ oligodendrocyte transcription factor 2
OPC¼ oligodendrocyte precursor cell
oRG¼ outer radial glia

PDAC¼ pancreatic ductal adenocarcinoma
PDGF¼ platelet-derived growth factor

PDGFRA¼ platelet-derived growth factor receptor A
PDX¼ patient-derived xenograft

PN¼ proneural
POU3F2¼ POU class 3 homeobox 2

PTEN¼ phosphatase and tensin homolog
PTPRZ1¼ protein tyrosine phosphatase receptor

type Z1
PUFA¼ polyunsaturated fatty acid

ROS¼ reactive oxygen species
RT¼ radiation therapy

SALL2¼ spalt-like transcription factor 2
scRNA-Seq¼ single-cell RNA sequencing

SHH¼ sonic hedgehog
Sox2¼ SRY-box 2
TCA¼ tricarboxylic acid

TCGA¼The Cancer Genome Atlas
TET¼ ten-eleven translocation methylcytosine

dioxygenase
TPM¼ transcripts per million

VEGF¼ vascular endothelial growth factor
WHO¼World Health Organization
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