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Abstract

Chronic oxidative stress plays a critical role in the development of brain malignancies due to the high rate of brain
oxygen utilization and concomitant production of reactive oxygen species. The nuclear factor-erythroid-2-related
factor 2 (NRF2), a master regulator of antioxidant signaling, is a key factor in regulating brain physiology and the
development of age-related neurodegenerative diseases. Also, NRF2 is known to exert a protective antioxidant
effect against the onset of oxidative stress-induced diseases, including cancer, along with its pro-oncogenic activ-
ities through regulating various signaling pathways and downstream target genes. In glioblastoma (GB), grade 4
glioma, tumor resistance, and recurrence are caused by the glioblastoma stem cell population constituting a small
bulk of the tumor core. The persistence and self-renewal capacity of these cell populations is enhanced by NRF2
expression in GB tissues. This review outlines NRF2's dual involvement in cancer and highlights its regulatory role
in human brain physiology and diseases, in addition to the development of primary brain tumors and therapeutic

potential, with a focus on GB.

Key Points

e NRF2 is vital for optimal functioning and redox homeostasis in brain cells.

e NRF2 contributes to GSC maintenance, GB development, and metabolic reprogramming.

e Targeting NRF2 offers a potential therapeutic target for GB treatment and therapeutic

resistance.

Oxidative Stress and Human Cancer
Cellular Oxidation and Cancer Onset

Cellular redox homeostasis is a state of physiological equilib-
rium between the intracellular reactive oxygen species (ROS),
reactive nitrogen species (RNS), thiol-containing compounds,
as well as the antioxidants that control their elimination.’
Endogenous ROS are mainly produced in the mitochondria as
byproducts of oxygen metabolism.?® Moreover, ROS are also
generated in response to exogenous environmental factors,
including ultraviolet (UV) and ionizing radiations (gamma-
ray/x-ray), some pollutants and chemicals, heavy metals, as
well as xenobiotics.* At physiological levels, ROS operate as

second messengers in intracellular Ca?* signaling pathways
to govern cell proliferation, differentiation, and apoptosis.>®
However, sustained elevation of free radicals causes damage
to cellular DNA, lipids, and proteins in addition to initiating
ROS signaling cascades, which in turn amplify the cellular ox-
idative stress.” Besides, an iron-dependent increase in ROS
levels induces p53-dependent cell death,®° autophagy acti-
vation, induction of necrosis, and ferroptosis, causing lipid
peroxidation-mediated cell death.

Oxidative DNA damage is considered a significant muta-
genic and carcinogenic factor by promoting cancer progression
through genome instability and chromosomal abnormalities
with amplified oncogene activation. In addition, it affects cancer
cell metabolism and causes the loss of function in tumor
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suppressor genes, leading to DNA damage and altered phys-
iological transcription.” Notably, ROS modifies the DNA
through guanine to thymine G—T transversions,™'? recog-
nized as the most common mutations in the p53 tumor sup-
pressor gene.'®"® Moreover, tandem CCTT substitution was
also noted in DNA exposed to free radicals.'® Cancer progres-
sion and survival are improved by ROS-induced phosphoryl-
ation of Jun N-terminal kinase (JNK), enhanced expression
of cyclin D1, and mitogen-activated Protein Kinase (MAPK)
activation. In addition, ROS regulates cellular proliferation by
activating the extracellular-regulated kinase 1/2 (ERK1/2) and
ligand-independent receptor tyrosine kinase (RTK). They en-
hance angiogenesis via angiopoietin and vascular endothelial
growth factor (VEGF) and facilitate tumor invasion and me-
tastasis via the release of metalloproteinase (MMP) into the
extracellular matrix."” Chronic oxidative stress deactivates
p53, phosphatase and tensin homolog (PTEN) tumor sup-
pressor genes and induces oncogenes expression, including
protein kinase B (AKT), ERK, and c-MYC inhibiting apoptosis
and promoting cell proliferation, transformation, and metas-
tasis.® It also impacts cancer cell metabolic reprogramming
affecting glycolysis, oxidative phosphorylation, and fatty acid
metabolism, to support tumor growth and survival.'8"®

Cellular Antioxidant Systems

Endogenous antioxidant systems include enzymatic anti-
oxidants such as superoxide dismutase (SOD) that decom-
poses superoxide ion (0,7),% catalase (CAT) that neutralizes
hydrogen peroxide (H,0,),?" glutathione peroxidase (GPx)
which utilizes glutathione (GSH) to convert H,0, or or
ganic hydroperoxides to water or corresponding alcohols,
respectively.?? In addition, the thioredoxin (Trx) system is
made up of NADPH, thioredoxin reductase (TrxR), and Trx,
which operate on DNA and protein mending by inhibiting
ribonucleotide reductase and methionine sulfoxide re-
ductase.?® Other endogenous antioxidants belong to the
hydrophilic and lipophilic radical antioxidants. Besides,
phenolics, flavonoids, carotenoids, vitamins A, C, and E,
and minerals are classified as exogenous nonenzymatic
antioxidants usually derived from diets.2*

Increased ROS stimulate the nuclear factor erythroid
2-related factor 2/ Kelch-like ECH-associated protein 1
(NRF2/KEAP1) pathway, which controls an intracellular an-
tioxidant defense by regulating downstream target genes
at their antioxidant response elements (ARE) found in the
gene promoters of detoxifying enzymes.?> NRF2 regu-
lates the expression of glutathione-S-transferases (GST),
NAD(P)H quinone dehydrogenase 1 (NQO1), gamma-
glutamylcysteine synthase (y-GCS), ferritin, and heme
oxygenase-1 (HO-1), SOD and catalase along with other
cytoprotective processes.?6:?’

NRF2: A Double-Barreled Aspect

NRF2 Overview: Architecture, Regulation, and
Downstream Targets

NRF2, a cap’n’collar (CNC)-basic region-leucine zipper
(bZIP) transcription factor encoded by the NFE2L2 gene,
is a soluble protein primarily localized in the cytoplasm,

highly conserved across species, and a major regulator
of the cellular antioxidant response.?®?? Its structure com-
prises 7 domains, including a bZIP DNA binding domain
at the C terminus and 6 highly conserved NRF2-ECH hom-
ologies (Neh) domains.?®2° The bZIP domain, located in
the Neh1 domain, mediates NRF2 heterodimerization with
small musculoaponeurotic fibrosarcoma proteins (sMafs)
in the nucleus.’°*The Neh2 domain, the main regulatory do-
main of NRF2 located in the N-terminus, contains 7 lysine
residues for ubiquitination, and DLG (Asp-Leu-Gly) and
ETGE (Glu-Thr-Gly-Glu) motifs that bind to homologous
locations on the KEAP1.3"32 Thereby, the Neh2 domain
assists NRF2 in attaching to and regulating its inhibitory
cytoplasmic chaperone molecule Keap1.3® Besides, the
C-terminal Neh3 domain is needed to maintain protein
stability and transcriptional activation,3* while Neh4 and
Neh5 engage with the CREB binding protein (CBP) to act
as transactivation domains.® Although the Neh2 domain
is required for NRF2 turnover in homeostatic cells, the
redox-insensitive serine-rich Neh6 domain, a newly recog-
nized domain, regulates NRF2 ubiquitination and further
degradation in oxidatively stressed cells.3536 Similarly, the
other recently discovered Neh7 domain of NRF2 interacts
with retinoic X receptor alpha (RXR), a regulator of NRF2,
to reduce NRF2’s cytoprotective capacity and sensitizing
non-small cell lung cancer cells to therapeutic toxicity.%’
However, further investigations are required to illustrate
the role of these 2 newly discovered domains in the con-
text of oxidative stress.

The KEAP1 repressor protein tightly regulates the NRF2
transcription factor.3® KEAP1, a substrate adaptor protein
for the Cul3-Rbx1 E3 ubiquitin ligase complex, primarily
localizes in the cytoplasm®® and drives NRF2 proteasome
degradation.?34° |n response to cellular stress, such as the
presence of ROS, disulfide bonds may form on KEAP1 cys-
teine residues (Cys226, Cys613, Cys622, and Cys624).4' In
addition, when electrophiles are present, KEAP1’s cysteine
residues bind covalently with these electrophilic com-
pounds through thiol-alkylation.*’ Moreover, KEAP1 has a
Zn?* sensor consisting of a group of amino acids, including
His-225, Cys-226, and Cys-613, capable of detecting free
Zn?* released by damaged proteins. The binding of Zn?*
to KEAP1 leads to its structural alteration, disrupting its
association with the cullin-3 (Cul3)-RING ubiquitin ligase
(CRL) adaptor/scaffold protein.*? All the above-described
modifications affect the KEAP1-based E3 ubiquitin ligase
complex and, therefore, prevent the proper alignment and
interaction with NRF2. As a consequence, the resulting
conformational shift in KEAP1 induces the detachment
of the DLG motif from the KEAP1-NRF2 complex, re-
sulting in the inhibition of NRF2 ubiquitination.3'43 NRF2
is then released, phosphorylated at the Neh2 domain by
protein kinase C (PKC)* and translocated to the nucleus,
where it heterodimerizes sMAFs and binds to antioxidant
ARE domains,3243 causing transcription of NRF2 targets
cytoprotective genes.*® Once the redox equilibrium is re-
stored, NRF2 is released from the ARE sequence. Then,
KEAP1, which acts as an adaptor for Cul3-based E3 ligase,
transports NRF2 to the cytoplasmic Cul3-E3 ubiquitin ligase
machinery to add Lys-48 linked poly-Ub chain, marking
it for 26S proteasome degradation.*®4” Thereby, a basal
level of NRF2 is retained, and the NRF2/KEAP1 signaling
pathway is deactivated.?®
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Other regulatory mechanisms of NRF2 activity and ex-
pression have been described. On the transcriptional level,
the NFE2L2 gene could be activated by polycyclic aro-
matic hydrocarbons.®4° In addition, NRF2 is activated in
response to oncogene stimulation and may be mediated
via KRAS and BRAF induction of JUN and MYC transcrip-
tion factors.®® Moreover, transcription factors such as Jun
dimerization protein (JDP2), JUN, CREB binding protein
(CBP), Brahma-related gene 1 (BRG1), and p21 induce
NRF2 activation. In contrast, Fos proto-oncogene, AP-1
transcription factor subunit (cFOS), p53, p65, Fos-related
antigen 1 (FRA1), BTB and CNC homology 1 transcrip-
tion factor (BACH1), CCAAT/enhancer-binding protein (C/
EB), activating transcription factor 1 (ATF1), activating
transcription factor 3 (ATF3), short-form estrogen-related
receptor (SFERR), peroxisome proliferator-activated re-
ceptor a (PPAR-a), and retinoic acid receptor (RAR) have
been shown to inhibit NRF2 transcription.552 At the post-
transcriptional level, microRNAs (miRNAs), endogenous
short noncoding RNAs, can suppress gene expression by
interacting with target transcript translation or stability.
Among miRNAs, miR-507, miR-634, miR-450a, and miR-
129-5p inhibit the translation process of NRF2.53 In ad-
dition, it has been documented that hypermethylation of
CpG sites in the KEAP1 promoter region occurs in various
cancer types,® and such epigenetic changes result in
constitutive activation of the NRF2 pathway. Other NRF2
regulation mechanisms involve the p62-mediated dysfunc-
tion of autophagy,® electrophilic-mediated inhibition of
KEAP1,%6 and hormone-mediated NRF2 activation by go-
nadotrophins and estrogen, which inhibits KEAP1 via ox-
idation of its multiple cysteine residues.%®

NRF2 is responsible for regulating the transcription of
more than 200 genes that play a role in various cellular pro-
cesses such as cytoprotection, metabolism, and gene tran-
scription.®® It activates the transcription of genes involved
in the detoxification of reactive species and xenobiotics,
such as phase |, Il, and lll enzymes, including Aldo-keto
reductase (AKR), NADPH quinine oxidoreductase 1 (NQO-
1), superoxide dismutase (SOD), catalase, multidrug
resistance-associated protein (MRP), and ATP-binding cas-
sette transporters (ABC).%° In addition, it plays a crucial
role in the cellular antioxidant system based on the glu-
tathione molecule. NRF2/KEAP signaling is responsible
for regulating the expression of various elements such as
the cystine-glutamate antiporter xCT, glutamate cysteine
ligase (GCL), glutathione peroxidase (GPX), and reduc-
tase (GSR), which are necessary for cysteine import and
catalysis of the rate-limiting step in GSH manufacture and
ROS detoxification.?".62 Similar to this, NRF2 upregulates
thioredoxin-1 (TXN1),%3 thioredoxin reductase 1 (TRXR1),5
peroxiredoxins (PRXS),®® and sulfiredoxin-1 (SRXNT1),%6
allowing the reduction of oxidized protein thiols and the
elimination of peroxides. In addition, NRF2 regulates
the transcription of genes involved in metabolism, espe-
cially carbohydrate metabolism, and NADPH generation
(ie, G6PD, glucose-6-phosphate dehydrogenase; HDK1,
hexokinase domain containing 1; IDH7: NADP-dependent
isocitrate dehydrogenase), lipid metabolism (ie, ACOT7,
acetyl-CoA thioesterase 7; ACOX1, acetyl-CoA oxidase
1), and heme and iron metabolism (ie BLVR, biliverdin re-
ductase; FTL1, ferritin, light polypeptide; HMOX1, heme

oxygenase 1).%° Therefore, NRF2 plays a crucial role in
regulating intracellular redox homeostasis.

NRF2's Dual Role in Cancer

NRFZ2 tumor suppressive activities.—NRF2 exerts an
anti-tumor effect, mainly through sustaining cellular redox
homeostasis, regulating cell growth, and exerting anti-
inflammatory activities.?® For instance, the NRF2 signaling
pathway detoxifies ROS and RNS by upregulating the
expression of numerous phase Il drug-metabolizing en-
zymes, therefore decreasing the oxidative stress that is
strongly associated with cancer development.’” Several
in vivo studies have emphasized the role of NRF2 in
cancer protection using NRF2-deficient mice that ex-
pressed reduced levels of phase Il enzymes. In addition,
NRF2-knockout (KO) mice were found to be more sensi-
tive to chemical toxicants and carcinogens and resistant
to the protective effects of chemopreventive drugs, potent
NRF2 inducers. These compounds exert NRF2-dependent
adaptive responses against carcinogenic insults. They are
either natural molecules such as curcumin and resvera-
trol or synthetic chemicals such as oltipraz, 2-indol-3-yl-
methylenequinuclidin-3-ols, and the synthetic triterpenoid
2-cyano-3,12-dioxooleana-1,9, among others.®® Besides
limiting original tumor development, another study has
shown that NRF2 protects against cancer metastasis by
maintaining the redox equilibrium in the hematopoietic
and immune systems.®® Paradoxically, NRF2 deficiency
renders cancer cells more prone to oxidative cell death but
more resistant to chemopreventive compounds.Therefore,
targeting the NRF2 pathway presents a critical strategy for
developing effective chemopreventive medications.

In terms of inflammation, in NRF2-KO animals,
cyclooxygenase 2 (COX2), inducible nitric oxide synthase
(iNOS), and tumor necrosis factor (TNF) levels are consider-
ably greater compared to control mice, showing that NRF2
inhibits pro-inflammatory mediators.”” Besides, NRF2-
dependent activation of NQO1 reduces TNF and IL-1 pro-
duction caused by lipopolysaccharide (LPS), impairing the
inflammatory response’’ and subsequent inflammation-
induced carcinogenesis. Although ROS elimination is the
molecular basis of NRF2-mediated anti-inflammation,
NRF2 may also function as an anti-inflammatory medi-
ator in the absence of ROS. This is accomplished by regu-
lating genes encoding for MARCO (macrophage receptor
with collagenous structure) and CD36 receptors specific
for macrophages, not involved in the oxidative response.’?
In addition, NRF2 protects against H,0,-induced damage
via the p38/MAPK pathway.”®7* As well, NRF2 inhibits the
NF-xB pathway by stabilizing the NF-xB inhibitor (IKK)-a
and repressing the degradation of (IKK)-B.”> On the con-
trary, the NF-xB p65 subunit competes with NRF2 for the
CH1-KIX domain of the transcriptional coactivator CBP, re-
sulting in the inactivation of the NRF2 pathway.”®

NRFZ2 oncogenic activities.—Various factors contribute
to the constitutive activation of NRF2 in cancer cells, in-
cluding somatic mutations in KEAP71 and NFE2L2, exon
skipping in NFE2L2, methylation of the KEAP1 promoter,
accumulation of p62/Sequestosome-1 (SQSTM1), and
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mutation in fumarate hydratase. Constitutive NRF2 ac-
tivation promotes cancer growth, through metabolic al-
terations, stimulation of proliferation and inhibition of
apoptosis, promotion of angiogenesis, invasion, and
metastasis in addition to promoting treatment resist-
ance in various cancer types.?>’7 On a molecular level,
NRF2 overexpression promotes the transcription of the
oncogenes MYC, KRAS, and BRAF.5° Conversely, the on-
cogenic activation of NRF2 occurs by inhibiting PTEN/
glycogen synthase kinase 3 (GSK-3)/beta-transducin
repeat-containing E3 ubiquitin-protein ligase (B-TrCP) ac-
tivity.”® Moreover, NRF2 allows for metabolic reprogram-
ming to enhance cancer cell proliferation by upregulating
the expression of glycolytic enzymes such as glucose-6-
phosphate dehydrogenase [G6PD], phosphogluconate de-
hydrogenase [PGD], transketolase [TKT], and transaldolase
1 [TALDO1]7°; regulating genes implicated in fatty acid
and lipid metabolism,® proliferation-associated genes®'
and inhibitory cell-cycle regulators.8? Interestingly, NRF2
activation participates, through glucose-regulated pro-
tein 78 (GRP78)/ phosphorylated protein kinase RNA-like
ER kinase (p-PERK)/NRF2 signaling pathway, to glycolytic
gene transcription and simultaneous inhibition of the tri-
carboxylic acid cycle (TCA), which promotes the Warburg
effect.8 Another NRF2-mediated oncogenic activity is the
promotion of angiogenesis, mainly by activating heme
oxygenase-1 (HO-1),8* which in turn regulates VEGF to pro-
mote angiogenesis.8®

Besides, regarding cancer cell apoptosis, siRNA-mediated
knockdown of NRF2 results in the down-regulation of HO-1-
mediated expression and the sensitization to TNF-induced
cell death in a model of acute myeloid leukemia. This sug-
gests that NRF2 inhibits cancer cell apoptosis by regulating
the levels of the antioxidant enzyme HO-1.8 Also, NRF2
upregulates the expression of anti-apoptotic protein B-cell
lymphoma 2 (BCL-2) while it down-regulates the activity
of proapoptotic BAX protein and caspases 3/7 to protect
against etoposide/radiation-mediated cell apoptosis that
leads to drug resistance.?’ In addition, NRF2 suppresses the
activation of proapoptotic c-Jun N-terminal kinases (JNKs)8
and induces selective autophagy of KEAP1.8%%0 Autophagy
is a crucial process for cancer cell growth; however,
overexpressed NRF2 renders autophagy-dependent cancer
cells to overcome the loss of autophagy and allows them to
maintain protein homeostasis.”’

Regarding cancer stemness, lower levels of endogenous
ROS due to the increased antioxidant capacity mediated
by the higher NRF2 expression are reported in cancer stem
cells (CSCs) compared to non-CSCs, allowing for the en-
richment of their stemness phenotype.®?-% This results in
reduced mitochondrial-derived ROS and subsequently
maintains CSC stemness-associated properties,® such as
the ability to initiate an epithelial-to-mesenchymal tran-
sition.®® Similarly, persistent NRF2 activation improves
the ability of CSC to self-renew, primarily by maintaining
cell quiescence and lowering intracellular ROS.%%8 In a
broader sense, mesenchymal stem cells (MSCs), known to
be multipotent stem cells, are present in the tumor niche
to encourage cancer cells’ ability to spread by promoting
their motility and invasiveness.?'% NRF2 is needed to
maintain MSCs’ stemness and prevent their apoptosis
under oxidative stress.'

Moreover, because NRF2 significantly benefits cancer
cells, these cells frequently develop NRF2 addiction.102103
Enhanced nuclear accumulation of NRF2 is associated
with increased cellular proliferative signals. For instance,
phosphoinositide 3-kinase (PI3K)-AKT activation in combi-
nation with KEAP1 deficiency in the mouse liver resultsin a
massive accumulation of NRF2 and NRF2-dependent prolif-
eration of hepatocytes and cholangiocytes.’%4% However,
because simple NRF2 stability and accumulation are insuf-
ficient to transform NRF2 from cellular defender to cancer
driver, the occurrence of additional oncogenic mutations
is required.'6-1%% KEAPT mutations paired with activating
mutations of KRAS/HRAS and TP53 loss of function are
needed to establish NRF2-addicted cancer models.'0%-
Furthermore, NRF2-dependent malignancies with somatic
KEAP1 or NFE2L2 mutations differ depending on the spe-
cific tissue and species. For example, the mutations of
KRAS/KEAPT in the human lung tissue induce tumors with
aggressive proliferation,’® whereas KRAS/KEAPT muta-
tions in the mice pancreas cause fibrosis rather than malig-
nancy.”? As a result, tissue-specific variables are another
factor likely to influence the requirements for developing
NRF2-dependent cancer.

In therapy resistance, NRF2-regulated drug efflux trans-
porters are significant predictors of therapy resistance
in many tumors. Multidrug resistance protein 1 (MDRT1),
multidrug resistance-associated protein 1-5 (MRP1-5), and
breast cancer resistance protein (BCRP) are overexpressed
as a result of abnormal NRF2 activation leading to wide-
spread chemoresistance.3-17

NRF2 Biology in the Brain
Brain Cellular Composition and NRF2 Expression

Quantifying the cellular makeup of the human brain is
highly challenging because of the brain’s huge size, cell
composition, and limited access to human postmortem
brain samples."® In addition to approximately 100 billion
neurons, glial cells (astrocytes, oligodendrocytes, and
microglia) are present with a median of 0.85 glia-neuron
ratio.””®20 |n the brain, neutralization of ROS or electro-
philic xenobiotics is usually mediated by the glutathione
system, thioredoxin/peroxiredoxin system, superoxide
dismutases, and catalase.’"'?? |t is interesting to note that
the NFE2L2 gene displays varying expression levels across
different brain regions. It exhibits the highest expression
primarily in the medulla oblongata, regulating hub of ho-
meostatic functions of the nervous system, and basal gan-
glia, responsible for motor control, executive functions
and emotions.” On the other hand, the hippocampus
shows the lowest level of NFE2L2 expression (Figure 1A).
Similarly, the expression of the NFE2L2 gene varies among
different types of brain cells. It is most highly expressed
in oligodendrocytes, while neurons exhibit the lowest level
of expression (Figure 1B). Being a master regulator of an-
tioxidant defenses, NRF2 exhibits distinct activities in the
brain in addition to its cytoprotective effects.'?4#125 Herein,
we will discuss the expression of NRF2 regarding brain bi-
ology and the function of different brain cells.
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Figure 1.

Overview of NFE2L2 gene expression and the role of NRF2 in brain physiology. (A) Human brain regions are visually represented

on the left side, while the accompanying heat map on the right side displays NFE2L2 gene expression across the various human brain re-
gions. The data were sourced from the human protein atlas (HPA) dataset, available at https://www.proteinatlas.org/ from version 23.0, accessed
from the following URL: https://www.proteinatlas.org/ENSG00000116044-NFE2L2/brain. (B) Graphical summary of NRF2’s role in brain physiology
among the different brain cells on the left side, while the accompanying heat map on the right side displays NFE2L2 gene expression across
the different brain cells. The data were sourced from the RNA single cell type data, available at https://www.proteinatlas.org/ from version 23.0,
accessed from the following URL: https://www.proteinatlas.org/about/download. The figure was partly generated using Servier Medical Art,
provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license. nTPM, normalized transcript per million; HO-1, heme

oxygenase 1; CysGly, cysteinylglycine dipeptide; GSH, glutathione.

In the adult brain, astrocytes are the most abundant
glial cell type.’?® Morphologically, protoplasmic astrocytes
possess small irregular branching in a globoid distribu-
tion and are located in gray matter tissue, whereas fibrous
astrocytes have numerous uniform cylindrical fibers and
are broadly distributed across white matter tissue.'?”'28 |n
terms of function, astrocytes facilitate synaptic transmis-
sion and information processing, govern the migration

of growing axons and neurons, and connect with blood
vessels.'22130 |n addition, the proportion of astrocytes to
neurons differs greatly between species and correlates
with cognitive ability.3

Neurons are fundamental units of the brain and electri-
cally excitable cells responsible for information processing
and performing various functions within the brain.'¥2They
are highly susceptible to oxidative stress mainly due to
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their high reliance on oxidative phosphorylation for energy
and enrichment in metal ions (catalyst for oxidative species
formation), possess membranes rich in polyunsaturated
fatty acids, and exhibit low levels of antioxidants.'3® The
NRF2-ARE pathway in neurons is noticeably weak both in
inhibitory and excitatory neurons (Figure 1B). Stimulation
with tert-butylhydroquinone (tBHQ), an NRF2 activator,
successfully induces the expression of NRF2 target genes
in astrocytes, while no such induction is observed in cer-
ebellar granule neurons.’®* The lower neuronal NRF2-ARE
pathway activation is explained by the fact that basal
NRF2 expression is lower in neurons, along with a greater
Cul3-dependent NRF2 degradation capability than astro-
cytes.’34136 Also, hypo-expression of NRF2 in neurons re-
sults from epigenetic repression caused by NRF2 promoter
hypo-acetylation compared to astrocytes.'®* Furthermore,
maturing neurons require fewer antioxidant defenses to fa-
cilitate redox signaling involved in their development.'3%138
Indeed, ectopic expression of NRF2 in neurons exerts a pro-
tective role against oxidative insults®; however, it retards
structural and electrophysiological maturation™* and sup-
presses the activity of c-Jun N-terminal kinase (JNK) and
Wnt signaling pathways required for neuronal develop-
ment.'3%-192 On the other hand, astrocytes usually mature
even when they express high amounts of NRF2, indicating
that the signaling mechanisms involved in their maturation
are less sensitive to the redox state.’?"'*3 On the contrary,
neurons that present repressed NRF2 expression for their
maturation require astrocytic assistance to avoid oxidative
damage.'®* Nearby astrocytes provide cysteine and/or glu-
tathione to neurons, as well as other metabolites, to sup-
port neurons’ activity.'

Oligodendrocytes, another type of glial cell, provide
structural support and a myelin coating around the neu-
ronal axon to allow for a fast impulse transmission.'®
Evidence suggests that ROS drives the oligodendrocytes
differentiation from precursors cells,'® but oxidative
stress is implied in demyelinating diseases.'”'# Similarly
to neurons, oligodendrocytes receive antioxidant assis-
tance from astrocytes.'*® Conversely, oxidative stress in
oligodendrocytes activates an endoplasmic reticulum
stress response in an NRF2-dependent manner in re-
sponse to chemical hypoxia.’® In the same context, oli-
godendrocyte apoptosis is more pronounced in addition
to neuroinflammation and axonal damage in cuprizone-
fed NRF2-deficient mice than in wild-type controls. Also,
NRF2-deficient mice exhibited increased vulnerability to
cuprizone-induced damage within the commissure ante-
rior white matter tract, a region typically less affected by
cuprizone in wild-type animals.’™" However, NRF2 activa-
tion in oligodendrocytes in the context of other neurolog-
ical disorders has yet to be thoroughly investigated.'%?

Microglial cells are brain-resident immune cells'>® found
in 5% of the cerebral cortex and up to 12% of the substantia
nigra.’™ These cells are responsible for neuronal prolifer-
ation and differentiation, as well as removing debris and
rebuilding synapses.'® Microglia exhibit more NRF2 tran-
scripts and ARE promotor activity than neurons in the
brain,'®® indicating higher NRF2 expression than neurons.
NRF2, which is actively produced by microglia in response
to oxidative stress, promotes the activation of the M2-like
pro-inflammatory microglial phenotype.’® However, its

absence increases microgliosis, primarily characterized by
the activation and proliferation of microglial cells. This ab-
sence also promotes the polarization of microglia towards
an M1-like anti-inflammatory phenotype, which contrib-
utes to neuronal demise.’® Knowing that glial activation
associated with various neurodegenerative disorders,'®®
NRF2-mediated modulation of microglial dynamics regu-
lates neurodegeneration.'® In contrast, microglia activa-
tion in reaction to atrazine-induced neuroinflammation
boosts the production of inflammatory factors and inhibits
the KEAP1/NRF2-ARE signaling cascade, resulting in in-
creased dopaminergic neuron cell death and neurotox-
icity.’®' As a result, it appears prudent to conduct further
research into the KEAP1/NRF2-ARE signaling pathway in
microglia, as it may be a therapeutic target for NRF2 activa-
tion in neurodegenerative diseases. It is worth noting that
astrocytes induce microglial NRF2 activation and the sub-
sequent microglial HO-1 expression to decrease microglial
intracellular ROS levels together with excessive microglial
brain inflammation.6?

NRF2 in Neurological Diseases

Regarding human health, age-related NRF2 system im-
pairment is a significant risk factor for almost all oxidative
stress-related neurological diseases. Neurons are non-
regenerative and postmitotic; therefore, significant oxi-
dative damage should be avoided or reversed. Neuronal
oxidative damage rises with age and is linked to neuro-
degenerative illnesses.’'%2 Reduced NRF2 activity is
related to both the development of chronic diseases like
Parkinson’s disease (PD), Alzheimer’s disease (AD), and
amyotrophic lateral sclerosis (ALS), as well as increased
susceptibility to acute insults like oxidative stress and
chronic inflammation in the brain.'®3 In the hippocampus,
where neurodegeneration in AD begins, astrocytes from
AD patients’ brains have lower levels of NRF2.7¢3 NRF2 ex-
pression is decreased in the motor neurons of the spinal
cord and cortex, as shown in the postmortem brains of ALS
patients.'® Supporting the evidence that the NRF2 system
is dysfunctional in PD, olfactory neurosphere-derived cells
from patients with sporadic PD express low GSH levels,
which an NRF2 inducer agent could restore.'® Hence, age-
related reduction in NRF2 contributes to the development
of neurodegenerative diseases and other age-related path-
ologies. Mainly, reduced neural stem cell (NSC) counts due
to aging,"®® along with NSCs’ clonogenic, proliferative, and
differentiating capacities, are associated with NRF2 defi-
ciency.’®” However, the transplantation of NSCs with high
expression content of NRF2 lessens age-related declines
in dentate gyrus stem cell regeneration.'®® Besides, ROS
plays a role in regulating the fate of NSCs by inhibiting
self-renewal and promoting differentiation through NRF2-
mediated signaling.®®

Moreover, Dang et al. discussed NRF2 expression and
its role in oxidative stress-related pathogenesis under
acute ischemic stroke-like conditions.””® Their results
show that after the initiation of the stroke, NRF2 was not
expressed in the core ischemic zone. However, its expres-
sion was elevated in the ischemic penumbra in both glial
and neuronal cells. This suggests that NRF2 activation in
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the penumbra results from enormous ROS generation
owing to reoxygenation, whereas NRF2 activation in the
undamaged cortical areas represents a preadaptation to
oxidative stress. Surprisingly, compared to other cell types
in the unaffected contralateral area, NRF2 expression was
elevated in neurons. This phenomenon could also be at-
tributed to the possible ROS independent-NRF2 activation
in response to the growth factors, cyto- and chemokines,
neurochemical mediators, and cross-hemispheral neural
connections. Hence, NRF2 represents a therapeutic target
that possesses a cytoprotective role in the brain after the
initiation of injury."””® The activation of endogenous NRF2
has been reported in oligodendrocytes in multiple sclerosis
(MS)""; however, it is expressed in actively demyelinating
lesions but not in late-stage active lesions."”? Moreover,
in MS, reduced NRF2 expression is reported in oligo-
dendrocytes compared to other central nervous systems
(CNS) cell types, suggesting an impaired oxidative stress
response.'’3

NRF2 in Brain Metabolic and Mitochondrial
Functions

Regarding mitochondrial bioenergetics, it has been shown
that KEAP1-knockdown (KD) increases the glucose uptake
in neurons and astrocytes compared to NRF2-KO and WT
cells. Activation of NRF2 increases cytoplasmic NADPH
and NADH levels in neurons and astrocytes; however, it
favors energy production over antioxidant defense when
glucose availability is limited in astrocytes.'”*

In neurodegenerative diseases such as ALS, mutation
of SOD1 produces motor neuron injury associated with
NRF2 dysregulation coupled with reduced pentose phos-
phate pathway (PPP) activity and decreased generation
of NADPH."® In PD, acute and chronic astrocyte expo-
sure to dopamine enhanced PPP activity via the KEAP1/
NRF2 system.'® NRF2 eliminates oxidative stress in do-
paminergic neurons by supplying NADPH to support the
activity of NQO1, which is another target of NRF2.177178
Moreover, NRF2-KO mice were rendered more sensitive
to neurotoxicity caused by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, complex | inhibitor, in animal models
of Parkinson'’s disease.”®

Moreover, knocking out NRF2 negatively affects the mi-
tochondrial NADH redox index, which is the ratio between
NADH consumption by complex | and its production in the
TCA cycle. Also, a slower NADH and FADH2 generation is
obtained after the inhibition of complex IV in NRF2 mutant
neurons.' NRF2 is also crucial to maintain mitochondrial
integrity, particularly the mitochondria isolated from the
brain of rats that were administered a single dose of isothi-
ocyanate sulforaphane, an NRF2 activator, were resistant
to the opening of the mitochondrial permeability transition
pore. 181182

Regarding mitochondrial biogenesis, treatment with
the a7 acetylcholine nicotinic receptor (nAChR) ago-
nist PNU282987 increases the mitochondrial mass and
oxygen consumption in primary glial cultures without
increasing oxidative stress. However, these results were
abolished in the absence of NRF2. This result indicates
that NRF2, through the stimulation of HO-1 or binding

with peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PCG-1a), modulates glial mitochon-
drial mass."83

However, it is important to highlight that NRF2 is an es-
sential player in maintaining mitochondrial homeostasis
and structural integrity via various mechanisms that are
not exclusive to the brain but extend to various other tis-
sues. Consequently, since oxidative stress, inflammation,
and mitochondrial integrity contribute to the development
of diseases, the pharmaceutical activation of NRF2 might
be a key for both disease prevention and treatment.'8*

NRF2 in Brain Cancer

Given the high oxygen consumption of the brain com-
pared to other organs, the implication of oxidative stress in
the development of brain tumors is of particular interest.'8®
Primary brain tumors (PBT) grow from brain tissue and its
surroundings and can be glial or non-glial. In this section,
we will discuss the modulation of NRF2 in various types
of PBTs and its potential therapeutic applications. We will
also focus on glioblastoma, the most common type of
glioma in adults, which has a very poor prognosis.

NRF2 in Pediatric Brain Tumors

After hematologic malignancies, CNS tumors are
the second most common neoplasm in children.'8®
Unfortunately, despite the extensive studies on the dual
role of NRF2 in cancer, little is known regarding NRF2's
function in most pediatric CNS malignancies. Among pe-
diatric brain tumors, medulloblastomas (MB) are the most
prevalent CNS embryonal tumor. MB, classified as a grade
4 cancer, comprises 4 subgroups: WNT, sonic hedgehog
(SHH), Group 3, and Group 4; each is associated with dif-
ferent genetic alterations, age at onset, and prognosis.'®’
When MB cases are compared to peritumoral control
brain tissues, higher expression of NRF2 and HO-1 sug-
gests that the NRF2/HO-1 pathway contributes to the pro-
gression of MB and hence might be a therapeutic target
for the disease.’® Others have shown that nifurtimox,
an antiprotozoal compound, and tetrathiomolybdate, a
copper chelator, act synergistically to induce oxidative
stress and subsequent upregulation of NRF2 target genes,
including HO-1, GCLM, solute carrier family 7 member 11
(SLC7A11), and SRXN1 in D2 and DAQY MB cell lines."® It
is worth noting that although the drug combination effec-
tively lowered medulloblastoma cell viability and triggered
cellular death,'®® the rise in NRF2, which might exert a pro-
tumoral role, should be carefully assessed.

Peroxiredoxins (Prxs) are linked to cell apoptosis,'®
differentiation,'' and resistance to radiation or chemo-
therapy.'¥2'9 |n ependymomas, another type of pediatric
brain cancer where a tumor arises from ependymal cells,’?*
all Prxs (except Prx IV) are upregulated. However, Prx | ex-
pression is substantially related to the upregulated cyto-
plasmic and nuclear NRF2 expression, suggesting that
NRF2 plays a role in Prx | production in ependymomas.'®®
Additionally, there are no functional studies of NRF2 on
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pilocytic astrocytoma, another frequent pediatric CNS
cancer. It can likely play a minor role in the development
of this tumor, given its low expression compared to higher
WHO-grade gliomas. Therefore, the current evidence on
the role of the NRF2 pathway in pediatric CNS tumors is
limited, necessitating further investigation to enhance our
understanding of its significance.

NRF2 in Adult Glioma

In 2021, the World Health Organization (WHO) published a
new edition of the classification of tumors of the central
nervous system, incorporating molecular and histological
pathogenesis, to improve the diagnosis and determination
of optimal treatment.”® This classification separates pedi-
atric and adult gliomas. Gliomas are the most prevalent
type of adult brain tumor, comprising approximately 78%
of malignant brain tumors. Three types of adult gliomas:
oligodendrocytomas and astrocytomas which are isocitrate
dehydrogenase (/DH) mutated and glioblastomas which
are IDH wild type were classified.'®® Frequently, brain tu-
mors are also classified according to the WHO grade from
grade 1 to grade 4, with grade 1 being the least aggressive
and grade 4 being the most aggressive.'?’

Overall, in gliomas, the NRF2-KEAP1 pathway acts as a
switch for malignancy, mainly through amplifying gluta-
mate secretion and xCT augmentation.’® Similarly, NRF2
overexpression or KEAP1 knockdown in glioma cells pro-
motes proliferation and oncogenic transformation.’®®
However, some discrepancies can be noted according to
the type and grade of glioma, particularly regarding prog-
nosis. Indeed, in contrast to other types of cancer, there are
relatively few studies that have explored the relationship
between NRF2 expression and brain cancer prognosis.
NRF2 overexpression is shown to be positively correlated
with WHO grades in gliomas.'® In silico analysis, using the
Rembrandt glioma dataset, shows that the upregulated
NFE2L2 RNA expression levels are associated with the
poor prognosis in grade 2-4 gliomas.?%0

IDH-mutant glioma: oligodendrocytomas and
astrocytomas.—It is well-established that IDH-mutated
tumors generally have a more favorable disease outcome
and give rise to low-grade gliomas.??" Somatic mutation
in IDH1, and less commonly in IDH2, are considered as
early events. Next, during glioma development, additional
subclonal mutations are added leading to higher-grade
IDH-mutant gliomas. For instance, oligodendrocytoma,
arising from oligodendroglial precursors, is classified as
grades 2 or 3 while astrocytoma, arising from astrocytic
precursors, can be found as grades 2, 3, or 4.1%

Examining the NRF2 pathway in the context of IDH mu-
tations, in gliomas with mutated /IDH1/2, the expression
levels of NRF2 target genes, NQO7 and GCLM, were no-
tably elevated and were significantly linked to poorer pa-
tient survival, whereas the expression of NRF2 itself did
not exhibit such an association.?°2 However, in primary
astrocytomas, an increase in both cytoplasmic and nu-
clear expression of NRF2, as well as nuclear DJI, a multi-
functional protein involved in oxidative stress response,

is associated with /DHT mutation.?°° These results suggest
that the association between NRF2 expression and IDH mu-
tation depends on the IDH-mutated glioma type but more
studies are needed. Interestingly, it has been shown that
IDH1-mutated cells develop a dependency on the NRF2 an-
tioxidant pathways and, therefore, using NRF2 inhibitors,
such as brusatol, suppresses cancer progression.2%3

Glioblastomas.—Glioblastoma (GB), classified as grade 4
IDH1 wild-type glioma, is the most prevalent primary brain
tumor with a median survival rate of 15 months?°4-206 and
a median age of detection of 65 years.?” GB is detected
in the forebrain almost exclusively but may develop in
the brain stem, cerebellum, and spinal cord.?°5:208 Despite
the therapeutic options, such as surgery with maximal
safe resection followed by concurrent radiotherapy and
temozolomide (TMZ) and 6-monthly rounds of adjuvant
TMZ, recurrent GB management remains a problem with
limited treatment options,209.210

NRF2 oncogenic activity has been more studied in GB
thanin other glial tumors and has recently been reviewed.?"
Evidence shows that knocking down NRF2 attenuates
tumor growth by inhibiting cell proliferation, increasing
cell apoptosis, and suppressing angiogenesis.”32'2 Also,
the NRF2 pathway is shown to be activated by a positive
feedback loop involving p62/SQSTM1, a stress-inducible
and multifunctional protein, whereas NRF2 and p62 en-
hance proliferation, invasion, and mesenchymal transition
in GB.2'3 Finally, NRF2 overexpression partly reversed the
ERK and PI3K inhibitor-induced reduction of human GB cell
viability,?" suggesting that signaling cascades for NRF2 ac-
tivation may offer new treatments for glioblastoma.

NRF2 Expression in GB Prognosis

It is now widely accepted that NRF2 expression is higher
in GB than in normal brain tissue or other types of brain
cancer. However, the relationship between NRF2 expres-
sion and GB patient survival is still controversial due to
conflicting results in published studies, noting that most
studies are in silico analyses using available databases.

On one side, studies have shown that high NRF2 expres-
sion is associated with lowered survival in GB patients.
For example, Fan et al. have demonstrated that GB tis-
sues exhibit a significant elevation in NFE2L2 mRNA ex-
pression compared to normal brain tissue samples using
the Oncomine database. Moreover, using the Rembrandt
database, they showed that patients with NFE2L2 expres-
sion upregulated by 2-folds or more had significantly
poorer overall survival rates compared to those with lower
NRF2 expression profiles.’®® Another example is using the
SurvExpress tool and the data from 538 GB patients, higher
expression of the NFE2L2 gene and related genes were
associated with higher risk for the patient.?" In an inter-
esting study, the TCGA GBM prognostic clinical data (520
cases) were stratified by the NRF2 activity status. The au-
thors found no difference in the overall survival of patients
with high NRF2 activity but the progression-free survival
was strongly decreased.?'®> However, contradictory studies
can be highlighted. For example, NFE2L2 expression was
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not associated with overall survival in GB patients in the
Rembrandt database, and an IHC analysis done on 213 GB
patients further revealed that nuclear NRF2 expression was
a predictor of better survival.?’® In another study based
on a cohort of 52 GB patients, the expression of 2 NRF2
target genes, NQO1 and GCLM, was not associated with
progression-free or overall survival.?2 To compare with
the existing literature, we analyzed another database, the
GEPIA2 database,?'® and found that NFE2L2 gene expres-
sion was elevated in GB tumors compared to normal tissue
(Figure 2A). However, the variation in the overall survival
or disease-free survival rates among GB patients with low
or high NFE2L2 gene expression did not achieve statistical
significance (Figure 2B-C).

Moreover, GB is classified into subtypes: mesenchymal,
classical, proneural, and G-CIMP2'72'8 The high invasive-
ness of the mesenchymal subtype is indicated by recur-
rence and worst survival rates compared to others.21321°
The overexpression of NFE2L2 has been reported in the
mesenchymal subtype of GB tumors.?'® In our in silico
analysis, we observed that NFE2L2 gene expression is sig-
nificantly elevated not only in the mesenchymal but also in
the classical subtype of GB, which is not the case with the
proneural subtype compared to normal tissue (Figure 2D).

In light of these findings, it is reasonable to conclude that
the divergence observed in the context of NRF2 and GB
patients’ survival among the different database tools may
be attributed to the limitations inherent in the database’s
methodology, sample size, and selection criteria used. It
is important to clarify the link between NRF2 expression
and GB prognosis by using cohort patient tissues associ-
ated with clinicobiological data. In addition, NRF2 activity
is regulated by numerous post-transcriptional and post-
translational modifications. Therefore, it is crucial to corre-
late patients’ prognosis with NRF2 protein level expression
and its sublocalization since nuclear localization is associ-
ated with its activity.

NRF2 in Glioblastoma Stem Cells

The tumorigenic potential of glioblastoma stem cells
(GSCs) in GB owes to the progression and therapeutic re-
sistance to chemotherapy and radiation.?2022' GSCs consti-
tute a small fraction of the tumor bulk. Yet, they possess
high self-renewal capacity, allowing them to sustain tumor
growth, neurosphere forming capacity, and therapeutic re-
sistance.??’ In GB, under hypoxic conditions, increased ne-
crosis favors the maintenance of GSCs responsible for the
tumor’s initiation, resistance, and recurrence.??2223

Despite the limited studies conducted on the role of
NRF2 in GSC, NRF2 has been shown not only to maintain
the self-renewal capacity of GSCs despite the anti-cancer
treatment?* but also to enhance neurosphere prolifera-
tion in NSCs.??5 Interestingly, differential NRF2 expression
exists between glioma stem cells and non-stem-like cells.
For instance, NRF2 is overexpressed in CD133 + GSCs com-
pared to CD133- GB cells,??® and downregulation of NRF2
improves GSC differentiation as it lowers the number of
sphere-like colonies.??” Also, knocking down NRF2 in GSCs
using RNA interference technology resulted in decreased
expression of pluripotency-associated transcription factors,

increased expression of markers associated with astrocyte
development, caused a significant reduction in S-phase
cells, reduced expression of SRY-box transcription factor
2 (SOX2), B-cell-specific moloney murine leukemia virus
integration site 1 (BMI-1), and Cyclin E proteins respon-
sible for cell self-renewal.?8 Furthermore, the transcrip-
tional coactivator with PDZ-binding motif (TAZ)-dependent
growth, encoded by the gene WWTR1, is a crucial element of
the Hippo signaling pathway, which regulates the develop-
ment and stemness in multiple human cancers through the
yes-associated protein (YAP) and transcriptional coactivator
with PDZ-binding motif (TAZ) coactivators of the TEA do-
main (TEAD) transcription factors 1-4.22° Interestingly, the
upregulation of NRF2 induces the expression of TAZ, which
acts as an effector of NRF2-induced tumorigenicity in GBs.
TAZ ectopic expression also rescues neurosphere growth of
NRF2-KD glioma stem cells and, along with NRF2 expres-
sion, accelerates GB tumor formation.23°

Cluster of differentiation 90 (CD90), cluster of differentia-
tion 15 (CD15), A2B5, aldehyde dehydrogenase 1 (ALDH1),
nestin, and ATP-binding cassette (ABC) transporters are fre-
quently recognized as markers of GSCs.23'-233These markers
help elucidate the tumorigenic process and serve as an ef-
fective diagnostic and therapeutic tool for GB. However, the
precise mechanisms and functions of these putative markers
have not yet been fully clarified. Therefore, identifying var-
ious biomarkers rather than just one marker and their cor-
relation with NRF2 expression in the context of GB stem cell
self-renewal capacity and maintenance may enable tailored
targeting of GSC treatments and further tumor relapse.

NRF2 in GB Metabolism

The role of NRF2 in GB metabolism still needs to be fully
elucidated, and a comprehensive understanding of its spe-
cific mechanisms and implications in GB metabolism ne-
cessitates further investigation. The NRF2-driven human
telomerase reverse transcriptase (hTERT) loop mediates
the NRF2-PPP regulation. Mainly, hTERT knockdown ab-
rogated the NRF2 level, while overexpression of NRF2 in-
creased hTERT expression. GB patient tumors bearing
hTERT promoter mutations associated with increased te-
lomerase activity had an increased NRF2 and transketolase
(TKT) expression and decreased glycogen accumulation.
Overexpression of NRF2 rescued the Costunolide, a telom-
erase inhibitor, mediated decrease in G6PD and TKT levels,
while the inhibition of hTERT abolished not only the ex-
pression of G6PD and TKT but also the phosphorylation of
glycogen synthase (GS) and increased glycogen accumu-
lation.Z**The physical interaction of cytochrome B-245 beta
chain (CYBB), a major catalytic subunit of NADPH oxidase
(NOX) with NRF2, allows for the promotion of a mesen-
chymal GB phenotype, increased cancer stemness, and the
development of resistance in GB.

NRF2 in Therapeutic Resistance

In  GB, methylation of the 0O6-methylguanine-DNA
methyltransferase (MGMT) promoter has been demon-
strated to predict responsiveness to alkylating drugs such
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Figure 2. NFE2L2 gene expression levels in GB and the impact on the clinical outcome. (A) Tissue-wise expression profile of the NFE2L2

gene expression in GB tumors compared to normal tissue. Data is sourced from GEPEIA2 for GB patient databases. (B) Kaplan—Meier survival
curves of overall survival and (C) disease-free survival of patients with GB based on the high (red) and low (blue) expression of the NFE2L2
gene, respectively. (D) Tissue-wise expression profile of NFE2L2 gene expression in GB subtypes compared to normal tissues. Data is sourced
from GEPEIA2 for GB patient databases. (E) ROC plotter showing the NFE2L2 gene expression in patients classified as responders (165 patients)
and nonresponders (154 patients) to TMZ treatment (P-value = .0013). (F) ROC curve analysis shows the validity of NFE2L2 gene expression in
discriminating responders and nonresponders, with the sensitivity representing the true positive rate and the specificity representing the false
positive rate. Data is sourced from ROC Plotter—Online ROC analysis for GB patient data. The red star denotes statistical significance. AUC, area
under the curve; TPM, transcripts per million reads; n, number of tissue samples; HR, hazards ratio; TMZ, temozolomide.
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as TMZ, which has become a cornerstone of GB treat-
ment.?35 Mechanistically, at physiological pH, TMZ is ac-
tivated to produce methyl diazonium ions with methyl
groups, which are transported to DNA at the N7 position
of guanine, O3 position of adenine, and 06 position of
guanine, 5237 resulting in numerous DNA adducts and
the formation of single- and double-stranded DNA breaks,
ultimately causing cell cytotoxicity.??’” However, because
of broad TMZ exposure and the very heterogeneous and
mutation-prone character of GB, it is quite usual for these
deadly tumors to develop TMZ resistance. Unfortunately,
over half of GB patients treated with TMZ do not respond
to the medication.?” As a result, TMZ resistance is a sig-
nificant challenge that must be overcome for the effective
treatment of GB.

A recent study has revealed, using a CRISPR activa-
tion library, that the NRF2 pathway is involved in TMZ re-
sistance.?®® Moreover, inhibiting the NRF2/ARE pathway
sensitizes GB cells to TMZ treatment,?®® implying that
targeting NRF2 activation could be a promising strategy
to enhance chemoradiation sensitivity in GB. In response
to the treatment withTMZ coupled with the suppression of
NRF2, the RAS/RAF/MEK signaling pathway was inhibited,
leading to a decrease in the proliferation of U251 glioma
cells. In addition, the subsequent downregulated HO-1,
GSH, TRX, and other oxidative enzymes, along with the
elevated Keap1 levels, inhibited the anti-oxidative stress
mechanism in glioma cells.?° Three-dimensional tumor
models such as spheroid and organoid systems confer an
advantage over other culturing methods by mimicking the
in vivo characteristics of CNS malignancies.?*' Knowing
thatTMZ induces DNA damage, the DNA repair pathways,
including  0O6-methylguanine-DNA  methyltransferase
(06-MGMT), base excision repair, and mismatch repair,
are implicated in TMZ resistance and other identified
mechanisms.287242243 |n an elegant study, Rocha et al.
highlighted essential mechanisms involved in TMZ resist-
ance.?*® Briefly, TMZ therapy increases ROS production,
which causes NRF2 to be activated, resulting in increased
expression of 2 glutathione (GSH) synthesis enzymes,
GCLM and glutamate-cysteine ligase, catalytic subunit
(GCLC). Consequently, increased GSH availability medi-
ates TMZ resistance by maintaining cancer cells’ low ROS
content and subsequent reduction of TMZ cytotoxicity.?43
However, GSH depletion mimicked by L-buthionine [S,
R]-sulfoximine (BSO) in glioma cells is responsible for
overcoming TMZ drug resistance.?®® In a similar context,
increased NRF2 expression improves ferroptosis sensi-
tivity in TMZ-resistant GB by increasing the expression of
its pro-ferroptosis target ATP-binding cassette sub-family
C member 1 (ABCC1), which contributes to GSH depletion.
Thus, inducing ferroptosis could be a proper therapeutic
method for reversing drug resistance in gliomas with high
NRF2 and ABCC1 expression.?** The activation of NRF2
and its downstream target, SOD2, prevented ferroptosis
and excessive production of ROS. In contrast, inhibiting
SOD2, combined with tolerable ferroptosis-inducing
agents like erastin, sensitizes GB cells, overcoming TMZ
resistance in mesenchymal GB.2%* However, further re-
search is needed to confirm the effectiveness of the dis-
ruption of the NRF2/SOD2 antioxidant circuitry approach
in developing GB therapeutic strategies.

Moreover, knocking down the NRF2 gene in glioma
neurospheres followed by gamma rays’ irradiation re-
sulted in less self-renewal, more differentiated cells, and
less proliferative potential.?*¢ Consequently, this suggests
that NRF2 suppression enhances cellular sensitivity to
radiation-induced oxidative stress. In comparison, a com-
pelling association between NFE2L2 gene expression and
patient response to TMZ is demonstrated using the re-
ceiver operating characteristic (ROC) analysis for GB pa-
tient database?¥’ (Figure 2E), in addition to the fact that
NFE2L2 gene seems to exhibit a predictive power and of
potential clinical utility (Figure 2F). Overall, evidence sug-
gests that NRF2 is a crucial player to be employed in thera-
peutic strategies involved in GB-TMZ resistance.

Conclusions

This review highlights the pivotal role of cellular redox
homeostasis within the intricate landscape of cancer bi-
ology. The delicate interplay between reactive oxygen spe-
cies (ROS), antioxidants, and diverse cellular processes is
central to comprehending cancer’s genesis, progression,
and therapeutic interventions. Moreover, NRF2 emerges
as a master regulator, orchestrating an extensive array of
cytoprotective genes to maintain redox equilibrium and
ensure proper cellular function.

However, NRF2 exhibits a dual role in cancer. It acts as
a guardian by preserving redox homeostasis and serving
as an anti-inflammatory mediator while simultaneously
harboring the potential to fuel cancer growth, drug resist-
ance, metabolic adaptations, and the activation of various
oncogenes. Understanding the context-dependent nature
of NRF2’s actions in cancer is pivotal for developing pre-
cise and efficient cancer therapies, thereby shedding light
on the intricate landscape of cancer biology.

Within the human brain, NRF2 exhibits diverse expres-
sion patterns among different brain cell types, including
astrocytes, microglia, oligodendrocytes, and neurons. lts
activation is critical in maintaining redox homeostasis,
executing distinct functions in neurons and astrocytes,
thereby preserving brain health. NRF2’s involvement ex-
tends to preserving brain mitochondrial function and in-
tegrity, offering promising prospects for interventions in
brain health maintenance.

Finally, NRF2 in cancer prognosis is a subject of sig-
nificant interest, yet more studies are needed to explain
the intricate relationship between NRF2 expression and
brain cancer prognosis, considering various tumor types,
grades, and characteristics. In glioblastoma, NRF2 emerges
as a prominent player, significantly influencing malig-
nancy, oncogenic transformation, and the development
of therapeutic resistance. Noteworthy is NRF2's role in the
maintenance of GSCs, which contributes to temozolomide
resistance and tumor recurrence. Nonetheless, there re-
mains a need for a comprehensive understanding of the
molecular mechanisms underlying NRF2-mediated GSC
maintenance and the metabolic pathways implicated in
glioblastoma.

Overall, these discoveries highlight how NRF2 is involved
in many aspects of cancer and various cell functions. This
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knowledge sets a solid basis for further research and the
development of precisely targeted therapies, including
NRF2 silencing approaches, within the domains of cancer
biology and brain health.
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