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Abstract
Background. Glioblastoma (GBM) is a highly aggressive brain tumor, with glioblastoma stem cells (GSCs) occupying 
the pinnacle of a complex tumor microenvironment (TME), conferring therapeutic resistance. The TME plays a role 
in tumor development by creating a niche rich in reactive oxygen species (ROS) through oxidative stress (OS). Here, 
we identified NAD(P)H: quinone oxidoreductase 1 (NQO1) as an essential regulatory factor in antioxidant stress 
response, which is key to maintaining GSCs and the immunosuppressive TME.
Methods. Proteomics analysis and epigenetic profiling using H3K27ac ChIP-sequencing and single-cell RNA sequenc-
ing were performed to define the high enrichment of NQO1 in GBM. In vitro and in vivo loss-of-function genetic and 
pharmacologic assays were conducted to evaluate the effect of NQO1 in GSC proliferation and self-renewal. 
Patient-derived GSCs and xenograft murine models were using to investigate the tumor-intrinsic and extrinsic 
mechanisms to confers resistance to OS and reprogram the immunosuppressive TME.
Results. NQO1 was preferentially expressed in GSCs and regulated ROS levels, preserving the stability of nuclear Lamin 
B1 and inhibiting cGAS-type I interferon signaling, which helps to remodel the immunosuppressive TME. Furthermore, 
nuclear factor erythroid 2-related factor 2 (NRF2) transcriptionally regulates NQO1, suppressing type I interferon signaling.
Conclusions. NQO1 plays critical roles at both the cell-autonomous and cell-extrinsic levels for clinical treatment. 
Targeting NQO1 and its downstream signaling pathways, including β-lapachone and immune checkpoint inhibitors 
such as anti-PD-1 therapy, enhances our understanding of the interactions between GSCs, OS, and the TME. This 
offers promising new avenues for clinical intervention in GBM.

Key Points

•	 In glioblastoma, NAD(P)H: quinone oxidoreductase 1 (NQO1) is essentially  
consistent with the enrichment of reactive oxygen species (ROS).

•	 NQO1 promotes glioblastoma stem cell proliferation and self-renewal.

•	 NQO1 resists oxidative stress and remodels tumor microenvironment through 
ROS-Lamin B1 axis.
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Glioblastoma (GBM) is an invariably aggressive tumor of 
the central nervous system for which no curative treatment 
is currently available.1,2 Despite adherence to the standard-of-
care protocols encompassing maximal surgical resection, 
concurrent radiotherapy, and adjuvant therapy with the oral 
alkylating agent temozolomide, the prognosis for individu-
als with glioblastoma multiforme remains poor, with a 
median survival of less than 2 years.3,4 Glioblastoma stem 
cells (GSCs) are a small subpopulation of tumor cells exhib-
iting the fundamental features of stem cells, including 
self-renewal, differentiation, and tumor initiation capability.5 
GSCs represent a neoplastic cell population that resides at 
the apex of the cellular hierarchy, endowing with a profound 
resistance to conventional therapy.6

Glioblastoma stem cells thrive in the intricate tumor 
microenvironment (TME), unaffected by the stringent regu-
latory mechanisms that typically restrict the proliferation 
and survival of their nonmalignant counterparts.7 The glio-
blastoma TME comprises a diverse array of nonneoplastic 
cells, encompassing both infiltrating and resident immune 
constituents and vascular elements such as endothelial and 
pericyte cells.8 The immunosuppressive cells, including 
tumor-associated macrophages and microglia (TAMs), 
myeloid-derived suppressor cells (MDSCs), and regulatory 
T cells, act in concert within the TME to promote immuno-
suppression and facilitate immune evasion by tumor cells.9,10 
Given the pivotal role of GSCs and crosstalk with the TME, 
targeting GSCs and their interactions with TME components 
has the potential to improve GBM treatment.

Oxidative stress (OS) is a condition caused by exposure 
to deleterious endogenous or exogenous stimuli or by 
oxidant-antioxidant imbalance.11 Elevated levels of OS can 
increase reactive oxygen species (ROS) within cells, which 
causes DNA damage, protein oxidation, and lipid peroxida-
tion.12,13 Tumor cells enhance antioxidant capacity to opti-
mize ROS-driven proliferation avoiding senescence or 
apoptosis.14 GBM exhibits a strong association with OS due 
to the elevated cerebral oxygen metabolism.15 Severe OS in 
microglia induces NR4A2-dependent transcription, dysreg-
ulating cholesterol homeostasis, and fostering an immuno-
suppressive TME.16 ROS drives GBM progression through 
mitochondrial dysfunction, impaired DNA repair, metabolic 
reprogramming, and mTORC1-mediated M2 macrophage 
polarization.17,18 However, the elevated ROS against OS in 
the interplay between GSCs and immune cells remains 
underexplored.

NAD(P)H: quinone oxidoreductase 1 (NQO1) serves as a 
cytosolic enzyme that converts quinone-based prodrugs to 
hydroquinone, preventing OS, ROS generation, and carcino-
genesis.19,20 NQO1 is markedly elevated in various cancers, 

and its high expression has been associated with shorter 
survival in GBM.21,22 NQO1 promotes GBM aggressiveness 
through epithelial-mesenchymal transition induction via the 
PI3K/AKT/mTOR/Snail pathway.23 Transcription of NQO1 
mediated by C/EBPβ neutralizes ROS and promotes GBM 
survival,24 but the underlying mechanisms in GSCs and their 
TME remain elusive. Here, we provide evidence that NQO1 
contributes to GSC proliferation and self-renewal and 
explore how NQO1 supports GSCs and remodels the TME. 
This study reveals new therapeutically available targets at 
the cell-autonomous and cell-extrinsic levels for clinical 
treatment.

Methods

Culture of Patient-Derived GSCs and Cell Lines

Glioblastoma stem cell tissues were obtained from excess 
surgical resection samples of patients who were treated at 
Case Western Reserve University, following review by the 
neuropathology department and with appropriate patient 
consent, in accordance with an Institutional Review 
Board-approved protocol (protocol number 090401). 
Patient-derived xenografts were established and maintained 
as a renewable source of GSCs, minimizing in vitro artifacts 
associated with cell culture. Authentication of tumor models 
was conducted using short tandem repeat analysis. GSCs 
were isolated and sorted as CD133+ cells using CD133 
antibody-conjugated magnetic beads (Miltenyi Biotech). 
Expression of stem cell markers, functional assays of 
self-renewal and tumor propagation were used to validate 
GSC phenotypes as previously described.25–27 GSCs were 
cultured as neurospheres in Neurobasal medium (Invitro-
gen) supplemented with B27 supplement without vitamin 
A (Life Technologies), Glutamax (Life Technologies), sodium 
pyruvate (Life Technologies), penicillin/streptomycin, 20 ng/
mL EGF and basic fibroblast growth factor (bFGF, R&D Sys-
tems) at 37°C with 20% oxygen and 5% carbon dioxide. 
Matched differentiated glioblastoma cell (DGC) populations 
were induced by Dulbecco’s Modified Eagle Medium 
(DMEM, HyClone) supplemented with 10% fetal bovine 
serum (FBS, Sigma) to maintain differentiation status.

The nonmalignant neural stem cell models, ENSA and 
HNP1, were utilized in this study. ENSA (ENStem-A) is a 
human embryonic stem cell-derived neural progenitor (Mil-
lipore Sigma, Cat# SCC003). HNP1 (STEMEZ HNP1) is a 
human neural progenitor cell line (Neuromics, Cat# 
HN60001). 293T cells (ATCC, Cat# CRL-3216) were used to 

Importance of the Study

NAD(P)H: quinone oxidoreductase 1 (NQO1) serves as 
both an antioxidant stress response regulator and a fac-
tor in maintaining glioblastoma stem cells within an 
immunosuppressive tumor microenvironment (TME). 
NQO1 prevents oxidative stress by reducing reactive oxy-
gen species levels, which supports the stability of nuclear 

Lamin B1 and further inhibits cGAS-STING signaling and 
type I interferon pathways, contributing to the remodeling 
of the immunosuppressive TME. Targeting NQO1 and its 
downstream signaling effectors, such as β-lapachone 
and immune checkpoint therapy with anti-PD-1, offers 
effective strategies for treating glioblastoma.
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produce lentiviral particles. CT-2A cells (Sigma-Aldrich, 
SCC194) were used for intracranial tumor formation in mice.

In Vivo Tumorigenesis and Animal Models

All BALB/c-Nude (female, 4-week-old) and C57BL/6J (female, 
5-week-old) mice were obtained from Jiangsu GemPhar-
matech Co., Ltd and raised under specific pathogen-free 
conditions at Animal Center of Nanjing Medical University 
(ethical approval: IACUC-2006033-2) per NIH and institu-
tional guidelines. Animals were randomly assigned to exper-
imental groups. Intracranial xenograft models were 
established by implanting 5 × 104 patient-derived GSCs (839 
and 2907) or 2 × 105 CT-2A cells into the cerebral cortex of 
mice. Postoperative monitoring included twice-daily clinical 
assessments for neurological deficits (ataxia and seizures) 
or humane endpoints, with prompt euthanasia via cervical 
dislocation under deep anesthesia upon criteria fulfillment. 
Tumor progression was longitudinally tracked using an IVIS 
Spectrum imaging system following weekly intraperitoneal 
administration of D-Luciferin potassium salt (150 mg/kg). All 
procedures adhered to Nanjing Medical University’s Insti-
tutional Animal Care Guidelines and the 3R principles.

Proliferation and Neurosphere Formation Assays

CellTiter-Glo assay (Promega) was used to quantify cell pro-
liferation. GSCs were seeded into 96-well plates at a density 
of 2000 cells per well (6 replicates per group). Cellular via-
bility was measured at 1, 3, 5, and 7 days. Data were nor-
malized to day 1 and presented as mean ± SD. The number 
of neurospheres and cell numbers in each well were 
recorded 7 days after plating. For extreme limiting dilution 
analysis, cells were plated as gradient concentrations (1, 3, 
15, 30, 60, and 150 cells per well).26 Extreme limiting dilution 
analysis was conducted via extreme limiting dilution algo-
rithms using the online ELDA platform http://bioinf.wehi.
edu.au/software/elda.28

Plasmids and Lentiviral Transduction

All shRNAs used were obtained from Sigma-Aldrich and 
were listed in Supplementary Table S1. Non-overlapping 
shRNAs (Sigma-Aldrich, SHC002) were selected based on 
knockdown efficiency and used for all following experi-
ments. Lentiviral particles were generated in 293T cells in 
DMEM medium containing 10% fetal bovine serum with 
co-transfection with the packaging vectors psPAX2 and 
pMD2.G (Addgene) using a standard calcium phosphate 
transfection method in neurobasal complete medium.

RNA Isolation and Quantitative RT-PCR

Total cellular RNA from cells was isolated by RNAiso Plus 
(Takara). The PrimeScript cDNA Synthesis Kit (Takara) was 
used for reverse transcription into cDNA. qRT-PCR was per-
formed using the Applied Biosystems Stepone Plus cycler 

with ChamQ SYBR qPCR Master Mix (Vazyme). The 
sequences of primers used in this study are listed in Sup-
plementary Table S1.

Immunoblotting

Cells were collected and lysed in RIPA buffer (50 mM Tris-HCl 
pH 7.5, 150 mM NaCl, 0.5% NP-40, 0.1% SDS, and supple-
mented with protease inhibitors and phosphatase inhibi-
tors), then incubated on ice for 30 minutes. Lysates were 
centrifuged at 4°C for 10 minutes at 12 000 rpm. Superna-
tants were subjected to SDS-PAGE and transferred to poly-
vinylidene difluoride membranes (Millipore). The 
membranes were blocked with 5% nonfat milk for 1 hour 
and immunoblotted with primary antibodies overnight at 
4°C, followed by the HRP-conjugated antibody at room tem-
perature for 1 hour. Proteins were detected with antibodies 
against NQO1 (Cell Signaling, 3187S, Abcam, ab80588), 
β-Tubulin (Abcepta, AM1031A), SOX2 (Cell Signaling, 3579, 
Proteintech, 66411-1-Ig), OLIG2 (Sigma-Aldrich, MABN50), 
Flag-Tag (Cell Signaling, 14793S), Lamin B1 (Proteintech, 
66095-1-Ig), LC3B (Cell Signaling, 2775S), TBK1 (Cell Signal-
ing, 3504S), p-TBK1 (Cell Signaling, 5483S), cGAS (Cell Sig-
naling, 15102S), STING (R&D, MAB7169), p-STING (Cell 
Signaling, 19781S), nuclear factor erythroid 2-related factor 
2 (NRF2) (Affinity, AF0639). Antibody validation was 
performed per the manufacturer’s instructions.

Immunofluorescence

Cells were plated on matrigel-coated coverslips and fixed 
24 hours later with 4% paraformaldehyde for 20 minutes, 
then washed 3 times with PBS. Permeabilization was con-
ducted with 0.30% Triton X-100 for 15 minutes, followed by 
blocking in 3% bovine serum albumin at room temperature 
for 2 hours. Immunostaining was conducted using primary 
antibodies against SOX2 (R&D, MAB2018), NQO1 (Protein-
tech, 11451-1-AP, CST, 3187S), CD133 (Proteintech, 66666-1-
Ig), Lamin B1 (Proteintech, 66095-1-Ig), cGAS (Cell Signaling, 
15102S), and double-strand DNA (dsDNA) (Abcam, 
AB27156), which were incubated overnight at 4°C, followed 
by secondary antibodies at room temperature. Nucleus was 
stained with DAPI for 5 minutes at room temperature. 
Images were captured using a Zeiss LSM770 microscope 
(Carl Zeiss).

Co-Immunoprecipitation

Glioblastoma stem cells were collected and lysed in IP buffer 
(20 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 0.5% sodium 
deoxycholate, 1 mM DTT) containing PMSF and cocktail 
protease inhibitor at 4°C, followed by centrifugation at 12 
000 g for 10 minutes at 4°C, and supernatants were col-
lected. The antibody of anti-NQO1 (Proteintech, 11451-1-AP) 
of nonspecific IgG (Beyotime, A7016) was added to the 
supernatants and incubated at 4°C overnight. The superna-
tants were immunoprecipitated by incubation with Protein 
A/G sepharose beads (Beyotime) at 4°C for 4 hours followed 
by washing beads together with captured proteins.
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Chromatin Immunoprecipitation

The SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling, 
#9003) was utilized for chromatin immunoprecipitation. A 
total of 4 × 106 cells per group were collected, and crosslink-
ing was initiated by adding formaldehyde, followed by the 
addition of 10× glycine at room temperature for 5 minutes. 
The precipitation was collected after centrifugation at 1500 
rpm for 5 minutes at 4°C, and chromatin clipping was per-
formed according to the kit protocol. Chromatin immuno-
precipitation (ChIP) was performed by adding the specific 
antibody anti-NRF2 (Cell Signaling, 12721S) at 4°C and incu-
bating overnight after measuring the chromatin concentra-
tion. Magnetic beads were added to the chromatin-protein 
crosslink solution and incubated for 4 hours. The chromatin 
was eluted and uncross-linked from the magnetic beads by 
incubating for 4 hours at 65°C, followed by digestion with 
proteinase K. The collected DNA was subsequently analyzed 
using qPCR. A complete list of all primers used can be found 
in Supplementary Table S1.

Proteomics Sequencing and Data Analysis

Neural stem cells (NSCs) and GSCs in logarithmic growth 
phase were enzymatically dissociated and quantified to 5 × 
106 cells with PBS washing, followed by flash-freezing in 
liquid nitrogen for proteomic analysis conducted by Hang-
zhou Jingjie Biotechnology Co., Ltd (China) through 
RIPA-based protein extraction, LC-MS/MS, and MaxQuant 
(v1.6.6.0) analysis against UniProtKB Homo sapiens data-
base, with differential proteins identified using adjusted  
P < .05 and fold change thresholds (>1.5 for upregulation, 
<1/1.5 for downregulation).

RNA Sequencing and Data Analysis

Total RNA was extracted with RNAiso Plus (Takara). RNA 
sequencing was performed using BGISEQ-500 platforms. 
FASTQ sequencing reads were trimmed using Trim Galore 
(RRID: SCR_011847), and transcript quantification was con-
ducted using Salmon with the quasi-mapping mode.29 
Salmon “quant” files were converted using Tximport,30 and 
differential expression analysis was performed using 
DESeq2.31 Gene set enrichment analysis was performed by 
selecting differentially expressed genes (FDR-corrected 
P-value < .05), generating a preranked list, and importing 
the preranked list into the GSEA desktop application (http://
www.gsea-msigdb.org/gsea/index.jsp).

Spatial Transcriptomics Analysis

A cohort of 3 newly diagnosed isocitrate dehydrogenase 
wild-type (IDH-WT) glioblastoma multiforme (GBM) samples 
was analyzed with SPATA2.32 Scaled gene expression values 
(to plot single genes) or enrichment scores of a defined gene 
set were utilized for spatial expression plots. Spatial coor-
dinates corresponding to hematoxylin and eosin-stained 
histological sections were assigned through input files, with 
x-axis and y-axis positions mapped to tissue localization. 

The data were illustrated as surface plots (plotly package 
R-software).

Single-Cell Sequencing Analysis

The single-cell RNA sequencing data analyzed in this study 
were derived from the publicly available dataset GSE182109 
deposited in the Gene Expression Omnibus (GEO) reposi-
tory. The single-cell RNA sequencing data were analyzed 
using Cell Ranger pipeline (v6.1.2, 10X Genomics) with 
default alignment parameters against the GRCh38 human 
reference genome. Subsequent quality control and analytical 
workflows were implemented through the Seurat package 
(v4.3.0).

ROS Detection

The ROS-Glo H2O2 assay (Promega) kit was used to detect 
the level of ROS. Cells were seeded into 96-well plates at 
2000 cells per well (6 replicates per group). Each well was 
supplemented with substrate to achieve a final substrate 
concentration of 25 μM, followed by incubation at 37°C, 5% 
CO2 for 6 hours. Subsequently, ROS-Glo detection reagent 
was added for light-protected incubation for 20 minutes. 
Luminescence signals were quantified using a microplate 
reader (BioTek). All experimental data were normalized to 
vehicle controls and expressed as mean ± SD.

Type I IFN Measurement

IFNα and IFNβ levels in GSC culture supernatants were 
detected by Human IFNα ELISA kit (Elabscience, E-EL-H6125) 
or Human IFNβ ELISA kit (Elabscience, E-EL-H0085) following 
the manufacturer’s instructions. The absorbance was mea-
sured at a wavelength of 450 nm. Data were presented as 
mean ± SD.

Flow Cytometry

To quantify immune cells in xenograft-bearing mice, we 
dissected brain tumors, and digested with 5 mg/mL Colla-
genase (Gibco, 17104-019) and 0.1 mg/mL DNase 
(Sigma-Aldrich, DN25) for 30 minutes. Immune cells were 
separated by 30% and 70% percoll (Cytiva, 17089101) gra-
dients at 700 g for 30 minutes. The remaining cells were 
suspended in 2% BSA and stained with FVS780 (BD, 565388), 
followed by blocking with Mouse Fc Block (BD, 553141). Cells 
were then stained with anti-CD45 (BD, 563890), anti-CD3 
(BD, 553061, 563565), anti-CD4 (BD, 563232), anti-CD8 (BD, 
552877), anti-CD11b (BD, 557396), anti-CD25 (BD, 561065), 
anti-F4/80 (BD, 743282), and anti-GR1 (BD, 553126) for 30 
minutes. After permeabilized for 40 minutes, cells were 
stained with anti-FOXP3 (Invitrogen, 17-5773-82) and 
anti-IFN-γ (BioLegend, 505838) for 30 minutes. Splenocytes 
were stained and examined by flow cytometry to identify 
the immune microenvironment of xenograft GBM in mice.

Glioblastoma stem cells and non-GSC tumor cells of GBM 
patient samples were isolated and stained with FVD777 
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(STARTER, S0D0026), anti-CD45 (BD, 555482), anti-CD133 
(BioLegend, 397905, Invitrogen, 12-1338-42), anti-CD147 (Bio-
Legend, 306211). Then CD133+CD147+ GSCs and CD133-CD147+ 
non-GSC tumor cells were sorted by flow cytometry for  
further study. The data were analyzed with FlowJo v.10.

Statistical Analysis

All numerical data are presented as the mean ± SD from at 
least 3 independent experiments. Statistical analyses were 
conducted using GraphPad Prism with Student’s t-test or 
ANOVA as appropriate. The statistical differences between 
groups for Kaplan-Meier survival curves were determined 
using the log-rank test. Blinding and randomization were 
applied in all experiments. The correlation between gene 
expression and patient survival was analyzed through brain 
tumor datasets sourced from The Cancer Genome Atlas 
(TCGA), Gravendeel, and LeeY, which were downloaded 
from the TCGA data portal or the National Center for Bio-
technology Information GEO database.

Results

Enrichment of ROS and Preferential Expression of 
NQO1 in GSCs

To identify proteins differentially expressed and specific to 
GSC-mediated GBM progression, we performed proteomics 
analysis of patient-derived GSCs compared with NSCs. We 
identified NQO1 as the solitary factor with the largest fold 
change between GSCs and NSCs (fold change > 1.5) (Fig-
ure 1A). Furthermore, we interrogated the epigenetic profile 
of NQO1 using H3K27ac ChIP-seq data and observed an 
activation of the promoter regions surrounding the NQO1 
locus in GSCs (Figure 1B, Supplementary Figure S1A). We 
interrogated single-cell RNA sequencing data (Figure 1C, 
Supplementary Figure S1B) and observed the high enrich-
ment of NQO1 in GSC-like tumor cells. We observed an 
88.86% overlap between NQO1 expression and SOX2-positive 
cells in single-cell RNA sequencing data, indicating that 
NQO1 is expressed explicitly in stem-like populations (Fig-
ure 1C). We thus hypothesized that NQO1 is preferentially 
expressed in GSCs. Quantitative reverse transcription (RT)-
PCR and immunoblot analysis confirmed that the expression 
level of NQO1 was significantly elevated in GSCs compared 
to NSCs (Figure 1D and E). Immunofluorescent staining with 
NQO1 and the GSC marker SOX2 or CD133 confirmed that 
NQO1 was enriched in patient-derived GSCs (839, 2907, 3028, 
RKI, and MES28) compared with NSCs (ENSA and HNP1) 
(Figure 1F, Supplementary Figure S1C). Further, we analyzed 
the high correlation between NQO1 and the ROS pathway 
by utilizing data from the TCGA GBM dataset and RNA 
sequencing derived from 41 GSCs and 5 NSCs (Figure 1G). 
By analyzing GBM spatial transcriptomics and spatial trajec-
tory analysis, we found that the expression of NQO1 is 
essentially consistent with the distribution of ROS (Figure 1H, 
Supplementary Figure S1D-F). Further, we exposed GSCs 
(839, 2907, 3028, MES28, RKI) and NSCs (ENSA, HNP1) to 
hydrogen peroxide (H2O2)-induced OS and found that the 

GSCs exhibited lower sensitivity compared with NSCs (Fig-
ure  1I). In addition, GSCs exhibited higher resistance to 
tert-butyl hydroperoxide (TBHP)-induced OS than NSCs 
(Supplementary Figure S1G). In matched pairs of GSCs and 
differentiated GBM cells (DGCs) (839, 2907, 3028, MES28, 
RKI), we found that GSCs expressed higher levels of NQO1 
(Supplementary Figure S2A-C) and exhibited lower sensi-
tivity to H2O2- and TBHP-induced OS than DGCs (Figure 1J, 
Supplementary Figure S2D and E). Furthermore, we isolated 
GSCs and non-GSCs with stem cell marker CD133 and the 
malignant cell marker CD147 from the GBM patient samples, 
immunoblotting confirmed that the GSCs (CD133+CD147+) 
exhibited markedly higher NQO1 expression compared to 
non-GSC tumor cells (CD133−CD147+) (Supplementary Fig-
ure S2F and G). Collectively, these data demonstrate that 
NQO1 is preferentially expressed in GSCs, suggesting that 
it may contribute to GBM pathology by protecting against OS.

NQO1 Is Essential for GSC Proliferation and 
Self-Renewal

To investigate the role of NQO1 in promoting GSC prolifer-
ation and self-renewal, we performed loss-of-function and 
overexpression studies in our patient-derived GSC models. 
Silencing NQO1 using 2 nonoverlapping short hairpin RNAs 
(shRNA) in 2 GSC models (839 and 2907 GSCs) reduced the 
mRNA and protein levels of NQO1 in GSCs (Figure 2A and 
B). Knockdown of NQO1 decreased GSC proliferation and 
self-renewal ability, as measured by reduced cell viability, 
neurosphere formation capability, cell number, and in vitro 
limiting dilution assays (Figure 2C-G, Supplementary Figure 
S3A). Additionally, overexpression of NQO1 promoted GSC 
proliferation and self-renewal (Supplementary Figure 
S3B-D). To establish the effect of NQO1 knockdown in GSCs, 
we reconstituted the NQO1 expression in NQO1-knockdown 
cells, restoring the decreased cell viability of GSCs (Supple-
mentary Figure S3E-G). NQO1 targeting using shRNA trans-
duction reduced the mRNA and protein levels of the GSC 
markers, SOX2 and OLIG2 (Supplementary Figure 3H and I).

To validate the in vivo function of NQO1 in tumor propa-
gation of GSCs. We transplanted the GSCs (839 and 2907) 
transduced with shRNAs into the brains of immunocompro-
mised mice. Mice bearing GSCs transduced with shNQO1 
displayed prolonged survival and reduced tumor volumes 
compared with those bearing GSCs transduced with 
shCONT (Figure 2H-J, Supplementary Figure S3J-M). These 
data support the biological function of NQO1 in supporting 
GSC maintenance.

NQO1 Confers Resistance to Oxidative Stress and 
Promotes the Maintenance of the Nuclear Lamin 
B1 in GSCs

To identify the downstream mechanisms and targets of 
NQO1 in maintaining GSCs, we performed immunoprecip-
itation followed by mass spectrometry using an anti-NQO1 
antibody from cell lysates derived from 2 patient-derived 
GSCs. By combining mass spectrometry data with 
NQO1-correlated proteins in 839 and 2907 GSCs, the nuclear 
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Figure 1.  Enrichment of reactive oxygen species (ROS) and preferential expression of NAD(P)H: quinone oxidoreductase 1 (NQO1) in glioblastoma 
stem cells (GSCs). (A) Volcano plot illustrates the differentially expressed proteins in GSCs (n = 8) compared to NSCs (n = 2) by proteomics sequenc-
ing, with a P value < .05.33 (B) Representative image of ChIP-seq data (GSE119776) showing H3K27ac levels at the promoter region surrounding the 
NQO1 gene locus in GSCs.34 (C) The UMAP plot of GBM tumor cells is annotated by the overlap of NQO1 and SOX2 positive cells, analyzed using 
single-cell RNA sequencing data from the GEO database (GSE182109). (D) Quantitative RT-PCR of NQO1 mRNA levels in GSCs (n = 9) and NSCs  
(n = 2). Data are determined by unpaired t test and presented as the mean ± SD. *P < .05. (E) Protein levels of NQO1 in GSCs (n = 9) and NSCs  
(n = 2) were measured using western blot analysis. (F) Immunofluorescence image of NQO1 and SOX2 expression in GSCs and NSCs. Scale bar, 
10 μm. (G) The correlation between NQO1 expression and the ROS pathway in the TCGA GBM database and RNA sequencing data from GSCs. (H) 
Gene expression surface plots illustrate the spatial transcriptomics overlap of NQO1 and ROS pathway expression.35 (I) Dose-response curves for 
H2O2 stimulation were generated for GSCs (n = 5) and NSCs (n = 2), as measured by a CellTiter-Glo assay. Data are presented as mean ± SD from 
6 independent experiments. (J) Dose-response curves for H2O2 stimulation were generated for GSCs and matched DGCs, as measured by a 
CellTiter-Glo assay. Data are presented as mean ± SD from 6 independent experiments.
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Figure 2.  NAD(P)H: quinone oxidoreductase 1 (NQO1) is essential for glioblastoma stem cell (GSC) proliferation and self-renewal. (A) Quantitative 
RT-PCR of NQO1 mRNA levels in 839 and 2907 GSCs expressing a nontargeting control shRNA (shCONT) or NQO1-specific shRNA (shNQO1-1 and 
shNQO1-2). Data were determined by unpaired t test and presented as the mean ± SD. **P < .01. (B) Protein levels of NQO1 were assessed in 839 
and 2907 GSCs following transduction with 2 independent shRNAs (shNQO1-1 and shNQO1-2) compared to the control (shCONT). (C) Representative 
images of neurospheres derived from 839 and 2907 GSCs expressing shCONT, shNQO1-1, or shNQO1-2. Scale bar, 100 μm. (D) Relative cell viability 
of 839 and 2907 GSCs expressing shCONT, shNQO1-1, or shNQO1-2, as measured by a CellTiter-Glo assay. Data are presented as mean ± SD from 
6 independent experiments. **P < .01. (E) Quantification of the sphere number formed by 839 and 2907 GSCs expressing shCONT, shNQO1-1 or 
shNQO1-2. **P < .01. (F) Quantification of the cell number formed by 839 and 2907 GSCs expressing shCONT, shNQO1-1, or shNQO1-2. **P < .01. (G) 
Extreme limiting dilution assays (ELDA) indicated that the knockdown of NQO1 in 839 and 2907 GSCs reduced sphere formation. **P < .01. (H) In 
vivo bioluminescent imaging of tumor growth was performed in nude mice bearing glioblastoma xenografts derived from 839 and 2907 GSCs 
expressing shCONT, shNQO1-1, or shNQO1-2 on days 7, 14, and 21. (I) Kaplan-Meier survival curves for nude mice with glioblastoma xenografts 
derived from 839 and 2907 GSCs expressing shCONT, shNQO1-1, or shNQO1-2 (n = 6). P-values were determined using the log-rank test. (J) Rep-
resentative images of hematoxylin and eosin staining of mouse brain tissue collected on day 21 after transplantation of 839 and 2907 GSCs expressing 
shCONT, shNQO1-1, or shNQO1-2. Scale bar, 2 mm.
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lamina proteins, including Lamin B2 and Lamin B1, were 
identified as the top 4 ranked NQO1-correlated proteins (Fig-
ure 3A and B, Supplementary Figure S4A). Silencing LMNB1 
in 839 and 2907 GSCs resulted in significantly reduced cell 
viability compared to silencing LMNB2 (Figure 3C). Consid-
ering the OS-associated function, we treated 839 and 2907 
GSCs with H2O2-induced OS, comparing the effects of knock-
down of LMNB1 or LMNB2 to those of shCONT, observing 
that knockdown of LMNB1 under H2O2-induced OS markedly 
reduced cell viability compared with that of silencing LMNB2 
(Supplementary Figure S4B). Treatment with the antioxidant 
N-acetylcysteine (NAC) restored Lamin B1 protein levels 
substantially more than Lamin B2 levels under H2O2  
exposure, indicating that Lamin B1 is more susceptible  
to H2O2-induced OS (Supplementary Figure S4C). Co- 
immunoprecipitation and confocal imaging confirmed the 
interaction of NQO1 and Lamin B1 in 839 and 2907 GSCs 
(Figure 3D and E). Silencing NQO1 decreased the expression 
level of Lamin B1 but elevated the ROS level and the GSCs 
sensitivity to H2O2-induced OS (Figure 3F and G, Supple-
mentary Figure S4D). Overexpression of NQO1 attenuated 
NQO1 silencing-induced ROS accumulation (Figure  3H). 
Treatment with NAC restored Lamin B1 expression following 
NQO1 silencing without affecting NQO1 expression, demon-
strating that NQO1 maintains Lamin B1 expression through 
ROS suppression (Figure 3I). To investigate the mechanism 
underlying NQO1-mediated Lamin B1 expression, analysis 
of TCGA GBM datasets revealed an inverse correlation 
between NQO1 expression and autophagic response (Fig-
ure 3J, Supplementary Figure S4E). The autophagy-dependent 
degradation of Lamin B1 involves coordinated regulation by 
LC3 isoforms, with membrane-conjugated LC3-II serving as 
the principal operational marker.36 During autophagosome 
biogenesis, LC3 undergoes phosphatidylethanolamine con-
jugation (LC3-I to LC3-II transition), with LC3-II specifically 
localizing to autophagosomal membranes to mediate mem-
brane expansion and maturation.37 Then we performed 
co-immunoprecipitation assay and confirmed the interac-
tion of Lamin B1 and LC3 in 839 and 2907 GSCs. Knocking 
down of NQO1 reduced the interaction of Lamin B1 with LC3 
but increased the protein level of LC3 II (Figure 3K). Thus, 
we hypothesize that NQO1 maintains Lamin B1 stabilization 
by attenuating its autophagic degradation via LC3-mediated 
recognition. Under H2O2-induced OS, NQO1 silencing pro-
motes Lamin B1 degradation while concomitantly elevating 
lipidated LC3-II levels (Figure  3L, Supplementary Figure 
S4F), suggesting that NQO1-mediated stabilization of 
nuclear Lamin B1 via autophagic suppression. Collectively, 
these results establish that NQO1 confers OS resistance 
through ROS inhibition while preserving nuclear Lamin B1 
stability in GSCs by suppressing the autophagy pathway.

NQO1 Inhibits cGAS- Type I Interferon Signaling

To further investigate the downstream signaling of NQO1, 
which induces OS resistance and promotes the maintenance 
of Lamin B1, we targeted NQO1 expression in GSCs and 
performed RNA sequencing to assess alterations in down-
stream transcriptional networks. Hallmark enrichment and 
GSEA analysis revealed that Interferon Alpha response sig-
naling was one of the most altered pathways following 

NQO1 knockdown in GSCs, NQO1 expression is negatively 
correlated with the gene set responding to type I interferon 
signaling (Figure 4A and B). RNA sequencing data demon-
strated that silencing NQO1 induces the upregulation of the 
downstream type I interferon signaling-associated genes 
(Figure 4C). Confocal microscopy observed that silencing 
NQO1 or LMNB1 revealed that the dsDNA released into the 
cytoplasm as evidenced by the emergence of cytosolic 
dsDNA, suggesting compromised nuclear integrity  
(Figure 4D). As our findings that NQO1 induced OS resis-
tance and promoted the maintenance of the nuclear Lamin 
B1, we hypothesize that inhibiting NQO1 activates OS and 
causes the degradation of Lamin B1, which activates the 
downstream cGAS-type I interferon signaling. Immunoblot-
ting verified that genetic targeting NQO1 or LMNB1 upreg-
ulated the cGAS-STING signaling as measured by the 
protein level of pTBK1, cGAS, and pSTING (Figure 4E). The 
DNA chromatin released into the cytoplasm may result in 
the cGAS-STIING signaling stimulation and type I interferon 
production enhancement. Next, we explored that loss of 
NQO1 increased the gene levels of IFN signaling in GSCs, 
such as DHX58, GBP2, IFIH1, IL7, and TXNIP (Figure 4F, Sup-
plementary Figure S5A). ELISA assays verified the increased 
levels of interferon alpha and interferon beta production in 
839 or 2907 GSC supernatant after knocking down NQO1 in 
GSCs (Figure 4G and H). Therefore, these data suggested 
that NQO1 maintains nuclear Lamin B1 integrity and inhibits 
cGAS-STING and type I interferon signaling.

NRF2 Transcriptionally Regulated NQO1 Inhibits 
cGAS-STING Signaling

To further investigate the mechanisms that mediate NQO1 
expression, we analyzed the binding sites of GBM/
GSC-related transcription factors in the promoter region of 
NQO1 in transcription landscapes of patient-derived GBM 
cells. NQO1 displayed active sites for the nuclear factor 
erythroid 2-related factor 2 (NRF2, encoded by NFE2L2). 
NFE2L2 expression is significantly higher in GBM tissues 
compared to non-tumor tissues, as demonstrated in the 
TCGA GBM dataset. And NFE2L2 portends poor prognosis 
in patients with glioblastoma (Figure 5A). To directly confirm 
NFE2L2 binding on the NQO1 promoter in GSCs, we per-
formed ChIP with an NRF2 antibody, followed by qPCR with 
primer sets designed for the promoter region of NQO1. 
NFE2L2 indeed occupied the promoter region of NQO1, as 
evidenced by the comparison with control IgG (Figure 5B 
and C). NRF2 is preferentially expressed in GSCs compared 
with NSCs (ENSA, HNP1) (Figure  5D). Silencing NFE2L2 
markedly decreased the gene and protein level of NQO1 
(Figure  5E-G). To detect whether NRF2 regulated down-
stream cGAS-STING signaling, we observed that loss of 
NFE2L2 decreased NQO1, Lamin B1, and activated the phos-
phorylation level of pTBK1 and pSTING. Overexpression of 
NQO1 rescued Lamin B1 and inhibited the increased level 
of cGAS, pTBK1, and pSTING subjected to NFE2L2 silencing 
(Figure 5H). However, overexpression of LMNB1 cannot res-
cue NQO1 but inhibits the increased level of downstream 
cGAS, pTBK1, and pSTING subjected to NFE2L2 silencing. 
Treatment with antioxidant NAC increased Lamin B1 expres-
sion and inhibited the cGAS-STING signaling (Figure 5I). 
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Figure 3.  NAD(P)H: quinone oxidoreductase 1 (NQO1) protects against oxidative stress and stabilizes nuclear Lamin B1 in glioblastoma stem cells 
(GSCs). (A) The Venn diagram illustrates the overlap of proteins identified through immunoprecipitation followed by mass spectrometry using an 
anti-NQO1 antibody from cell lysates of 839 and 2907 GSCs. (B) Representative peptides of Lamin B1 and Lamin B2 identified by immunoprecipitation 
followed by mass spectrometry using anti-NQO1 antibody from cell lysates in 839 GSCs. (C) Relative cell viability of 839 and 2907 GSCs expressing 
shCONT, shLMNB1, or shLMNB2 was measured using a CellTiter-Glo assay. Data are presented as mean ± SD from 6 independent experiments 
(**P < .01). (D) Immunoblot of immunoprecipitation with anti-NQO1 and anti-Lamin B1 antibody in 839 and 2907 GSCs. Nonspecific IgG serves as 
the control. (E) Immunofluorescence image of NQO1 and Lamin B1 expression in 839 and 2907 GSCs. Scale bar, 10 μm. (F) Immunoblot analysis of 
NQO1 and Lamin B1 protein levels in 839 and 2907 GSCs expressing shCONT, shNQO1-1, or shNQO1-2. (G) Quantification of reactive oxygen species 
(ROS) level in 839 and 2907 GSCs expressing shCONT, shNQO1-1 and shNQO1-2. Data are presented as mean ± SD from 6 independent experiments. 
**P < .01. (H) Quantification of ROS level in 839 and 2907 GSCs expressing shCONT, shNQO1-1, shNQO1-2, shNQO1-1 with overexpression of NQO1, 
and shNQO1-2 with overexpression of NQO1. **P < .01. (I) Immunoblot analysis of NQO1, Lamin B1 protein levels in 839 and 2907 GSCs expressing 
shCONT, shNQO1, and shNQO1 treated with NAC. (J) The correlation of NQO1 with autophagy in TCGA GBM HG-U133A. (K) Immunoblot of immu-
noprecipitation with anti-Lamin B1 antibody in 839 and 2907 GSCs. (L) Immunoblot analysis of NQO1, Lamin B1 and LC3 protein levels in 839 and 
2907 GSCs expressing shCONT treated with H2O2, and shNQO1 treated with H2O2 over the indicated time course.
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Figure 4.  NAD(P)H: quinone oxidoreductase 1 (NQO1) inhibits cGAS-type I interferon signaling. (A) Bar plot showing gene set enrichment analysis 
(GSEA) for Hallmark gene sets after the knockout of NQO1, as determined by RNA sequencing. (B) GSEA scores calculated from RNA sequencing 
data indicate that NQO1 expression is negatively correlated with the transcriptional signature of the Interferon alpha response. (C) Heatmap 
illustrates the expression of upregulated type I interferon-stimulated genes following NQO1 knockdown in RNA sequencing. (D) Immunofluorescence 
image of cGAS and dsDNA expression in glioblastoma stem cells (GSCs) expressing shCONT, shNQO1, and shLMNB1. Scale bar, 10 μm. (E) Protein 
level of TBK1, pTBK1, cGAS, STING, pSTING, and NQO1 in 839 and 2907 GSCs expressing shCONT, shNQO1 (left), or shLMNB1 (right). (F) Quantitative 
RT-PCR analysis of mRNA levels of type I interferon-stimulated genes in 839 (left) and 2907 (right) GSCs expressing shCONT, shNQO1, shNQO1 with 
overexpression of NQO1, and shNQO1 treated with NAC. **P < .01. (G) Quantification of IFNα levels in 839 and 2907 GSCs expressing shCONT, 
shNQO1-1, and shNQO1-2. n = 3, **P < .01. (H) Quantification of IFNβ levels in 839 and 2907 GSCs expressing shCONT, shNQO1-1, and shNQO1-2. 
n = 3, **P < .01.
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Figure 5.  NRF2 transcriptionally regulates NAD(P)H: quinone oxidoreductase 1 (NQO1), inhibiting cGAS-STING signaling. (A) Diagram depicting 
the screening strategy to identify the overlap of NQO1 transcription factors with high expression and poor prognosis in TCGA-GBM database. (B) 
The predicted NRF2 binding site is shown in the promoter region of NQO1. (C) ChIP-PCR assay of the enrichment of NRF2 on the NQO1 promoter 
region. **P < .01. (D) Protein levels of NRF2 in NSCs (n = 2) and glioblastoma stem cells (GSCs) (n = 9). (E) Quantitative RT-PCR of NFE2L2 mRNA 
levels in 839 and 2907 GSCs expressing shCONT, shNFE2L2-1, and shNFE2L2-2. **P < .01. (F) Quantitative RT-PCR of NQO1 mRNA levels in 839 and 
2907 GSCs expressing shCONT, shNFE2L2-1, and shNFE2L2-2. **P < .01. (G) Protein levels of NQO1 and NRF2 in 839 (up) and 2907 (down) GSCs 
expressing shCONT, shNFE2L2-1, and shNFE2L2-2. (H) Protein levels of NRF2, NQO1, Lamin B1, TBK1, pTBK1, GAS, STING and pSTING in 839 and 
2907 GSCs expressing shCONT, shNFE2L2, shNFE2L2 with overexpression of NQO1. (I) Protein levels of NRF2, NQO1, Lamin B1, TBK1, pTBK1, GAS, 
STING, and pSTING in 839 and 2907 GSCs expressing shCONT, shNFE2L2, shNFE2L2 with overexpression of LMNB1, shNFE2L2 with overexpression 
of LMNB1 treated with NAC. (J) Quantification of IFNα levels in 839 and 2907 GSCs expressing shCONT, shNFE2L2-1, and shNFE2L2-2. n = 3, **P < 
.01. (K) Quantification of IFNβ levels in 839 and 2907 GSCs expressing shCONT, shNFE2L2-1, and shNFE2L2-2. n = 3, **P < .01.
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Silencing NFE2L2 increased the gene levels of IFN signaling, 
such as DHX58, GBP2, IFIH1, IL7, and TXNIP (Supplementary 
Figure S6A). ELISA assays verified the increased levels of 
interferon alpha and interferon beta production in superna-
tant after knocking down NFE2L2 in GSCs (Figure 5J and K). 
Therefore, NRF2 transcriptionally regulated NQO1 inhibits 
downstream cGAS-STING signaling.

Therapeutic Efficacy of β-Lapachone Combined 
with Programmed Death-1 Antibody and 
Remodeling the TME in Glioblastoma

To establish the pharmacologic inhibition of NQO1 by its 
specific antagonist, which could impact GSCs and inhibit 
GBM tumor growth. We selected β-lapachone for our pre-
clinical study, since β-lapachone is metabolized by NQO1, 
resulting in the generation of ROS.38 Treatment of GSCs 
(MES28, RKI, 3028, 839, 2907) with the β-lapachone inhibited 
GSC proliferation at submicromolar concentrations in vitro 
(Figure 6A). Given our data demonstrated that NQO1 inhib-
its cGAS-STING signaling, which is a critical pathway for 
immune activation through the production of Type I inter-
feron and T cell activation, we designed a preclinical trial 
using an immunocompetent orthotopic xenograft model. 
Nqo1-silenced murine CT-2A cells were transplanted into 
immunocompetent C57BL/6J mice. Mice bearing CT-2A with 
Nqo1 knockdown exhibited prolonged tumor latency and 
reduced tumor volumes compared with those transduced 
with a control shRNA (Figure 6B-D, Supplementary Figure 
S7A-C). We further profiled the immune cell compartments 
by flow cytometry, systematically quantifying the major 
immune cell populations, and observed that CD8+ T cells 
increased significantly in abundance after β-lapachone treat-
ment, whereas CD4+ T cells showed no significant decrease. 
TAMs, MDSCs, and Treg cells showed a modest, nonsignif-
icant decrease (Supplementary Figure S7D-I).

To further investigate the potential for combinatorial ther-
apeutic efficacy in vivo, we implanted CT-2A transduced with 
luciferase into the brains of immunocompromised mice to 
evaluate the impact of targeting NQO1 and programmed 
death-1 (PD-1) on tumor growth. Tumor-bearing mice under-
went treatment with vehicle control, anti-PD-1 (200 μg with 
intraperitoneal injection every 5 days), β-lapachone (22 mg/
kg with intraperitoneal injection every 2 days), or the com-
bination of β-lapachone (22 mg/kg with intraperitoneal injec-
tion every 2 days) and anti-PD-1 (200 μg with intraperitoneal 
injection every 5 days). Combined targeting of NQO1 and 
PD-1 inhibitor treatment significantly enhanced overall sur-
vival and reduced tumor volume compared with either 
monotherapy or the vehicle control group in intracranial 
xenograft models (Figure 6E-H, Supplementary Figure S7J). 
Moreover, we examined CD8+ T cells and IFN-γ positive cells 
with the individual and combinatorial therapeutic efficacy. 
CD8+ T cell exhibited enhanced infiltration and activity after 
the combined treatment of anti-PD-1 antibody and 
β-lapachone, as measured by flow cytometry and immuno-
histochemistry, suggesting that low CD8+ T cell infiltration 
was induced by the expression of NQO1 under the condition 
of GSCs against OS (Figure 6I and J, Supplementary Figure 
S8A and B). We analyzed the TCGA and several GBM data-
sets and revealed that NQO1 informed poor prognosis in 

GBM patients (Figure 6K, Supplementary Figure S8C). Col-
lectively, our data suggested that targeting NQO1 augments 
the anti-tumor efficacy of anti-PD-1, providing a new thera-
peutic approach to improve glioblastoma therapy.

Discussion

The establishment of an immunosuppressive environment 
is closely linked to OS within the TME, which is characterized 
by elevated levels of ROS.39 GSCs adapt to and maintain 
redox homeostasis to counteract the heightened levels of 
ROS, facilitating radiotherapeutic resistance.40 NQO1 has 
been associated with regulating various solid tumors, pro-
moting tumor cell metabolism, glycolysis, and redox 
homeostasis.41,42 However, the role of NQO1 in the context 
of GSCs and the TME in GBM has not been clearly defined. 
In this study, we found NQO1 is overexpressed in GSCs 
compared with NSCs and validated its essential role in GSCs 
and non-GSC tumor cells to address GBM microenviron-
ment heterogeneity. NQO1 acts as a critical regulator of GSC 
proliferation and self-renewal and helps confer resistance 
to OS and maintains nuclear integrity through Lamin B1, 
inhibiting cGAS-type I interferon signaling, which in turn 
promotes an immunosuppressive TME (Figure 6L). Pharma-
cological inhibition of NQO1 in conjunction with anti-PD-1 
therapy, demonstrated significant therapeutic potential 
against GSCs and TME, offering new strategies to enhance 
treatment options for glioblastoma.

Previous studies described a small-molecule inhibitor that 
binds NQO1 and GSTP1 with high affinity and selectivity, 
induces apoptosis in GBM, and specifically suppresses the 
growth of cell lines and primary GBM.43 Zhong identified an 
NQO1-dependent form of necrosis.44 However, the role of 
NQO1 in modulating nuclear lamina function remains poorly 
understood. The nuclear lamina constitutes a fibrillar net-
work positioned beneath the nuclear envelope, composed 
of 4 isoforms of nuclear lamins—Lamin B1, B2, Lamin A and 
C— and their associated proteins.45 B-type lamins are pre-
dominantly localized to the nuclear periphery, in close appo-
sition to the inner nuclear membrane.46 The nuclear lamina 
is essential for maintaining nuclear shape, and its dysregu-
lation causes the accumulation of cytosolic chromatin frag-
ments. In this study, we found that NQO1 prevents ROS 
generation and induces OS resistance while maintaining the 
stability of nuclear Lamin B1 in GSCs. GSCs exhibit height-
ened sensitivity and diminished cell viability against OS 
upon Lamin B1 deficiency compared to Lamin B2 deficiency. 
Silencing NQO1 or LMNB1 enhanced nuclear translocation, 
as indicated by the increased presence of dsDNA in the cyto-
plasm. Existing studies are limited to the effect of NQO1 on 
ROS-induced apoptosis, promoting radioresistance and 
chemoresistance.47 Interestingly, our data observed that 
inhibiting NQO1 activates OS and induces the degradation 
of Lamin B1 via the autophagy pathway, which further acti-
vates the downstream cGAS-STING and type I interferon 
signaling.

NRF2 is a critical transcription factor that plays a pivotal 
role in maintaining cellular redox homeostasis and defend-
ing against OS.48 It modulates the expression of antioxidant 
enzymes, including heme oxygenase-1 (HO-1) and NQO1, 
which helps reduce OS.49 NRF2 enhances the survival of 
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Figure 6.  Therapeutic efficacy of β-lapachone combined with PD-1 antibody in inhibiting tumor growth. (A) Dose-response curves for β-lapachone 
stimulation and IC50 determination in glioblastoma stem cells (GSCs) (MES28, RKI, 3028, 839, 2907), as measured by a CellTiter-Glo assay. Data are 
presented as mean ± SD from 6 independent experiments. (B) In vivo bioluminescent imaging of tumor growth, conducted on C57BL/6J mice bearing 
CT2A-derived intracranial tumors expressing shCONT, shNQO1-1, or shNQO1-2 on days 7, 14, and 21. (C) Kaplan-Meier survival curves for C57BL/6J 
mice bearing glioblastoma xenografts derived from CT2A expressing shCONT, shNQO1-1, or shNQO1-2 (n = 6). P values were determined by the 
log-rank test. (D) Representative images of H&E staining of mouse brains were collected on day 21 after the transplantation of CT2A, expressing 
shCONT, shNQO1-1, or shNQO1-2. Scale bar, 2 mm. (E) Schematic illustrating the implantation of CT2A into the brains of C57BL/6J mice. C57BL/6J 
mice were treated with anti-PD-1, β-lapachone, or the combination treatment. Created in BioRender. https://BioRender.com/3mft6u7. (F) In vivo bio-
luminescent imaging of tumor growth conducted in C57BL/6J mice bearing CT2A-derived intracranial tumors with anti-PD-1, β-lapachone, or the 
combination treatment, assessed on days 7, 14, and 21. (G) Kaplan-Meier survival curves for C57BL/6J mice bearing glioblastoma xenografts derived 
from CT2A treated with anti-PD-1, β-lapachone or the combination treatment. n = 6. P values were determined by the log-rank test. (H) Representative 
images of H&E staining of mouse brain collected on day 21 after transplantation of CT2A treated with anti-PD-1, β-lapachone or the combination 
treatment. Scale bar, 2 mm. (I) Flow cytometry quantification of CD8+ T cells (left) and IFN-γ+ CD8+ T cells (right) in C57BL/6J mice bearing glioblastoma 
xenografts derived from CT2A treated with anti-PD-1, β-lapachone or the combination treatment, n = 3. Data were presented as the mean ± SD. *P < 
.05, **P < .01. (J) Representative immunohistochemical (IHC) staining of CD8+ T cells from indicated tumors. Scale bar, 20 μm. (K) Kaplan-Meier survival 
analysis of NQO1 by the median of different glioma data sets, including TCGA GBM HG-U133A and TCGA GBM Aglient. (L) A schematic diagram 
illustrating NQO1-mediated resistance to oxidative stress and remodeling of the TME in GBM. Created in BioRender. https://BioRender.com/ww8klad.
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tumor cells under hypoxic conditions by upregulating the 
expression of hypoxia-inducible factor-1α (HIF-1α) and vas-
cular endothelial growth factor.50 Our study demonstrated 
that NRF2 transcriptionally regulated NQO1 inhibits 
cGAS-STING signaling and maintains the immunosuppres-
sive TME.

β-Lapachone demonstrates pronounced cytotoxic effects 
on neoplasms by triggering immunogenic cell death, aug-
menting tumor immunogenicity, effectively ablating immu-
nocompetent murine tumors, and augmenting the infiltration 
of neutrophils into the TME.51 It is noteworthy that 
β-lapachone injection (ARQ 501) has undergone several can-
cer treatment clinical trials, including NCT00102700, 
NCT00310518, NCT00358930, NCT00524524, NCT00622063, 
and NCT00099190.52,53 And β-lapachone prodrug (ARQ 761) 
has also completed clinical trials (NCT01502800).54 These 
trials highlight the potential of β-lapachone as an anticancer 
agent, primarily through its selective targeting of cancer 
cells via the NQO1 pathway. Our data provide definitive evi-
dence that β-lapachone acts synergistically with anti-PD-1 
immunotherapy in GBM tumors, enhancing CD8+ T-cell 
inflammation. This indicates that targeting NQO1 enhances 
the anti-tumor efficacy of anti-PD-1 therapy and offers a 
novel therapeutic strategy to optimize glioblastoma treat-
ment outcomes.

In conclusion, our results indicate that NQO1 serves as 
both an antioxidant stress response regulator and a factor 
in maintaining GSCs within an immunosuppressive TME. 
NQO1 helps prevent OS, particularly by reducing ROS lev-
els, which supports the stability of nuclear Lamin B1. This 
stability, in turn, inhibits cGAS-STING signaling and type I 
interferon pathways, contributing to the remodeling of the 
immunosuppressive TME. Additionally, the transcription 
factor NRF2 regulates NQO1 and inhibits cGAS-type I inter-
feron signaling. This study identifies new therapeutic targets 
for clinical treatment at both the cell-autonomous and 
cell-extrinsic levels. Targeting NQO1 and its downstream 
signaling effectors, such as β-lapachone and anti-PD-1, may 
offer effective strategies for treating GBM.
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