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NRF2-GPX4/SOD2 axis imparts resistance to EGFR-tyrosine
kinase inhibitors in non-small-cell lung cancer cells
Chun-shuang Ma1, Qian-ming Lv1, Ke-ren Zhang1, Ya-bin Tang1,2, Yu-fei Zhang1, Ying Shen1,2, Hui-min Lei1,2 and Liang Zhu1,2

Epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) have achieved satisfactory clinical effects in the therapy of
non-small cell lung cancer (NSCLC), but acquired resistance limits their clinical application. NRF2 has been shown to enhance the
resistance to apoptosis induced by radiotherapy and some chemotherapy. In this study, we investigated the role of NRF2 in
resistance to EGFR-TKIs. We showed that NRF2 protein levels were markedly increased in a panel of EGFR-TKI-resistant NSCLC cell
lines due to slow degradation of NRF2 protein. NRF2 knockdown overcame the resistance to EGFR-TKIs in HCC827ER and HCC827GR
cells. Furthermore, we demonstrated that NRF2 imparted EGFR-TKIs resistance in HCC827 cells via upregulation of GPX4 and SOD2,
and suppression of GPX4 and SOD2 reversed resistance to EGFR-TKIs. Thus, we conclude that targeting NRF2-GPX4/SOD2 pathway
is a potential strategy for overcoming resistance to EGFR-TKIs.
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INTRODUCTION
Lung cancer is ranked first in terms of cancer-related deaths
worldwide, and non-small-cell lung cancer (NSCLC) accounts for
~80%–90% of all lung cancers. Up to 50% of Asian NSCLC
patients harbor EGFR mutations such as missense mutation in
exon 18 (G719X), deletion of exon 19 (ex19del), or missense
mutation in exon 21 (L858R) [1–3]. Although first-generation
EGFR-TKIs (Epidermal growth factor receptor-tyrosine kinase
inhibitors) such as gefitinib and erlotinib, show satisfactory
curative effects on NSCLC patients harboring EGFR mutations,
most patients develop resistance to EGFR-TKIs after treatment
for 6~12 months. Resistance in ~50% of NSCLC cases is due to a
secondary missense mutation in exon 20 (T790M). Recently,
third-generation EGFR-TKI osimertinib, which aims to overcome
resistance mediated by the T790M mutation, has been approved
for first-line therapy [4, 5]. However, resistance to osimertinib is
unavoidable, and the existing osimertinib resistance mechan-
isms include the C797S mutation, MET amplification, HER2
amplification, and SCLC transformation [6, 7]. However, many
resistance mechanisms remain unclear and need to be
identified.
NRF2, the master transcriptional regulator of the antioxidant

program, is believed to be a double-edged sword for cancer
depending on the stage. NRF2, on the one hand, prevents the
initiation of cancer and, on the other hand, accelerates
the progression of carcinogenesis [8, 9]. NRF2 overexpression
has been observed in several cancers to inhibit apoptosis
and contribute to chemoresistance [10, 11]. NRF2 also plays a
critical role in eliminating lipid peroxidation and ferroptosis
[12, 13]. Ferroptosis is a newly identified form of regulated cell

death that may be triggered by the accumulation of reactive
oxygen species (ROS) and lipid peroxidation products [14].
Hence, mutations that lead to defects in apoptosis and
ferroptosis have been reported to result in resistance to
chemotherapy [15–17]. However, the role of NRF2 in resistance
to molecularly targeted drugs such as EGFR-TKIs is still not well
understood.
Here, we found that NRF2 was upregulated in EGFR-TKI-resistant

cells compared to control cells and that knockdown of NRF2
reversed the epithelial-mesenchymal transition (EMT) and inhib-
ited the migration ability of the resistant cells. Inhibition of GPX4
and SOD2 also reversed EMT and impaired the migration ability of
resistant cells. Moreover, NRF2 activation induced resistance to
EGFR-TKIs, which was reversed by suppression of the GPX4 and
SOD2. In addition, targeting the NRF2-GPX4/SOD2 pathway
resensitized resistant cells to EGFR-TKIs. Our results suggest that
NRF2 may be a potential therapeutic target to overcome
resistance to EGFR TKIs.

MATERIALS AND METHODS
Reagents and antibodies
Erlotinib and gefitinib were purchased from LC Laboratories.
Osimertinib and RSL3 were purchased from Selleck Chemicals.
Dimethyl sulfoxide (DMSO) was obtained from Sigma. All
chemicals were dissolved in DMSO for in vitro experiments.
Antibodies against NRF2, ALDH1A1, GPX4, and SOD2 were

purchased from Abcam, and antibodies against E-cadherin,
vimentin, β-actin, BCL2, and γH2AX were purchased from Cell
Signaling Technology.
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Cell lines and cell culture
Human NSCLC cell lines HCC827 and PC9, which harbor EGFR
mutations and are sensitive to first- and third-generation EGFR
TKIs, were obtained from the American Type Culture Collection
(ATCC) and Dr. G. L. Zhuang (China State Key Laboratory of
Oncogenes and Related Genes, Renji Hospital, Shanghai, China),
respectively. H1975 cells, which harbor a p.T790M mutation and
are resistant to first-generation EGFR-TKIs and sensitive to the
third-generation TKI osimertinib, were obtained from ATCC.
These cells were authenticated by short tandem repeat profiling.
Isogenic cell lines resistant to erlotinib (HCC827ER), gefitinib
(HCC827GR), and osimertinib (HCC827OR and H1975OR) were
established, maintained, and authenticated as previously
described [18, 19]. In brief, sensitive parental cells were
cultured in medium containing escalating concentrations of
erlotinib, gefitinib, and osimertinib. After continued culturing,
the surviving cells proliferated in micromolar concentrations of
TKI were considered resistant cells. Cells were cultured in RPMI-
1640 medium (Thermo Fisher Scientific) containing 10% FBS
(Gemini), 1% GlutaMAX (Thermo Fisher Scientific), and 1%
penicillin-streptomycin (Thermo Fisher Scientific) at 37 °C and
5% CO2.

Cell viability assay
Cells were seeded in 96-well plates at 4000 cells/well. EGFR-TKIs,
siRNAs, or other treatment reagents were added to the medium at
the indicated concentrations in the legends for 72 h. Cell viability
assays were performed with Cell Counting Kit-8 (Dojindo)
according to the manufacturer’s instructions.

Transwell migration assay
Transwell migration assays were performed by using Transwell
chambers (Corning Costar). Cells (1 × 104 per chamber) were
plated into the upper chamber with serum-free medium after
treatment with siRNA or reagents as described in the legends.
The lower chambers were filled with medium containing 10%
FBS. After incubation for 20 h, cells on the upper surface of the
filter were scrubbed off. Cells adhering to the underside of the
filter were stained with 0.1% crystal violet solution and imaged
(Nikon). Then, stained cells were dissolved with 10% acetic acid
(100 μL/chamber), and the optical density (OD) was detected at
600 nm using a microplate reader to quantify the cell migration
ability.

Western blotting analysis
Cells were collected and lysed in RIPA buffer (Beyotime). Then, the
samples were centrifuged at 13,800 × g for 20 min. The quantity of
protein was determined by the BCA protein determination
method. After that, the samples were separated in 10% SDS-
polyacrylamide gel electrophoresis gel, transferred onto a poly-
vinylidene difluoride membrane (Millipore), blocked with 5%
nonfat milk for 1 h, incubated with primary antibody overnight at
4 °C, incubated with secondary antibody at room temperature for
1 h and subsequently visualized by chemiluminescence (Odyssey
FC, LI-COR Biosciences).

RNA extraction and real-time PCR
Total RNA of cells was extracted with an RNA extraction kit
(Takara) according to the manuscript’s instructions. The isolated
RNA was reverse-transcribed using the RevertAid First Strand
cDNA Synthesis Kit (Qiagen). Real-time PCR was conducted with
SYBR Premix Ex Taq using a Light Cycler 480 II system (Roche). The
SOD2 primer sequences were 5′-CCTAACGGTGGTGGAGAACC-3′
(forward) and 5′-CTGAGCCTTGGACACCAACA-3′ (reverse). The β-
actin primer sequences were 5′-TGGTGACGATGCACACGAAGC-3′
(forward) and 5′-TGGTGACGATGCACACGAAGC-3′(reverse) and
were used as internal controls. Relative quantification was
determined by the ΔΔCT method.

RNA interference
Endogenous NRF2, GPX4, and SOD2 were transiently silenced
using siRNAs (Genepharma) according to the manufacturer’s
instructions. Scrambled-siRNAs were used as a mock control. Cells
were seeded in 6-well plates at a density of 2 × 105/well, and 24 h
later, cells were transfected with siRNAs. The silencing efficiency
was detected using Western blotting. The sense sequences of
siRNAs of NRF2 were as follows: #2 (TGCTCAGAATTGCAGAAAA)
and #6 (CTCCTACTGTGATGTGAAA). The sense sequences of
siRNAs of GPX4 were as follows: #1 (GGCAAGACCGAAGTAAACT)
and #4 (CCGATACGCTGAGTGTGGT). The sense sequences of
siRNAs of SOD2 were as follows: #1 (AAAAGCTATTTGGAATGTA),
#2 (CAGCCTGCACTGAAGTTCA), and #3 (CTAATGATCCCAGCA
AGAT).

Colony formation assay
Cells were seeded in six-well plates at 1000 cells/well and cultured
at 37 °C and 5% CO2 for ~2–3 weeks. The colonies of cells were
stained with crystal violet, and images were acquired by a scanner.
The colonies consisting of >50 cells each were manually counted.

Cell apoptosis assay
Apoptosis, ferroptosis, and viable cells were detected using an
annexin V/PI apoptosis detection kit (BD Pharmingen) according
to the manufacturer’s instructions. A total of 10,000 cells were
analyzed by flow cytometry (Accuri C6, BD Biosciences).

ROS detection
Intracellular ROS levels were determined by the fluorescent
oxidation indicator 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) according to the manufacturer’s instructions (Beyo-
time). Briefly, the cells were collected at a density of 1 × 106,
incubated with 10 μM DCFH-DA for 20 min at 37 °C, and washed
with serum-free medium. The fluorescence intensity was exam-
ined by an Accuri C6 flow cytometer (BD Pharmingen).

Public clinical database analysis
Kaplan–Meier analysis of the association between the probability
of overall survival (OS) of lung adenocarcinoma or NSCLC patients
and studied gene expression profiles. The analysis was performed
based on the TCGA and Gene Expression Omnibus (GEO)
databases.

Statistical analysis
Quantitative data were analyzed by GraphPad Prism software and
presented as the mean ± SEM. Differences were assessed accord-
ingly with the two-tailed Student’s t test or ANOVA with
Bonferroni posttest. P < 0.05 was considered statistically signifi-
cant. Asterisks indicate significance at the following levels: *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

RESULTS
NRF2 upregulation in EGFR-TKI-resistant NSCLC cells
To investigate the mechanism of acquired resistance to EGFR TKIs,
HCC827, and H1975 cells were chronically treated with escalating
concentrations of EGFR-TKIs. Dose-response analysis with EGFR-
TKIs demonstrated that the IC50 values of HCC827ER, HCC827GR,
HCC827OR, and H1975OR cells were over 100-fold higher than
those of their corresponding parental cells (Fig. 1a–d and Table S1).
We have demonstrated that resistant cells had low ROS/RCS levels
in a previous study [18]. We wondered whether NRF2, the master
transcriptional regulator of the antioxidant program, played a role
in EGFR-TKI resistance. Then, we examined the protein levels of
NRF2 in resistant cells compared with their sensitive parental cells
and in sensitive cells before and after TKI treatment. Western blot
analysis showed upregulation of NRF2 in PC9ER, HCC827ER,
HCC827GR, HCC827OR, and H1975OR cells (Fig. 1e–g). Cancer
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stem-like cells are resistant to chemotherapy drugs [20]. We found
that NRF2 protein levels were also upregulated in ALDH1A1-
overexpressing stem-like lung cancer cells (Fig. 1h). We proved
that these cells were insensitive to erlotinib [18]. The upregulation
of NRF2 was attributed to TKI challenge because erlotinib,
gefitinib, or osimertinib treatment induced an increase in NRF2
levels in a time-dependent manner in HCC827 and H1975 cells
(Fig. 1i, j). To explore the mechanism of upregulation of NRF2 in
resistant cells, we measured the mRNA levels of NRF2 in parental
and resistant cells. The results showed that NRF2 mRNA in
resistant cells did not significantly change compared with that in
parental cells (Fig. 1k), indicating that the upregulation of NRF2

levels may depend on the protein stability modulation mechan-
ism. Keap1 is a substrate receptor of a Cul3-RING ubiquitin ligase
(CRL3) that, under physiological conditions, constitutively binds
and targets NRF2 for degradation [21]. Prompted by previous
studies, we detected whether there are Keap1 mutations in
resistant cells. No Keap1 mutations were detected in resistant cells
by DNA sequencing analysis (Fig. S1). Then, we treated parental
and resistant cells with the protein synthesis inhibitor CHX and
found that NRF2 protein degradation in resistant cells was slower
than that in parental cells, demonstrating that the upregulation of
NRF2 in resistant cells is due to the longer half-life of the NRF2
protein (Fig. 1l). These data indicate that NRF2 is upregulated in

Fig. 1 EGFR-TKI-resistant cells upregulate NRF2. Cell viability of H1975OR (a), HCC827OR (b), HCC827GR (c), HCC827ER (d), and their
corresponding parental cells was determined by CCK-8 assay after cells were treated with the indicated concentrations of TKIs. e–g NRF2
protein levels were detected in resistant cells compared with their parental cells by Western blotting analysis. h NRF2 protein levels were
detected by Western blotting analysis in ALDH1A1-overexpressing stem-like cells after treatment with DOX for 48 h or 72 h. i, j NRF2 protein
levels were detected by Western blotting analysis in HCC827 and H1975 cells after treatment with 1 μM erlotinib, gefitinib or osimertinib for 0,
24, 48, and 72 h. k NRF2 mRNA levels of HCC827, HCC827GR, HCC827ER, and HCC827OR cells were detected by RT-PCR. (l) Parental and
resistant cells were treated with 100 μg/mL CHX, collected at the indicated times, lysed and immunoblotted.
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EGFR-TKI-resistant NSCLC cells and that NRF2 may play an
important role in EGFR-TKI resistance.

NRF2 dependence in EGFR-TKI-resistant NSCLC cells
To evaluate whether EGFR-TKI-resistant cells depend more on
upregulated NRF2, the growth, viability, colony formation, and
apoptosis of the cells were measured after NRF2 was knocked
down by siRNA. NRF2 knockdown markedly inhibited resistant cell
growth but had only a minimal effect on sensitive parental cells
(Fig. 2a–d). The selective effects of NRF2 knockdown on the
resistant cells were recapitulated in cell viability and colony
formation analysis. Both siNRF2 #2 and siNRF2 #6 inhibited cell
viability more potently in HCC827ER and HCC827GR cells than in
parental cells (Fig. 2e). Consistently, knockdown of NRF2 selectively
inhibited the colony formation of H1975OR cells (Fig. 2f).

Moreover, cell death was dramatically increased after NRF2 was
silenced in HCC827GR cells (Fig. 2g). In addition, suppression of
NRF2 by the selective inhibitor ML385 selectively inhibited the cell
growth of resistant cells (Fig. 2h). These results indicate that
compared to sensitive cells, EGFR-TKI-resistant cells are more
dependent on NRF2 for growth and survival.

EGFR-TKI-resistant cells depend on NRF2 to maintain elevated
EMT/CSC properties
Epithelial-mesenchymal transition (EMT) is closely involved in drug
resistance; [20, 22], therefore, we wondered whether EMT depends
on NRF2. According to the morphological phase-contrast images of
cells, resistant cells showed a spindle-like shape, including the loss of
apical-basal polarity and cell–cell contacts, in contrast to their
parental counterparts, which exhibited an epithelial morphology

Fig. 2 NRF2 knockdown selectively inhibits the proliferation of EGFR-TKI-resistant cells. a HCC827 cells and HCC827ER cells were
transfected with 20 nM siNRF2 or mock control for 72 h, and photographs of cells were captured by IncuCyte. Scale bar: 100 µm. b–d HCC827
cells, HCC827OR cells, and HCC827GR cells were transfected with 20 nM siNRF2 or mock control for 72 h, and cell growth curves were recorded
by IncuCyte. e Cell viability was measured by CCK-8 assay as described in “Methods” after HCC827 cells, HCC827ER cells, and HCC827GR cells
were transfected with 20 nM siNRF2 or mock control for 72 h. f Colony forming assay was performed as described in “Methods” after cells were
transfected with 20 nM siNRF2 or mock control for 48 h. g Cell death was detected by flow cytometry after HCC827GR cells were transfected
with 20 nM siNRF2 or mock control for 72 h. h HCC827 and HCC827GR cells were treated with 10 μM NRF2 inhibitor ML385 for 72 h, and cell
growth curves were recorded by IncuCyte. Data are presented as the mean ± SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001 vs Ctr.

NRF2-GPX4/SOD2 axis imparts resistance to EGFR-TKIs
CS Ma et al.

616

Acta Pharmacologica Sinica (2021) 42:613 – 623



(Fig. 3a). We also found that expression of the epithelial marker E-
cadherin was decreased, while expression of the mesenchymal
marker vimentin was increased in HCC827ER and HCC827GR cells
compared with HCC827 cells (Fig. 3b). Along with EMT, the CSC
marker CD44 was also increased in resistant cells (Fig. 3b). Next, we
found that the protein levels of E-cadherin were increased and those
of vimentin were decreased after NRF2 knockdown (Fig. 3c).
Moreover, knockdown of NRF2 also reversed the cell morphology
change (Fig. 3a). Along with reversing EMT, NRF2 silencing down-
regulated the CSC marker ALDH1A1 (Fig. 3c). Cell migration assays
also confirmed that knockdown of NRF2 impaired the
elevated migration ability of HCC827ER cells (Fig. 3d). These data
demonstrate that EMT and CSC-like characteristics of resistant cells
rely on NRF2.

Upregulation of the antioxidant proteins GPX4 and SOD2 in EGFR-
TKI-resistant cells
To further demonstrate the mechanism of resistance to EGFR-
TKIs, we explored the cell death type insensitive cells and

resistant cells with flow cytometry. We found that annexin V−/
PI+ cell populations were decreased in HCC827ER cells (Fig. 4a).
The iron chelator deferoxamine also reduced annexin V−/PI+

cell populations (Fig. 4b), which reminded us that annexin V−/
PI+ cell populations might be ferroptotic. Ferroptosis is a newly
recognized method of cell death involving iron-dependent
accumulation of ROS and lipid peroxidation and depends on
GPX4 [14, 23]. Consistent with that, HCC827ER and HCC827GR
cells possessed lower basal levels of ROS than their sensitive
parental cells (Fig. 4c). Studies have already demonstrated
that the accumulation of ROS leads to the DNA damage
response and apoptosis [24, 25]. As expected, HCC827ER
expressed higher levels of antiapoptotic protein BCL2 and
lower levels of DNA damage marker γH2AX (Fig. 4d). Lower
levels of ROS may be caused by upregulation of some
antioxidant protein scavenging ROS and mediated by
NRF2. Indeed, we found upregulation of the antioxidants
mitochondrial superoxide dismutase (SOD2) and ferroptosis-
related glutathione peroxidase 4 (GPX4) in HCC827ER and

Fig. 3 Knockdown of NRF2 reverses EMT and inhibits the migration ability of resistant cells. a Morphological phase-contrast images of
cells after treatment with 20 nM siNRF2 for 48 h. b Western blot analysis of EMT biomarkers and CSC biomarker CD44 in HCC827, HCC827GR,
and HCC827ER cells. c Western blot analysis of EMT biomarkers and CSC biomarker ALDH1A1 in HCC827ER, HCC827GR, and HCC827OR cells
after cells were transfected with 20 nM siNRF2 or mock control for 72 h. d Cell migration ability was determined by Transwell migration assay
after cells were transfected with 20 nM siNRF2 or mock control for 72 h. The quantification result was determined as described in the
“Methods”. Scale bar: 100 µm. Data are presented as the mean ± SEM. *P < 0.05 vs mock, #P < 0.05 vs HCC827.
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HCC827GR cells (Fig. 4e, f). In parallel, short-term stimulation
with erlotinib increased the expression of GPX4, SOD2, and
NRF2 (Fig. 1e). Higher expression of GPX4 was also shown in
human lung cancer tissues compared with normal lung tissues
(Fig. 4g). Moreover, high expression of GPX4 (Fig. 4h) or SOD2
(Fig. 4i) correlated with poor prognosis in NSCLC patients.
These results show that EGFR-TKI-resistant cells upregulate
GPX4 and SOD2 to maintain cellular redox homeostasis,
avoiding ROS stress-induced damage and also demonstrate
that patients who express high GPX4 and SOD2 in lung cancers
have poor prognoses.

SOD2 and GPX4 dependence in EGFR-TKI-resistant NSCLC cells
Next, we explored the roles of SOD2 and GPX4 in EGFR-TKI
resistance. We found that knockdown of SOD2 reversed EMT in
HCC827GR cells (Fig. 5a) and selectively inhibited the cell
migration ability of HCC827ER and HCC827GR cells (Fig. 5b).
Moreover, transiently silencing SOD2 selectively inhibited the
viability of HCC827ER and HCC827GR cells (Fig. 5c). The GPX4
inhibitor RSL3 induced the accumulation of ROS, which were
scavenged by N-acetylcysteine (NAC) treatment (Fig. 5d). Con-
sistently, RSL3 inhibited the cell migration ability of HCC827ER
cells, and the effect was abrogated by NAC treatment (Fig. 5e).

Fig. 4 EGFR-TKI-resistant cells upregulate the antioxidant proteins GPX4 and SOD2. a, b Cell death was determined by flow cytometry as
described in the “Methods”. The cells were exposed to 100 μM DFO for 24 h. (c) ROS were analyzed by flow cytometry as described in the
“Methods”. d Western blot analysis of the anti-apoptosis protein BCL2 and the DNA damage biomarker γH2AX in HCC827 and HCC827ER cells.
e SOD2 mRNA levels of HCC827, HCC827ER, and HCC827GR cells were detected by RT-PCR. f Western blot analysis of SOD2 and GPX4 protein
expression in HCC827 cells, HCC827ER cells, and HCC827GR cells. g Analysis of GPX4 expression in lung adenocarcinoma patient tumors and
normal tissues. The analysis was based on TCGA and GEO datasets. h Analysis of the association between the probability of overall survival
(OS) of lung adenocarcinoma patients (n= 720) and their GPX4 gene expression profiles. The analysis was performed based on TCGA and GEO
datasets. Low or high levels of GPX4 were defined as higher or lower than the median value of 720 patients. i Analysis of the association
between the probability of overall survival (OS) of lung cancer patients (n= 1010) and their SOD2 gene expression profiles. The analysis was
performed based on the TCGA dataset. Low or high levels of SOD2 were defined as higher or lower than the median value of 1010 patients.
Data are presented as the mean ± SEM. *P < 0.05 vs Ctr.
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Genetic knockdown of GPX4 and pharmacological inhibition
by RSL3 reversed EMT in HCC827ER cells as well (Fig. 5f). These
results indicate that the EMT and migration of EGFR-TKI-resistant
cells depend on GPX4 and SOD2.

NRF2-induced resistance to EGFR-TKIs depends on SOD2 and
GPX4
To explore whether NRF2 induces resistance to EGFR-TKIs by
upregulating SOD2 and GPX4, we treated HCC827 cells with KI696,
an NRF2 activator, by inhibiting the Keap1-NRF2 interaction [26].
KI696 treatment led to an accumulation of NRF2 and an increase

in the expression of SOD2 and GPX4 (Fig. 6a). Furthermore,
knockdown of NRF2 decreased the expression of SOD2 and GPX4
in HCC827ER cells (Fig. 6a). In addition, NRF2 activation by KI696
promoted cell growth and induced resistance to EGFR-TKIs; these
effects were abrogated by the GPX4 inhibitor RSL3 and by SOD2
knockdown (Fig. 6b–e). Moreover, patients with high expression of
both GPX4 and SOD2 (GPX4high/SOD2high) tended to have poorer
survival than those with the GPX4low/SOD2low signature (Fig. 6f).
Taken together, these results demonstrate that SOD2 and GPX4
act as downstream molecules of NRF2 to mediate EGFR-TKI
resistance.

Fig. 5 Inhibition of both SOD2 or NRF2 reverses EMT and impairs the migration ability of resistant cells. a Western blot analysis of EMT
biomarkers in HCC827GR cells transfected with 20 nM siSOD2 for 72 h. b Cell migration ability was determined by Transwell migration assay
after cells were transfected with 20 nM siSOD2 for 72 h. Scale bar: 100 µm. The quantified result was determined as described in the “Methods”.
c Cell viability was determined by CCK-8 assay. Cells were transfected with 20 nM siSOD2 for 72 h. d ROS were analyzed by flow cytometry as
described in the “Methods”. HCC827ER cells were treated with 100 nM RSL3 and 10mM NAC for 6 h. e Cell migration ability was determined by
Transwell migration assay after cells were treated with 100 nM RSL3 and 10mM NAC for 6 h. Scale bar: 100 µm. The quantified result was
determined as described in the “Methods”. fWestern blot analysis of EMT biomarkers in HCC827ER cells transfected with 20 nM siGPX4 for 72 h
or exposed to 100 nM RSL3 for 6 h. Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01 vs Ctr.
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Targeting the NRF2-GPX4/SOD2 pathway resensitizes resistant
cells to EGFR-TKIs
Treatment with siNRF2 resensitized resistant cells to erlotinib
and gefitinib but had little effect on sensitive parental cells
(Fig. 7a–c). Knockdown of SOD2 also resensitized resistant cells
to erlotinib and gefitinib (Fig. 7d, e). The GPX4 inhibitor RSL3
reversed resistance to erlotinib and osimertinib (Fig. 7f, g).
Inhibition of NRF2 with ML385 also resensitized resistant cells to
gefitinib and osimertinib (Fig. 7h, i). These results indicate that
targeting the NRF2-GPX4/SOD2 pathway overcomes EGFR-TKI
resistance.

DISCUSSION
EGFR-TKIs are recommended as first-line therapy for patients
with EGFR mutations; however, resistance is the major obstacle
to further clinical application [27]. Although the third-generation
TKI osimertinib shows an encouraging improvement in OS,
acquired resistance to this compound is still unavoidable [28].
NRF2, a transcription factor that induces the expression of genes
bearing an antioxidant response element (ARE), is reported in
conferring resistance to chemotherapy in several cancer cell
lines [11, 29]. However, the role of NRF2 in acquired resistance
mechanisms against EGFR-TKIs has not been thoroughly studied.

Fig. 6 NRF2-induced resistance to EGFR-TKIs depends on SOD2 and GPX4. a Western blot analysis of NRF2, GPX4, and SOD2 protein
expression. HCC827 cells were exposed to 5 μM KI696 for 24 h or 48 h, and HCC827ER cells were transfected with 20 nM siNRF2 or mock
control for 48 h. b–e Cell viability was determined by CCK-8 assay, and cell growth curves were determined by IncuCyte. HCC827 cells were
treated with 5 μM KI696, 100 nM TKIs, 40 nM RSL3, and 20 nM siNRF2 as indicated. f Analysis of the association between the probability of
overall survival (OS) of lung cancer patients (n= 496) and their GPX4 and SOD2 gene expression profiles. The analysis was performed based
on the TCGA dataset. Low or high levels of GPX4 and SOD2 were defined as those higher or lower than the median value of 496 patients. Data
are presented as the mean ± SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001 vs Ctr.
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Our study showed that resistant cells generated by chronic
exposure to EGFR-TKIs at escalating concentrations had upre-
gulated NRF2 levels. NRF2 mRNA levels did not increase in the
resistant cells, suggesting that the protein stability of NRF2 may
have changed. Then, we found that NRF2 protein degradation in
resistant cells was slower than that in parental cells. Degradation
of NRF2 is mediated by Keap1; therefore, Keap1 mutation can

result in accumulation of NRF2. DNA sequencing analysis
showed no Keap1 mutation in the resistant cells. Our previous
studies found that EGFR-TKIs caused the accumulation of ROS/
RCS in parental cells [18]. Bollong et al. demonstrated that ROS/
RCS selectively modifies KEAP1 to form a methylimidazole
crosslink between proximal cysteine and arginine residues
(MICA). This posttranslational modification results in the

Fig. 7 Targeting the NRF2-GPX4/SOD2 pathway resensitizes resistant cells to EGFR-TKIs. a–c Cell viability was determined by CCK-8 assay.
HCC827ER, HCC827GR, and HCC827 cells were treated with 100 nM EGFR-TKIs and 20 nM siNRF2 for 72 h. d, e Cell viability was determined by
CCK-8 assay. HCC827ER and HCC827GR cells were treated with 100 nM EGFR-TKIs and 20 nM siSOD2 for 72 h. f, g Cell viability was determined
by CCK-8 assay. The resistant cells were treated with 80 nM RSL3 and every concentration of TKIs by triple dilution from 100 μM for 72 h.
h, i Cell viability was determined by CCK-8 assay; HCC827GR, HCC827OR were treated with 10 μM ML385 and every concentration of TKIs by
triple dilution from 100 μM for 72 h. Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs Ctr.
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dimerization of Keap1 so that Keap1 cannot complex with NRF2,
which leads to the reduced NRF2 degradation and accumulation
of NRF2 and activation of the NRF2 transcriptional program [30].
These findings may explain why short-term stimulation of EGFR-
TKIs leads to upregulation of NRF2 in parental cells. In the
process of gradual construction of resistant cells, the cells that
survive under long-term drug pressure gradually upregulate
NRF2 to fight against ROS/RCS induced by EGFR-TKI stimulation.
Many studies have indicated that EMT is closely involved in drug

resistance [20, 22]; therefore, we explored the role of NRF2 in EMT.
Indeed, knockdown of NRF2 reversed EMT in resistant cells and
reduced their cell migration ability. Moreover, knockdown of
NRF2 selectively inhibited cell viability, proliferation and colony
formation. These results indicate that EGFR-TKI-resistant cells
depend on NRF2.
Recently, several studies have shown that NRF2 activation can

promote cell proliferation and inhibit ferroptosis, a newly
recognized mechanism of cell death involving the ROS
accumulation and lipid peroxidation [12, 13]. GPX4 can combat
lipid peroxidation using reduced glutathione (GSH) as a
substrate; thus, inhibition of GPX4 with pharmacological (RSL3)
or genetic methods can induce ferroptosis [16]. In our study, we
found that in resistant cells overexpressing GPX4, GPX4 inhibitor
RSL3 overcame resistance to erlotinib, and knockdown of GPX4
also reversed EMT and inhibited the migration ability of
resistant cells.
ROS can initiate the apoptotic cascade, and apoptosis

mediated by death receptors also depends on the generation
of ROS [24, 31]. SOD2 is reported to reduce apoptosis through
scavenging ROS, thus mediating resistance to chemotherapy
[31], but the role of SOD2 in EGFR-TKI resistance has not been
investigated so far. We found that resistant cells upregulated
the expression of SOD2 and that knockdown of SOD2
decreased the expression of the antiapoptotic protein BCL2
and inhibited the survival of resistant cells (data not shown). In
addition, knockdown of SOD2 overcame EGFR-TKI resistance
and reversed EMT in these cells. Moreover, NRF2 activation
with KI696 induced the expression of GPX4 and SOD2,
knockdown of NRF2 decreased the expression of GPX4 and
SOD2, and accumulation of NRF2 by KI696 induced resistance
to EGFR-TKIs; this resistance was reversed by RSL3 and siSOD2.
All of the above results demonstrate that NRF2 suppresses cell
death induced by EGFR-TKIs by upregulating SOD2 and GPX4
in NSCLC.
In conclusion, our findings reveal that the NRF2-GPX4/SOD2 axis

imparts resistance to EGFR-TKIs in NSCLC. These results suggest a
potential therapeutic strategy in which targeting NRF2 may
overcome resistance to EGFR-TKIs.
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