Bzl SPANDIDOS
7] ,§, PUBLICATIONS

BIOMEDICAL REPORTS 25: 129, 2026

Nrf2 and PGC-1a signaling in temozolomide
resistance in glioblastoma under hypoxia
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Abstract. Hypoxia is a key contributor to chemoresistance
in glioblastoma (GBM), partly through the activation of
nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent
cellular stress responses and mitochondrial adaptive programs.
The present study investigated Nrf2 signaling in hypoxia-
associated resistance to temozolomide (TMZ) in US7MG cells,
a glioblastoma cell line, and evaluated whether pharmacological
suppression of Nrf2 pathway output with brusatol enhances
TMZ sensitivity under hypoxic conditions. US7TMG cells were
cultured under normoxic or hypoxic conditions (1% O,) and
treated with TMZ, brusatol, or their combination. DAPI-based
cell-counting assays were used to determine half-maximal
inhibitory concentrations (ICs, values) and assess drug interac-
tions by combination index analysis. Hypoxia-inducible factor
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la (HIF-1a) expression, epidermal growth factor receptor
(EGFR) phosphorylation and Nrf2 nuclear accumulation were
analyzed by western blotting. The expression of antioxidant and
growth factor-related signaling genes and downstream targets of
peroxisome proliferator-activated receptor gamma coactivator
la (PGC-1a), a key regulator of mitochondrial bioenergetics,
was quantified by real-time PCR (qQPCR). PGC-1a subcel-
lular localization and oxidative DNA damage, assessed using
8-hydroxy-2'-deoxyguanosine, were evaluated by immunofluo-
rescence. Hypoxia markedly increased the TMZ IC, and was
accompanied by elevated HIF-1a expression and enhanced
Nrf2 nuclear accumulation. Combination index analysis identi-
fied synergistic interactions between TMZ and brusatol under
normoxia, whereas no synergistic interaction was detected
under hypoxia; nonetheless, brusatol still enhanced TMZ
sensitivity under hypoxia based on direct cell-count analysis.
Hypoxia markedly upregulated antioxidant genes (GCLM,
GPX1, GSTPI1, HO-1, NQOI and SOD1) and growth- and
survival-related genes (NF-xB, TGF-f, EGF and EGFR) and
induced a PGC-la-associated mitochondrial transcriptional
program, as evidenced by increased expression of sirtuin 3,
cytochrome ¢ and ATP synthase F1 subunit 3. Co-treatment
with TMZ and brusatol suppressed antioxidant gene expression,
reduced EGFR phosphorylation, attenuated PGC-1a-linked
mitochondrial gene expression, and increased oxidative DNA
damage. These findings indicated that pharmacological suppres-
sion of Nrf2 pathway output by brusatol was associated with
enhanced TMZ sensitivity under hypoxic conditions in US7MG
cells, together with reduced antioxidant gene expression, lower
EGFR phosphorylation, attenuation of PGC-la-associated
mitochondrial responses, and increased oxidative DNA damage
in GBM, potentially reflecting suppression of HIF-1a-dependent
as well as Nrf2-dependent signaling.

Introduction

Glioblastoma (GBM) is the most common primary malignant
brain tumor and is highly aggressive in adults. Standard
therapy combines maximal safe resection with radiotherapy
and concomitant and adjuvant temozolomide (TMZ) (1-3).
Rapidly proliferating solid tumors, including GBM, frequently
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develop hypoxic niches associated with poor prognosis and
therapeutic failure (4,5). Tumor hypoxia has been implicated
in TMZ resistance and GBM recurrence (6,7). Hypoxia
promotes GBM cell adaptation through coordinated activation
of hypoxia-inducible factor (HIF) programs and reinforce-
ment of EGFR signaling, including the EGFR-PI3K/AKT
pathway (4,8). Hypoxia also perturbs mitochondrial electron
transport and redox balance, generating reactive oxygen species
(ROS) signals that can contribute to HIF-1a stabilization
and transcriptional reprogramming (9-11). Under normoxia,
HIF-1a is hydroxylated by prolyl hydroxylases, promoting
von Hippel-Lindau (VHL)-dependent ubiquitination and
proteasomal degradation. Under hypoxia, reduced prolyl
hydroxylation impairs VHL recognition, allowing HIF-1a
stabilization and transcriptional activation (12,13). In parallel,
Nrf2 is normally bound by Kelch-like ECH-associated protein 1
(Keapl), which acts as a substrate adaptor for the CUL3-RBX1
E3 ubiquitin ligase complex and promotes Nrf2 ubiquitination
and proteasomal degradation. Hypoxia-associated oxidative
stress may modify redox-sensitive cysteine residues in Keapl,
thereby impairing Keapl-dependent Nrf2 ubiquitination
and promoting Nrf2 stabilization and nuclear accumula-
tion (14,15). Nrf2 is a central transcription factor that regulates
antioxidant and cytoprotective genes, thereby limiting oxida-
tive and electrophilic stress. In cancer, however, Nrf2 can
be co-opted to support survival and treatment resistance; in
GBM models, Nrf2 depletion suppresses hypoxia-driven
angiogenic signaling and sensitizes glioma cells to stress and
therapy under hypoxic conditions (16-18). Nrf2 also intersects
with mitochondrial metabolism and emerging evidence links
Nrf2 activity to PGC-1a-associated transcriptional programs
that can support oxidative metabolism and therapy toler-
ance (19,20). However, how Nrf2-dependent stress responses
interface with PGC-la-linked mitochondrial transcriptional
programs during hypoxia-associated TMZ resistance in
GBM remains unclear. Brusatol was originally reported to
suppress Nrf2 signaling and sensitize cancer cells to chemo-
therapy by rapidly decreasing Nrf2 protein abundance and
Nrf2-dependent transcription (21). Subsequent mechanistic
work indicates that brusatol acts primarily as a broad inhibitor
of protein translation, causing transient depletion of short-lived
proteins such as Nrf2; therefore, brusatol is interpreted here
as a tool for suppressing Nrf2 pathway output with known
off-target liabilities (22,23). The present study investigated
whether hypoxia-associated Nrf2 activation accompanies
TMZ resistance and whether pharmacological suppression of
Nrf2 pathway output with brusatol enhances TMZ sensitivity.
The present study focused on EGFR signaling, redox homeo-
stasis, and PGC-la-linked mitochondrial transcriptional
programs to evaluate the potential of combining suppression
of Nrf2 pathway output with standard TMZ chemotherapy in
hypoxic GBM cells.

Materials and methods

Cell culture and treatment. USTMG cells (cat. no. HTB-14™;
ATCC), a glioblastoma cell line of unknown origin, and
U138MG cells (cat. no. HTB-16™; ATCC), a human glioblas-
toma cell line, were obtained from the American Type Culture
Collection. The two cell lines were cultured in DMEM (cat.

no. 12800017; Invitrogen; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (cat. no. A5256701;
Invitrogen; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin
G (cat. no. P3032; MilliporeSigma), and 100 pg/ml strepto-
mycin (cat. no. S9137; MilliporeSigma) at 37°C in a humidified
atmosphere containing 5% CO,/95% air. Cell line authentica-
tion by STR profiling was not performed in the present study,
representing a limitation of the experimental design.

Hypoxic conditions. Cells were placed in a tightly sealed
hypoxia chamber (cat. no. 27310; STEMCELL Technologies).
The chamber was flushed at 2.0 1/min for 5 min with a gas
mixture containing 1% O,, 5% CO, and N, as the balance gas
(Polysource Co., Ltd.) (24). The inlet and outlet valves were
then closed, and the chamber was placed in a CO, incubator
for the indicated durations (that is, 24, 48 or 72 h).

DAPI-based cell-counting assay. Cells were seeded in
96-well plates (cat. no. 3603; Corning) at a density of
10,000 cells/well and allowed to attach for 24 h. Cells were
then treated with TMZ alone (3-300 M; cat. no. HY-17364;
MedChemExpress), brusatol alone (7.5-120 nM; cat.
no. SML1868; MilliporeSigma), or combinations of brusatol
(7.5, 15.0, 30 and 60 nM) and TMZ (3, 10, 30 and 90 xM)
for 72 h under hypoxic (1% O,) or normoxic (21% O,) condi-
tions. Cells were fixed with 4% paraformaldehyde at 37°C
for 15 min, washed twice with phosphate-buffered saline
(PBS), and stained with 1 pg/ml DAPI (cat. no. D9542;
MilliporeSigma) in PBS for 30 min at room temperature.
Cells were counted using an Operetta High-Content Imaging
System and Harmony analysis software (Revvity, Inc.). Cell
numbers were expressed as percentages of the untreated
control. The IC,, values of TMZ and brusatol in U§7MG cells
were calculated using GraphPad Prism (Dotmatics). Drug
interactions were evaluated using the combination index (CI),
calculated from concentration-effect data with CompuSyn
software version 1.0 (ComboSyn, Inc.). CI<1 indicated syner-
gism, CI=1 indicates an additive effect, and CI>1 indicates
antagonism, as previously described (25).

Measurement of intracellular ROS by flow cytometry. Cells
were exposed to hypoxia for 2, 4, 8, 16, or 24 h. The medium
was removed, and cells were incubated with 5 yuM 2',7'-dichlo-
rodihydrofluorescein diacetate (DCFH-DA; cat. no. D6883;
MilliporeSigma) in PBS at 37°C for 30 min, as previously
described (26). The stained cells were immediately analyzed
using a CytoFLEX flow cytometer (Beckman Coulter, Inc.).
Flow cytometry data were analyzed using FlowJo Software
version 10 (BD Life Sciences). Data were expressed as
percentages of the normoxic control (set to 100%).

Western blotting of HIF-1a expression and Nrf2 nuclear
localization. Cells were exposed to hypoxia for the indicated
durations (4-24 h). Total cellular protein was extracted using
cell lysis buffer containing 0.1% NP-40, 150 mM NaCl,
50 mM Tris-HCI (pH 8.0) and protease inhibitor cocktail
and cytosolic and nuclear fractions were prepared using a
Nuclear Extraction kit (cat. no. ab113474; Abcam), as previ-
ously described (26). Protein concentrations were determined
using Bradford assay. A total of 50 ug protein per lane was
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separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes (Bio-Rad Laboratories, Inc.). The membranes
were washed with PBS containing 0.1% Tween-20 (PBST)
and blocked with 5% non-fat dry milk in PBST for 1.5 h
at room temperature. The membranes were incubated with
the following primary antibodies for 18 h at 4°C: Anti-Nrf2
(1:500; cat. no. ab137550; Abcam; 110 kDa), anti-HIF-1a
(1:500; cat. no. abl; Abcam; 92 kDa), anti-EGFR (1:5,000;
cat. no. ab52894; Abcam; 175 kDa), anti-phosphorylated
(p-)EGFR (Y1068; 1:1,000; cat. no. ab40815; Abcam,;
175 kDa), anti-B-actin (1:5,000; cat. no. ab8227; Abcam;
42 kDa), and anti-TATA-binding protein (TBP; 1:500; cat.
no. ab818; Abcam; 38 kDa). Appropriate horseradish perox-
idase-conjugated secondary antibodies (Abcam; 1:5,000)
were incubated for 1.5 h at room temperature. Protein bands
were detected using Clarity Western ECL Blotting Substrate
(cat. no. 1705062; Bio-Rad Laboratories, Inc.) and visual-
ized with a VersaDoc 4000 MP Imaging System (Bio-Rad
Laboratories, Inc.). Band densities were quantified using
ImagelJ version 1.47 (National Institutes of Health). Protein
levels were normalized to B-actin for whole-cell and cytosolic
fractions and to TBP for nuclear fractions. Phospho-EGFR
and total EGFR levels were first normalized to B-actin, after
which the phospho-EGFR/total EGFR ratio was calculated.
Data were expressed as fold changes relative to normoxic
control cells.

mRNA quantification by reverse transcription-quantitative
(RT-q) PCR. Cells were seeded in 6-well plates at a density
of 100,000 cells/well and allowed to attach for 24 h. Total
RNA was extracted using a Total RNA Extraction Kit (cat.
no. RBDO050; Geneaid Biotech Ltd.) according to the manu-
facturer's protocol. cDNA was synthesized using an iScript™
cDNA Synthesis Kit (cat. no. 1708891; Bio-Rad Laboratories,
Inc.) according to the manufacturer's protocol. Primer
sequences were designed using Primer Express version 3.0
software (Applied Biosystems; Thermo Fisher Scientific, Inc.)
and are listed in Table SI. gPCR was performed using a KAPA
SYBR® FAST gPCR kit (cat. no. KM4102; Kapa Biosystems).
Thermocycling conditions were as follows: Initial denaturation
(enzyme activation) for 3 min at 95°C, followed by 40 cycles of
denaturation for 3 sec at 95°C and annealing for 30 sec at 60°C.
Following amplification, dissociation (melt-curve) analysis
was performed at 95°C for 1 sec, 60°C for 1 sec and 95°C
for 1 sec. Relative mRNA expression levels were calculated
using the 2-AACq method (27), with B-actin as the internal
reference gene. qPCR and data analysis were performed as
previously described (28). Experiments were performed using
>3 independent biological replicates.

Immunofluorescence assay. USTMG cells were seeded in
cellcarrier-96 Ultra plate (cat. no. 6055300; Revvity, Inc.) at
a density of 100,000 cells/well and allowed to attach for 24 h.
Cells were treated with 10 uM TMZ and/or 15 nM brusatol at
37°C under normoxic or hypoxic conditions for 24 h. US7MG
cells were fixed with 4% paraformaldehyde for 10 min at room
temperature and washed twice with ice-cold PBS. Cells were
permeabilized with cold methanol for 10 min and washed
with PBST. Non-specific binding was blocked with Odyssey
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Blocking Buffer (cat. no. 927-70001; LI-COR Biosciences) for
1 h at room temperature. Cells were incubated overnight at 4°C
with primary antibodies against PGC-la (cat. no. ab191838;
Abcam; 1:500) and 8-hydroxy-2'-deoxyguanosine (8-OHdG;
cat. no. sc-66036; Santa Cruz Biotechnology, Inc.; 1:500).
After four washes with PBST, cells were incubated for 1 h
at room temperature with Alexa Fluor® 647-conjugated goat
anti-mouse IgG (cat. no. ab150115; Abcam; 1:500) or goat
anti-rabbit IgG (cat. no. ab150083; Abcam; 1:500). Cells were
then washed twice with PBST and once with PBS. Nuclei were
counterstained with DAPI (cat. no. D9542; MilliporeSigma) for
30 min at room temperature and washed three times with PBS.
Images were acquired using an Operetta CLS High-Content
Imaging System (Revvity, Inc.) with a 40x objective (DAPI:
excitation, 350 nm; emission, 470 nm; Alexa Fluor 647: excita-
tion, 650 nm; emission, 665 nm) and analyzed using Columbus
software (Revvity, Inc.). PGC-1a translocation was quantified
by fluorescence-intensity analysis. Nuclear regions were
defined using DAPI fluorescence, and cytoplasmic regions
were generated by expanding the nuclear boundary by 10
pixels. Mean fluorescence intensities in the nucleus (N) and
cytoplasm (C) were measured, and nuclear translocation was
expressed as the N/C ratio. Whole-cell fluorescence intensity
was calculated as the mean of the N and C intensities, (N + C)/2.
All measurements were background-corrected using the mean
pixel intensity from blank wells and normalized to the mean
value of the normoxic control (29).

Statistical analysis. Data are presented as the mean + SD
from at least three independent biological replicates (n=3).
Statistical analyses were performed using GraphPad Prism
version 9.0.0 (Dotmatics). Comparisons between two groups
were performed using unpaired two-tailed Student's t-tests.
Experiments involving more than two groups were analyzed
by one-way ANOVA followed by Dunnett's post hoc test
against the relevant control. For matched-dose comparisons
across a dose-response series (e.g., TMZ alone vs. TMZ plus
brusatol at each TMZ concentration), unpaired two-tailed
t-tests were used, as specified in the figure legends. Formal
assessments of normality and homogeneity of variance were
not performed prior to statistical analysis, which should be
considered a limitation of the study. P<0.05 was considered to
indicate a statistically significant difference.

Results

Hypoxia reduces TMZ sensitivity in US7MG cells. To evaluate
the effects of hypoxia on glioblastoma cell proliferation,
US87MG and U138MG cells were exposed to 1% O, for 24,
48, or 72 h. In U87MG cells, hypoxia markedly increased
cell proliferation after 72 h compared with normoxia (21%
0,; P=0.017; Fig. 1A). US7MG cells also showed reduced
TMZ sensitivity under hypoxia, as indicated by an increase
in the TMZ ICs, from 141.5+25.0 uM under normoxia to
267.0+45.0 uM under hypoxia (Fig. 1B). By contrast, the
brusatol ICs, values were similar under normoxia and hypoxia
(38.8+6.9 and 42.8+8.4 nM, respectively; Fig. 1C). In U138MG
cells, hypoxia markedly increased cell proliferation after 72 h
compared with normoxia (P=0.009; Fig. 1D). However, the
TMZ and brusatol dose-response profiles were similar under
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Figure 1. Effects of TMZ and Bru on relative cell number in U§7MG and U138MG cells under normoxia and hypoxia. (A) U§7MG cell proliferation under
normoxia (21% O,) or hypoxia (1% O,) for up to 72 h. Dose-response curves for (B) TMZ (3-300 zM) and (C) Bru (7.5-120 nM). (D) U138MG cell proliferation
under normoxia or hypoxia for up to 72 h. Dose-response curves for (E) TMZ and (F) Bru after 72 h under normoxia or hypoxia, assessed by DAPI-based cell
counting. Data are presented as the mean + SD (n=3). Differences between normoxia and hypoxia at each time point or matched concentration were evaluated

using unpaired two-tailed Student's t-test. "P<0.05, “P<0.01, and ““P<0.001 vs. normoxia. TMZ, temozolomide; Bru, brusatol.

normoxic and hypoxic conditions (Fig. 1E-F). Consistent with
these findings, hypoxia produced only a slight reduction in
the p-EGFR/EGFR ratio, and co-treatment with TMZ and
brusatol did not markedly alter EGFR phosphorylation rela-
tive to TMZ alone under either oxygen condition (Fig. S1).
As U138MG cells did not exhibit a hypoxia-dependent shift
in treatment response, subsequent mechanistic experiments
were performed in U87MG cells, which displayed a distinct
hypoxia-associated TMZ-resistant phenotype.

Hypoxia induces HIF-1a and upregulates Nrf2 signaling and
target gene expression. Western blotting revealed time-depen-
dent induction of HIF-1a in US7MG cells after 4, 8 and 16 h
of hypoxia (Fig. 2A). Nrf2 nuclear accumulation was markedly
enhanced after 16 h, as indicated by the nuclear-to-cytosolic
(N/C) Nrf2 ratio and the nuclear and cytosolic Nrf2 measure-
ments (Fig. 2B-E). Total Nrf2 immunoreactivity in the expected
molecular-weight region (100-130 kDa) was also elevated after
8 h hypoxia (Fig. 2F). Nrf2 mRNA expression was markedly
upregulated after 4 h of hypoxia (P<0.001; Fig. 2G). Because
hypoxia can remodel redox balance and engage stress-response
pathways, including HIF-1a and Nrf2 (15,30), intracellular
ROS levels were measured over time. ROS increased tran-
siently at 2 h and then decreased below normoxic control
levels at 8 and 16 h (Fig. 2H-I), during the period of increased
Nrf2 signaling. Hypoxia also increased the expression of the
Nrf2 target genes GSTP1 and NQOI, with peak expression at
18 h (Fig. S2).

Brusatol, a pharmacological suppressor of Nrf2 pathway
output, sensitizes US7MG cells to TMZ. Given the

hypoxia-associated increase in Nrf2 signaling, the present
study examined whether pharmacological suppression of Nrf2
pathway output with brusatol could enhance TMZ sensitivity.
The brusatol concentrations used (7.5-120 nM) were selected
based on published evidence of Nrf2 pathway suppression and
chemosensitization at low nanomolar concentrations in cancer
models, including GBM (21,22,31). DAPI-based cell counting
showed that co-treatment with TMZ and brusatol markedly
reduced US7MG cell numbers compared with TMZ alone
under both normoxic and hypoxic conditions (Fig. 3A and B).
Combination index analysis indicated synergistic interac-
tions that were more pronounced under normoxia (Fig. 3C).
Under hypoxia, no synergistic interaction was detected by
CI analysis (Fig. 3D), although brusatol still enhanced TMZ
sensitivity at several dose combinations based on direct cell-
count analysis (Fig. 3B).

Brusatol-enhanced TMZ sensitivity is associated with
reduced EGFR phosphorylation. To investigate mechanisms
associated with brusatol-enhanced TMZ sensitivity, the
present study examined antioxidant and growth factor-related
gene expression under hypoxia. Hypoxia markedly upregu-
lated several antioxidant genes (GCLM, GPX1, GSTPI,
HO-1, NQO1 and SODI) (32,33), as well as genes associ-
ated with cell survival and proliferation, including NF-«B,
TGF-fB, EGF and EGFR (32-34) (Fig. 4A). Co-treatment with
TMZ and brusatol markedly decreased the hypoxia-induced
expression of antioxidant genes and EGFR relative to TMZ
alone, whereas NF-xB and TGF-f expression remained
largely unchanged (Fig. 4B). Under normoxia, combined
treatment with TMZ and brusatol did not markedly alter
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Figure 2. Hypoxia induces HIF-1a and activates Nrf2 signaling in US87MG cells. U87MG cells were exposed to hypoxia (1% O,

) for the indicated dura-

tions. (A) Representative immunoblots and quantification of HIF-1o. Nrf2 nuclear accumulation was assessed by fractionation followed by immunoblotting:
(B) representative blots and quantification of (C) the N/C Nrf2 ratio, (D) nuclear Nrf2, (E) cytosolic Nrf2 and (F) total Nrf2. For Nrf2 immunoblots, quantifica-
tion was restricted to the band in the expected molecular-weight region (100-130 kDa); lower-molecular-weight nonspecific bands were not quantified. (G) Nrf2
mRNA expression measured by qPCR. (H) Intracellular ROS measured by DCFH-DA staining and flow cytometry and (I) the corresponding quantification
expressed as a percentage of the normoxic control. Data are presented as the mean + SD (n=3). Statistical significance was determined by one-way ANOVA

followed by Dunnett's post hoc test. "P<0.05, “P<0.01 and ““P<0.001 vs. normoxia. HIF-1a, hypoxia-inducible factor 1 alpha; Nrf2, nuclear factor erythroid
2-related factor 2; N/C, nuclear/cytosolic; QPCR, quantitative polymerase chain reaction; ROS, reactive oxygen species; DCFH-DA, 2',7'-dichlorodihydrofluo-

rescein diacetate; ctr-norm, normoxic control.

antioxidant- and stress-related gene expression compared
with TMZ alone (Fig. S3). GCLM, GPX, GST, HO-1, NQOI,
SOD1, NF-xB, TGF-f, EGF and EGFR showed only minor
variation between the two treatment conditions. Hypoxia also
promoted EGFR activation, with the p-EGFR/EGFR ratio
peaking 8 h after exposure (P=0.015; Fig. 4C). Co-treatment
with TMZ and brusatol markedly attenuated hypoxia-induced
EGFR phosphorylation compared with TMZ alone (P=0.030;
Fig. 4D). These findings indicated that suppression of Nrf2
pathway output is associated with reduced antioxidant gene
expression and EGFR signaling during TMZ sensitization
under hypoxia.

Brusatol-associated TMZ sensitization is accompanied
by attenuation of the hypoxia-induced PGC-la axis and
increased oxidative DNA damage. To examine the PGC-1a
signaling axis, U87MG cells were treated with TMZ,
brusatol, or their combination under hypoxia for 24 h.
Immunofluorescence analysis showed that hypoxia increased
the nuclear-to-cytoplasmic PGC-la fluorescence intensity
ratio (P<0.001; Fig. 5A and B), nuclear PGC-1a fluorescence
intensity (P=0.010; Fig. 5C) and whole-cell PGC-1a fluores-
cence intensity (P<0.01; Fig. 5E). Co-treatment with TMZ
and brusatol attenuated these hypoxia-associated changes
relative to TMZ alone, reducing PGC-1a nuclear localization
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Figure 3. Bru enhances TMZ sensitivity in U87MG cells under conditions associated with suppression of Nrf2 pathway output. U§7MG cells were treated
with TMZ (0-300 xM) with or without Bru (30 nM) for 72 h under normoxia or hypoxia, and relative cell number was assessed by DAPI-based cell counting.
Dose-response curves were generated under (A) normoxia and (B) hypoxia. Values are expressed as percentages of the corresponding 0 uM TMZ condition
within each curve; thus, each TMZ dose-response curve was normalized to its own baseline (100%). At matched TMZ concentrations, TMZ alone and TMZ

ok

plus Bru were compared using unpaired two-tailed Student's t-test. “P<0.05, “P<0.01, and ““P<0.001 vs. TMZ at the same concentration without Bru. Heat
maps show the CI for TMZ-brusatol combinations under (C) normoxia and (D) hypoxia. CI<1, CI=1 and CI>1 indicate synergism, additivity and antagonism,
respectively. Bru, brusatol; TMZ, temozolomide; Nrf2, nuclear factor erythroid 2-related factor 2; CI, combination index.

and overall fluorescence intensity. Under normoxia, the
TMZ-alone and combination groups showed broadly similar
PGC-la localization and fluorescence patterns (Fig. S4). The
present study next examined PGC-la mRNA and downstream
mitochondrial genes (Fig. SF-I). Hypoxia markedly increased
PGC-1la mRNA expression (P<0.001; Fig. 5F), as well as the
expression of SIRT3 (P<0.001; Fig. 5G), CYCS (P<0.001;
Fig. 5H), and ATP5F1B (P<0.001; Fig. 51) compared with
the normoxic control. Co-treatment with TMZ and brusatol
reduced the hypoxia-induced expression of PGC-la and
these downstream genes relative to TMZ alone. The corre-
sponding normoxic expression profiles are shown in Fig. S5.
Oxidative DNA damage, assessed using 8-OHdG, was higher
in the TMZ-plus-brusatol group than in the TMZ-alone

group under hypoxia (Fig. 5J and K). Under normoxia,
combination treatment did not produce an evident increase
in 8-OHdG fluorescence relative to TMZ alone (Fig. S6).
Together, these findings show that brusatol-associated TMZ
sensitization under hypoxia is accompanied by attenuation of
PGC-la-associated mitochondrial responses and increased
oxidative DNA damage.

Discussion

Hypoxia contributes to cancer progression and chemore-
sistance by engaging coordinated cellular stress-response
programs (15,35). HIF-1a is a central regulator of hypoxic
adaptation and orchestrates transcriptional networks that
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and hypoxic controls and between TMZ-alone and combination treatment groups were performed using an unpaired two-tailed Student's t-test (" P<0.001,
#P<0.001, and *P<0.05, as indicated). Comparisons among multiple treatment groups were analyzed using one-way ANOVA followed by Dunnett's post hoc
test ("P<0.05 vs. the hypoxic control). EGFR, epidermal growth factor receptor; TMZ, temozolomide; Bru, brusatol; qPCR, quantitative polymerase chain

reaction; p-, phosphorylated.

promote tumor growth, invasion, and metabolic reprogram-
ming (36,37). In parallel, Nrf2 provides cytoprotection
against oxidative and environmental stressors and has been
implicated in hypoxia-associated drug resistance across solid

tumors (18,38). Elevated Nrf2 activity is associated with
poor outcomes in several cancers and has been proposed as
a therapeutic target for overcoming chemoresistance. Studies
have highlighted Nrf2-targeted strategies as a promising
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Figure 5. Bru-associated TMZ sensitization is accompanied by attenuation of the hypoxia-induced PGC-1la axis and increased oxidative DNA damage in
UB7MG cells. US7MG cells were treated with TMZ and/or Bru under hypoxia (1% O,) for 24 h. Immunofluorescence analysis of PGC-1a expression and nuclear
localization. (A) Representative images of PGC-1a (Alexa Fluor 647) and nuclei (DAPI). Quantification includes (B) the nuclear-to-cytoplasmic fluorescence
intensity ratio and (C) nuclear, (D) cytoplasmic and (E) whole-cell mean PGC-1a fluorescence intensities. Expression of (F) PGC-1a and the downstream
mitochondrial genes (G) SIRT3, (H) CYCS and (I) ATP5F1B, measured by qPCR. Oxidative DNA damage assessed by 8-OHdG staining: (J) Representative
images (magnification, x40) and (K) quantification of whole-cell mean 8-OHdG intensity. Data are presented as the mean + SD (n=3). Comparisons between
normoxic and hypoxic controls and between TMZ-alone and combination treatment groups were performed using an unpaired two-tailed Student's t-test
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preclinical approach, including small-molecule Nrf2 inhibi-
tors that may enhance responses to chemotherapy and targeted
therapies, partly by increasing oxidative stress and promoting
ferroptotic cell death (18,39-41). However, most Nrf2-directed
strategies remain at the preclinical stage, and further optimi-
zation of selectivity, pharmacokinetic properties and safety
is needed before clinical application. In the present study,

hypoxia reduced TMZ sensitivity in U§7MG cells and was
accompanied by increased HIF-1a expression, Nrf2 nuclear
accumulation, Nrf2 mRNA expression, and Nrf2 target gene
induction. ROS increased transiently at 2 h and then decreased
at 8-16 h. The later decrease should not be interpreted as
evidence of Nrf2-dependent antioxidant control alone,
because oxygen limitation can also reduce mitochondrial
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electron transport and OXPHOS-dependent ROS generation.
Nrf2-driven antioxidant programs may further buffer residual
oxidative stress, but the present data did not distinguish reduced
ROS production from increased ROS detoxification. Thus,
the ROS time course was interpreted as hypoxia-associated
redox remodeling that occurs in parallel with Nrf2 signaling,
rather than as direct evidence of a Nrf2-dependent mecha-
nism. Brusatol has been reported to sensitize several cancer
models to chemotherapy, including GBM, breast cancer and
lung adenocarcinoma models (21,31,42,43). Although brusatol
was initially described as reducing Nrf2 protein abundance
and Nrf2-dependent transcription, subsequent studies identi-
fied broader post-transcriptional effects, including inhibition
of protein translation. Brusatol is therefore best interpreted
as a pharmacological suppressor of Nrf2 pathway output with
known off-target liabilities, most notably its broad inhibition
of protein translation, which can transiently deplete other
short-lived proteins such as HIF-la. In the present study,
brusatol had little effect on baseline cell number under
hypoxia but enhanced TMZ-associated loss of cell number.
This pattern is consistent with a role for stress-response
defenses during treatment exposure, but it does not establish
that the effect is exclusively Nrf2 dependent. Nrf2 dependence
under hypoxia is model- and paradigm-dependent and studies
showing Nrf2-dependent survival have often used genetic
Nrf2 loss and/or more severe or prolonged oxygen stress,
including hypoxia-reoxygenation (16,17,44). Hypoxia also
activates redundant pro-survival pathways, including HIF-1a,
EGFR-PI3K/AKT, NF-xB and TGF-p signaling, that may
preserve viability despite partial suppression of Nrf2 pathway
output.

A further mechanistic consideration is that brusatol, as a
global inhibitor of protein translation, is expected to deplete
not only Nrf2 but also other short-lived, translation-depen-
dent transcription factors, including HIF-1a. Under hypoxia,
HIF-1a abundance depends on continuous de novo synthesis
balanced against oxygen-dependent degradation, rendering it
particularly sensitive to translational blockade; consistent with
this, brusatol has been reported to reduce HIF-1a protein and
to suppress HIF-1 target-gene output under hypoxic condi-
tions (45). Several readouts affected by brusatol in the present
study are regulated, at least in part, by HIF-la: Hypoxic
reinforcement of EGFR and EGFR-PI3K/AKT signaling
is HIF-associated (4,8,34) and the hypoxic transcriptional
reprogramming that shapes redox balance and metabolic
adaptation is coordinated by HIF-1a acting together with other
stress-response regulators. As HIF-1o and Nrf2 signaling are
interconnected and both depend on ongoing translation, the
brusatol-associated reductions in antioxidant and growth
factor-related gene expression, EGFR phosphorylation and
PGC-1a-linked mitochondrial gene expression, together with
the increase in oxidative DNA damage, cannot be attributed
exclusively to suppression of Nrf2 pathway output; these
effects may also involve suppression of HIF-la-dependent
pathways. They are therefore more accurately interpreted
as reflecting brusatol-mediated suppression of a broader
hypoxia-adaptive network encompassing both HIF-1a- and
Nrf2-dependent programs. Notably, HIF-1a induction in this
model was transient, peaking at 4 h and declining by 20-24 h,
whereas the combination experiments were performed at
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24 h; this temporal profile may limit, although it does not
exclude, a HIF-1a-dependent contribution. Direct measure-
ment of HIF-1a protein and canonical HIF-1 target genes
(such as VEGFA, SLC2A1/GLUTI1, CA9) after brusatol
treatment under hypoxia, particularly in the TMZ and
TMZ-plus-brusatol conditions, will be required to delineate
the relative contributions of HIF-la- and Nrf2-dependent
signaling to the observed TMZ sensitization.

Hypoxia increased antioxidant and growth factor-related
gene expression and enhanced EGFR phosphorylation.
Brusatol-associated suppression of Nrf2 pathway output
was accompanied by reduced antioxidant gene expression
and lower EGFR phosphorylation. ROS can function as
a secondary messenger in EGFR signaling, and previous
studies have linked Nrf2 and EGFR activation to therapy
resistance (46-51). The present data therefore supported an
association among redox adaptation, EGFR signaling and
TMZ sensitivity under hypoxia. However, because brusatol
has broad effects and no pathway-specific rescue experiment
was performed, the data did not demonstrate that Nrf2 directly
regulates EGFR phosphorylation in this model.

The findings also suggested an association between hypoxic
stress adaptation and mitochondrial remodeling. Hypoxia
increased PGC-la nuclear localization and fluorescence
intensity and upregulated PGC-1a-associated mitochondrial
genes. Co-treatment with TMZ and brusatol attenuated these
responses and increased 8-OHdG fluorescence. Persistent Nrf2
signaling has been linked to the maintenance of mitochondrial
integrity and cooperation with PGC-la-associated programs
that support tumor survival and therapy tolerance (20,52). In
the present study, however, PGC-1a. activity was not measured
directly; the conclusions are based on subcellular localization,
fluorescence intensity and mRNA expression. The relation-
ship may involve direct Nrf2-PGC-la crosstalk or indirect
regulation through altered redox and energetic signaling, and
dedicated mechanistic studies will be required to distinguish
these possibilities.

The translational implications of these findings should be
considered cautiously. First, brusatol is not a selective Nrf2
inhibitor; as a global inhibitor of protein translation it broadly
depletes short-lived proteins, and the observed responses
therefore cannot be attributed exclusively to suppression of
Nrf2 pathway output. In particular, HIF-1a is itself a labile,
translation-dependent transcription factor and brusatol has
been shown to reduce HIF-1a protein and HIF-1 target-gene
expression under hypoxia (45). As HIF-1la was not measured
after brusatol treatment in the present model and because
several of the pathways examined here, including EGFR
signaling and the PGC-la-linked mitochondrial program, are
influenced by HIF-1a, the effects observed with brusatol may
reflect suppression of HIF-1a-dependent pathways in addition
to Nrf2 pathway output. Direct assessment of HIF-1a protein
and downstream hypoxia-response markers following brusatol
treatment, particularly under TMZ and TMZ-plus-brusatol
conditions, is needed to resolve these contributions. Second,
the observed associations among Nrf2, EGFR signaling
and PGC-la do not establish causality. Genetic manipula-
tion, pathway-specific inhibition and rescue experiments
are required to clarify the underlying mechanisms. Third,
mechanistic analyses were limited to US§7MG cells because
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Figure 6. Proposed model of hypoxia-associated Nrf2 and PGC-1a signaling
in temozolomide resistance in glioblastoma. Under hypoxia, U87MG glio-
blastoma cells show increased nuclear accumulation of Nrf2 and HIF-1a,
which engage ARE and HRE, respectively. This drives upregulation of
antioxidant and cytoprotective genes, including GCLM, HO-1, NQO1, and
SODI, as well as members of the GPX and GST gene families, together with
growth- and survival-related genes (NF-»B, EGF, TGF-f3, and EGFR), and a
PGC-la-associated mitochondrial transcriptional program (including SIRT3
and ATP5FI1B), while limiting oxidative DNA damage (8-OHdG), collec-
tively contributing to temozolomide resistance. Pharmacological suppression
of Nrf2 pathway output with brusatol attenuates these hypoxia-adaptive
responses, reducing antioxidant and growth factor-related gene expression
and PGC-la-linked mitochondrial responses while increasing oxidative
DNA damage, thereby enhancing temozolomide sensitivity under hypoxic
conditions. Nrf2, nuclear factor erythroid 2-related factor 2; PGC-1a, peroxi-
some proliferator-activated receptor gamma coactivator 1 alpha; HIF-1a,
hypoxia-inducible factor 1 alpha; ARE, antioxidant response elements;
HRE, hypoxia response elements; GCLM, glutamate-cysteine ligase modi-
fier subunit; HO-1, heme oxygenase 1; GPX, glutathione peroxidase; NQOI,
NAD(P)H quinone oxidoreductase 1; GST, glutathione S-transferase; SODI,
superoxide dismutase 1; NF-«xB, nuclear factor kappa B; EGF, epidermal
growth factor; TGF-f, transforming growth factor beta; EGFR, epidermal
growth factor receptor; SIRT3, sirtuin 3; ATPSF1B, ATP synthase F1 subunit
beta; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; ROS, reactive oxygen species.

U138MG cells did not show a hypoxia-dependent shift in treat-
ment response; consequently, generalizability to other GBM
subtypes remains uncertain. Fourth, the simplified in vitro
model (1% O,) does not reproduce the cellular complexity or
oxygen heterogeneity of the tumor microenvironment. Finally,
the absence of in vivo validation limits clinical extrapolation,
and blood-brain barrier penetration remains a major challenge
for Nrf2-targeted therapies. Studies using patient-derived cells,
three-dimensional models, and orthotopic animal models are
needed to validate the findings and assess their translational
relevance.

In summary, hypoxia reduced TMZ sensitivity in
U87MG cells, whereas co-treatment with TMZ and brusatol
enhanced TMZ sensitivity under these conditions (Fig. 6).
This sensitization was associated with reduced antioxidant
gene expression, lower EGFR phosphorylation, attenuation
of PGC-la-associated mitochondrial responses and increased
oxidative DNA damage. The differential responses of US7MG
and U138MG cells underscore the model dependence of

hypoxia-associated TMZ resistance and limit generalizability.
As brusatol is not a selective Nrf2 inhibitor but a global
translation inhibitor and because the study did not include
direct genetic validation of Nrf2 or measurement of HIF-1a
responses to brusatol under hypoxia, the observed effects may
reflect suppression of HIF-1a-dependent pathways in addition
to Nrf2 pathway output; the findings therefore support an
association rather than definitive Nrf2-dependent causality.
Further studies using orthogonal Nrf2-targeting approaches,
direct evaluation of HIF-1a pathway responses, additional
GBM models, and in vivo systems are needed to define the
underlying mechanisms and translational relevance more
clearly.
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