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Abstract: Overcoming drug resistance remains essential for improving clinical outcomes in non-small cell lung can-
cer (NSCLC). This study explores the differential susceptibility of drug-resistant cancer cells, utilizing gefitinib (GEF)-
resistant HCC827GR NSCLC cells as a model system. We observed that HCC827GR cells inherently display elevated
levels of reactive oxygen species (ROS) and increased expression of ferroptosis-related markers when compared
with GEF-sensitive cells. Accordingly, the HCC827GR lineage showed heightened responsiveness to erastin-mediat-
ed cytotoxicity, as determined by MTT and soft-agar assays. Our mechanistic investigations established that erastin
treatment resulted in non-apoptotic cell death, accompanied by mitochondrial dysfunction and G2/M phase arrest
in the cell cycle. In-depth analysis demonstrated that erastin notably raised intracellular iron and ROS concentra-
tions and induced lipid peroxidation. Pretreatment with N-acetyl cysteine (NAC) validated the crucial involvement of
ROS, and the use of ferrostatin-1 conclusively verified ferroptosis as the predominant mode of cell death. In sum-
mary, GEF-resistant HCC827GR cells exhibit increased sensitivity to erastin-induced ferroptosis compared with the
parental line. This distinct vulnerability should be further studied as a potential therapeutic approach for targeting
drug-resistant NSCLC.

Keywords: Erastin, gefitinib, drug-resistance, non-small cell lung cancer, reactive oxygen species, ferroptosis

Introduction

Lung cancer remains among the most preva-
lent cancers globally, accounting for nearly two
million deaths annually [1]. Non-small cell lung
cancer (NSCLC) constitutes the most frequent-
ly diagnosed subtype, with a 5-year survival
rate of less than 30% [2]. Since the early
2000s, therapies that target receptor tyrosine
kinases (RTKs), such as the epidermal growth
factor receptor (EGFR), have become a central
approach for the management of NSCLC [3].
Gefitinib (GEF), a first-generation EGFR tyrosine
kinase inhibitor (TKI), exhibits its anticancer
effects primarily by inhibiting the EGFR signal-
ing pathway [4]. Nevertheless, the development
of resistance significantly limits GEF’s effec-
tiveness in treating lung cancer patients [5].
The most extensively characterized resistan-
ce mechanism is the EGFR T790M mutation,

which reduces the potency of TKIs by increasing
the receptor’s affinity for ATP [6]. Alongside the
EGFR T790M mutation, MET amplification is
frequently identified as a resistance mecha-
nism. MET kinase activation facilitates contin-
ued cancer cell survival despite EGFR pathway
inhibition [7]. Approaches to counteract resis-
tance to first-generation EGFR inhibitors have
included the introduction of irreversible inhibi-
tors [8], and TKls with specificity for mutated
EGFR T790M [9]. Although several strategies
have been developed to overcome resistance,
considerable challenges persist, underscoring
the need for ongoing research to improve
NSCLC patient outcomes and survival.

The survival and death of cancer cells are influ-
enced by multiple factors, among which reac-
tive oxygen species (ROS) play a crucial role
[10]. Cancer cells commonly exhibit increased
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ROS levels to take advantage of their pro-tu-
morigenic properties [11]. Although moderate
ROS concentrations support the proliferation of
cancer cells, excessive ROS accumulation may
be cytotoxic and induce apoptosis [12]. To sur-
vive under oxidative stress, cancer cells initiate
antioxidant defenses to shield themselves from
ROS-induced cellular damage [13]. Since rap-
idly proliferating cancer cells maintain high
ROS levels, interventions that elevate ROS pro-
duction may selectively target malignant cells.
Elevated ROS may induce mitochondrial mem-
brane permeabilization [14], and the resulting
mitochondrial membrane potential (MMP) loss
may trigger apoptosis [15] or alternative forms
of cell death [16].

Erastin acts as an inhibitor of system Xc. This
system plays an essential role in cellular GSH
supply, and its inhibition results in increased
lipid peroxidation. This accumulation of lipid
peroxides can subsequently initiate ferroptosis,
which is a form of programmed cell death char-
acterized by iron dependency [17]. Erastin has
been demonstrated to promote ferroptosis in
multiple cancer cell types [18, 19]. In this work,
we evaluated the anticancer properties of eras-
tin in HCC827 NSCLC cells, both with and with-
out GEF-resistance. Our findings show that the
GEF-resistant HCC827 cells exhibited increased
sensitivity to erastin-induced ferroptosis com-
pared to the parental cell line.

Materials and methods
Chemicals, reagents, and antibodies

Gefitinib (GEF; Cayman Chemical, Ml, USA) and
erastin (GlpBio Technology Inc., CA, USA) were
dissolved in dimethyl sulfoxide (DMSO; Thermo
Fisher Scientific, MA, USA). N-Acetyl-L-cysteine
(NAC) was purchased from Sigma-Aldrich (St.
Louis, MO, USA), and ferrostatin-1 (Fer-1) was
obtained from Selleck Chemicals (Houston, TX,
USA). Fetal bovine serum (FBS), 0.05% trypsin-
EDTA (0.53 mM), and 10,000 U/mL penicillin-
streptomycin (P/S) were purchased from Gibco
(Carlsbad, CA, USA). Roswell Park Memorial
Institute (RPMI) and Dulbecco’s Modified Eagle
Medium (DMEM) were obtained from Welgene
(Gyeongsan-si, Gyeongsangbuk-do, Republic of
Korea). HRP-conjugated anti-rabbit 1gG and
anti-mouse IgG secondary antibodies were pur-
chased from Thermo Fisher Scientific (Waltham,
MA, USA). Primary antibodies to B-actin (Cat #
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sc-47778, RRID: AB_626632), p27 (Cat #
sc-56338, RRID: AB_785027), cyclin B1 (Cat #
sc-7393, RRID: AB_627336), cdc2 p34 (Cat #
sc-8395, RRID: AB_627225), ACSL4 (Cat #
sc-365230, RRID: AB_10843105) were pur-
chased from Santa Cruz Biotechnology (Dallas,
TX, USA), while xCT/SLC7A11 (Cat # 12691,
RRID: AB_2687474) and GPX4 (Cat # 59735,
RRID: AB_2940796) were obtained from Cell
Signaling Technology (Danvers, MA, USA).

Cell culture and treatment

The human epidermal keratinocyte cell line
HEKa and the NSCLC cell line HCC827 (RRID:
CVCL_2063; EGFR E746-A750 deletion) and
NCI-H1975 (RRID: CVCL_1511; EGFR L858R
and T790M mutation) were obtained from the
American Type Culture Collection (Manassas,
VA, USA). The gefitinib-resistant HCC827GR,
characterized by MET amplification, was kindly
provided by professor Pasi A. Janne [20]. HEKa
cells were maintained in DMEM, whereas
HCC827, HCC827GR, and NCI-H1975 cells
were cultured in RPMI-1640 medium. All media
were supplemented with 10% FBS and 1% P/S.
Cells were incubated at 37°C in a humidified
incubator with 5% CO,. HCC827GR cells were
maintained in RPMI-1640 medium containing
0.1 uM gefitinib. In the experiments, cells were
treated with either erastin or GEF for 24 or 48
h. When necessary, cells were pretreated with
NAC (4 mM) for 3 h, or Fer-1 for 12 h prior to
erastin treatment.

Cell viability assay

Following overnight attachment in 96-well
plates, the cells were treated with erastin or
GEF for 24 or 48 h, and the cell viability was
determined using the MTT assay. Following
treatment, MTT solution (Thermo Fisher Sci-
entific, 1 mg/mL) was added to each well, and
the plate was incubated at 37°C on a shaker.
The resulting formazan were dissolved in di-
methyl sulfoxide (DMSO0), and A VARIOSKAN
LUX microplate reader (Thermo Fisher Scientific)
was used to measure absorbance at 570 nm.

Anchorage-independent growth assay

Soft-agar colony formation assay was conduct-
ed to evaluate effects on anchorage-indepen-
dent cell growth, as previously described [21].
After 14 days of incubation, colony formation
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was visualized under a light microscope (Leica,
Wetzlar, Germany), and images were process-
ed using I-Solution software (Vancouver, BC,
Canada). Colonies measuring 40 uym or larger in
diameter were counted and included in subse-
quent size distribution analyses.

Protein expression analysis

The cells were lysed using Protein Extraction
Solution (iNtRON Biotechnology, Seongnam,
Korea) containing protease inhibitors. Protein
levels were quantified using the BCA assay
(Bio-Rad, Hurcules, CA, USA). Equal amounts
(10-20 pg) were resolved by SDS-PAGE and
transferred to PVDF membranes (Millipore, Bur-
lington, MA, USA). After blocking with 5% skim
milk in phosphate buffered saline with 1% tw-
een (PBST), membranes were probed with pri-
mary antibodies at 4°C overnight, and subse-
quently with HRP-conjugated secondary anti-
bodies for 2 h. Detection was performed using
ECL reagents and visualized on an iBright™
CL1500 system (Thermo Fisher Scientific).

Determination of intracellular ROS levels

To assess intracellular ROS accumulation, cells
were exposed with 5 uM CellROX™ Green Rea-
gent (Invitrogen, Carlsbad, CA, USA) at 37°C
for 30 minutes under light-protected condi-
tions. After incubation, excess dye was removed
by washing with phosphate buffered saline
(PBS), and fluorescence was measured using a
MACSQuant 16 Analyzer (Miltenyi Biotec, Ber-
gisch Gladbach, Germany).

Cell cycle analysis

To analyze cell cycle distribution, cells were
stained with propidium iodide (PI) and subject-
ed to flow cytometry. Briefly, cells were fixed in
70% ethanol at -20°C overnight, and then wa-
shed with PBS, incubated with RNase A (50 ug/
mL) for 15 minutes at room temperature. Pl
solution was added to the cell suspension prior
to analysis. DNA content was then quantified by
flow cytometry using a MACSQuant 16 Analyzer
(Miltenyi Biotec).

Quantification of Fe®* levels

Intracellular Fe?* levels were measured using
the FerroOrange probe (1 uyM; Dojindo Labo-
ratories, Kumamoto, Japan) according to the
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manufacturer’s instructions with minor modifi-
cations. Cells were stained in Hank’s balanced
salt solution at 37°C for 15-30 minutes in the
dark. After washing, fluorescence was acqui-
red using a MACSQuant Analyzer 16 (Miltenyi
Biotec) at 543/580 nm.

Detection of lipid ROS

Lipid peroxidation was assessed using the fluo-
rescent probe BODIPY™ 581/591 C11 (Thermo
Fisher Scientific). After treatment, cells were
incubated with 2.5 yM BODIPY™ C11 dye dilut-
ed in RPMI medium for 15 minutes at 37°C in
the dark. The stained cells were harvested and
washed twice in PBS. Fluorescence changes
indicative of lipid peroxidation were detected
using a MACSQuant 16 Analyzer.

Intracellular glutathione assay

Intracellular glutathione (GSH) levels were mea-
sured using the GSH/GSSG-GlIo™ Assay kit
(Promega, WI, USA) according to the manufac-
turer’s instructions. Cells plated in 96-well
plates were treated with erastin (1, 2, and 3
uM) for 48 h, and lysed using the provided lysis
reagent. Luciferin Generation Reagent (50 pL)
was added to each well and incubated for 30
min at room temperature, followed by the addi-
tion of 100 uL Luciferin Detection Reagent
and incubation for 15 min. Luminescence was
measured using a Centro LB 960 plate rea-
der (Berthold Technologies, Bad Wildbad, Ger-
many). GSH levels were calculated from a gluta-
thione standard curve, normalized to protein
concentration determined by BCA assay, and
expressed relative to the untreated control

group.
Glutathione peroxidase activity assay

Glutathione peroxidase (GPx) activity was mea-
sured using a Glutathione Peroxidase Assay
Kit (Abcam, Cambridgeshire, UK) according to
the manufacturer’s instructions. Briefly, eras-
tin-treated cells were washed with cold PBS,
and lysed in the assay buffer. The lysates were
centrifuged at 13,000 rpm for 15 min at 4°C,
and the supernatants were collected for analy-
sis. Briefly, 20 pL of each sample was mixed
with reaction mixture (containing NADPH, gluta-
thione reductase, and glutathione) following
incubation at room temperature for 15 min.
Then cumene hydroperoxide was added, fol-
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lowed by absorbance measurement at 340
nm using a VARIOSCAN LUX microplate reader
(Thermo Fisher). GPx activity was calculated
based on the consumption of NADPH according
to the manufacturer’s protocol. GPx activity
was normalized by protein concentration ob-
tained from BCA assay.

Mitochondrial membrane potential (MMP)
analysis

MMP was assessed using JC-1 dye (10 ug/mL)
following Erastin treatment. NSCLC cells were
stained at 37°C for 30 minutes in the dark,
washed with PBS, and analyzed by flow cytom-
etry (MACSQuant VYB, Miltenyi Biotec). Data
processing was performed using MACSQuantify
software.

Analysis of apoptotic cell death

Apoptosis was assessed by Annexin V-FITC/PI
staining. After treatment, cells were resuspend-
ed in binding buffer, stained according to the
manufacturer’s instructions, and incubated for
15 minutes in the dark. Fluorescence was mea-
sured using MACSQuant Analyzer 16 (Miltenyi
Biotec) and analyzed with MACSQuantify soft-
ware.

Data analysis

The statistical study was performed using
KaleidaGraph version 4.5 (Synergy Software,
Reading, PA, USA). Data were reported as the
mean + standard deviation (SD). One-way
ANOVA followed by Tukey’s post-hoc test, and
two-way ANOVA followed by Sidak’s multiple
comparisons test, were performed to evaluate
the significance of differences. Statistical sig-
nificance between two groups was analyzed
using an unpaired Student’s t-test with Welch’s
correction. P-value less than 0.05 was em-
ployed as the statistical significance criterion.
IC,, values were calculated by nonlinear reg-
ression analysis using GraphPad Prism 10.3
(GraphPad Software, CA, USA) based on three
independent experiments.

Results

The GEF-resistant NSCLC cell lineage shows
increased expression of ferroptosis-related
markers and ROS

To compare protein expression involved in fer-
roptosis between HCC827 and HCC827GR
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cells, western blotting was performed (Figure
1A). SLC7A11, GPX4, and ACSL4 expression
levels were elevated by 2.4-, 3.2-, and 1.9-fold,
respectively, in HCC827GR cells compared to
HCC827 cells (Figure 1B-D). CellROX Green-
based flow cytometry was used to measure
basal intracellular ROS in both cell lines (Figure
1E). The basal ROS level in HCC827GR cells
was roughly 4.3-fold higher than in HCC827
cells (HCC827: 14.5%, HCC827GR: 63.5%). Li-
pid peroxidation was evaluated by flow cytome-
try using BODIPY-C11. The level of lipid ROS in
HCC827GR cells was approximately 3.7-fold
greater than that in HCC827 cells (HCC827:
12.3%, HCC827GR: 45.7%).

The GEF-resistant NSCLC cell lineage demon-
strates enhanced sensitivity to erastin-induced
cytotoxicity

First, we assessed the proliferation of NSCLC
cells using the MTT assay. Treatment with eras-
tin for 24 and 48 hours suppressed the growth
of both HCC827 and HCC827GR cells relative
to the vehicle control (Figure 2A). The IC_, val-
ues of erastin at 48 hours were 7.6 uyM for
HCC827 cells, 2.1 yM for HCC827GR cells, and
3.4 uM for NCI-H1975, respectively. Exposure
to GEF (1 uM) reduced HCC827 cell prolifera-
tion to 49.9% at 24 hours and 20.6% at 48
hours (Figure 2B). In contrast, HCC827GR cells
maintained proliferation rates of 99.2% and
97.9% under the same conditions, confirming
the resistance of this cell line to GEF. Similarly,
NCI-H1975 cells also maintained a high prolif-
eration rate of 94.0% and 92.7% under the
same conditions (Supplementary Figure 1). To
investigate the cytotoxicity of erastin in HEKa
cells, viability was evaluated following treat-
ment with increasing concentrations of erastin
(0-12 pM) for 24 and 48 hours using the MTT
assay. The findings indicated that erastin did
not decrease the viability of HEKa cells (Figure
2C). The impact of erastin on anchorage-inde-
pendent growth was determined by a soft agar
assay (Figure 2D). In HCC827 cells, erastin
treatment at 1, 2, 3, and 9 yM reduced colony
numbers to 93.7%, 93.7%, 88.6%, and 0.0%,
respectively, when compared to the vehicle
control. Corresponding colony sizes decreased
to 88.3%, 80.8%, 78.2%, and 0.0%, respective-
ly. In HCC827GR cells, colony numbers were
reduced to 8.5%, 0.0%, 0.0%, and 0.0% at 1, 2,
3, and 9 uM erastin, respectively, and colony
size similarly decreased to 77.8%, 0.0%, 0.0%,
and 0.0%. Upon GEF treatment (1 pM), the
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Figure 1. Ferroptosis-related protein expression and oxidative stress. (A-D) Western blot analysis of protein expres-
sion levels in HCC827 and HCC827GR cells. (A) Representative western blot image. The relative expression levels
of SLC7A11 (B), GPX4 (C), and ACSL4 (D) were normalized to the B-actin level. Data are shown as the mean + stan-
dard deviation (n=3). *P<0.05 and **P<0.01 compared with HCC827 cells (P values calculated using unpaired
Student’s t-test). (E) Basal intracellular ROS levels in HCC827 and HCC827GR cells, assessed by flow cytometry
using CellROX Green. Left: representative flow cytometry histogram. Right: relative ratios of ROS+ cells. (F) Basal
lipid peroxidation was measured in HCC827 and HCC827GR cells by flow cytometry using BODIPY-C11 staining.
Left: representative histogram. Right: relative ratios of BODIPY-C11+ cells. Data are shown as the mean + standard
deviation (n=3). ***P<0.001 compared with HCC827 cells (P values calculated using unpaired Student’s t-test).

number and size of HCC827 colonies both fell proportion of cells in the G2/M phase increas-
to 0.0%, whereas those for HCC827GR cells ed from 22.5% (control) to 25.0%, 28.0%, and
remained at 93.1% and 97.4%, respectively 32.3% following erastin administration at in-
(Figure 2E and 2F). creasing concentrations. In contrast, the corre-

sponding values for HCC827 cells were 16.2%
Erastin induces G2/M phase cell cycle arrest (control), 16.3%, 15.7%, and 15.3% for the sa-
in NSCLC cells me erastin exposures, again indicating minimal

change (Figure 3B and 3C). Following treatment
To investigate the impact of erastin on cell cycle with 1 pM gefitinib, HCC827 cells exhibited an
progression, flow cytometry analysis with Pl increase in GO/G1 phase cell percentage from
staining was conducted on NSCLC cells ex- 72.4% (control) to 87.1%, accompanied by re-
posed to erastin (1, 2, and 3 uM) or gefitinib (1 ductions in S and G2/M phases from 11.4%
UM) for 48 h (Figure 3A). In HCC827GR cells, and 16.2% to 4.1% and 8.8%, respectively. By
the percentage of cells in the GO/G1 phase contrast, in HCC827GR cells, the proportions
decreased from 70.0% in the controls to 66.7%, in GO/G1, S, and G2/M phases were 70.0%,
61.9%, and 55.0% after treatment with 1, 2, 7.5%, and 22.5% (control), and 71.4%, 7.5%,
and 3 pM erastin, respectively. Conversely, and 21.1% after gefitinib treatment, revealing
HCC827 cells exhibited percentages of 72.4% negligible variation. Western blotting to assess
(control), 72.6%, 73.3%, and 73.4% after eras- p27, cyclin B1, and cdc2 protein levels showed
tin treatment at 1, 2, and 3 pyM, reflecting no stable expression in HCC827 cells, while in
substantial alteration. For HCC827GR cells, the HCC827GR cells, p27 expression increased
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Figure 2. MTT cell viability assay and soft-agar colony formation assay. A-C. HCC827, HCC827GR, and HEKa cells
were exposed to the indicated concentrations of erastin or gefitinib (GEF) for either 24 h or 48 h. Cell viability was as-
sessed via the MTT assay, and IC,, values were determined. A. Cell viability of HCC827 (closed bar) and HCC827GR
(open bar) cells treated with erastin for 24 h (left) and 48 h (right). B. Cell viability of HCC827 and HCC827GR cells
treated with GEF for 24 h and 48 h. C. Cell viability of HEKa cells exposed to erastin for 24 h (closed bar) and 48
h (open bar). D, E. HCC827 and HCC827GR cells, following treatment with erastin or GEF at indicated concentra-
tions, were cultured on soft-agar plates for 14 days, after which both colony number and size were analyzed using
[-Solution software. D. Representative microscopy images. E. Bar graph representing the relative size of colonies.
F. Bar graph representing the relative colony number. Results are shown as mean + standard deviation (n=3).
**P<0.01, and ***P<0.001 compared with the vehicle control (p values based on Tukey’s post hoc test). #P<0.05
and ##P<0.001 between the erastin-treated HCC827 and HCC827GR groups (two-way ANOVA followed by Sidék’s
multiple comparisons test).

and cyclin B1 and cdc2 levels were reduced fol-
lowing erastin exposure (Figure 3D).

Erastin induces non-apoptotic mitochondrial
dysfunction in NSCLC cells

To determine whether erastin triggers mitoch-
ondrial dysfunction and apoptosis in NSCLC
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cells, flow cytometric analysis using JC-1 stain-
ing was performed and mitochondrial mem-
brane potential (MMP) measured in NSCLC ce-
lls treated with erastin (Figure 4A). In HCC827
cells, the fraction of cells with depolarized mi-
tochondrial membranes increased marginally
from 5.5% (control) to 6.7%, 7.3%, and 8.3%
after erastin at 1, 2, and 3 uM. However, in
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Figure 3. Cell cycle analysis. HCC827 and HCC827GR cells were exposed to the indicated concentrations of erastin
or GEF for 48 h and subsequently analyzed by flow cytometry with Pl staining or by western blotting. (A) Representa-
tive histogram from flow cytometry. (B, C) Bar graphs display the distribution of HCC827 (B) and HCC827GR (C) cells
at GO/G1, S, and G2/M phases after treatment. Results are shown as mean + standard deviation (n=3). *P<0.05
and ***P<0.001 compared to the control group (p values were obtained via Tukey’s post hoc test). (D) Expression
levels of p27, cyclin B4, and cdc2 proteins were assessed by immunoblotting.
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Figure 4. Mitochondrial membrane potential (MMP) and annexin V. HCC827 and HCC827GR cells were exposed
to the indicated concentrations of erastin or GEF for 48 h and analyzed by flow cytometry using JC-1 staining and
annexin V-FITC/propidium iodide double-staining. A. Left: Representative flow cytometry dot plots following JC-1
staining. Right: Relative ratio of JC-1 green cells. B. Left: Representative flow cytometry dot plots following annexin
V-FITC/propidium iodide double-staining. Right: Relative ratio of annexin V + cells. Results are presented as mean
+ standard deviation (n=3). *P<0.05, **P<0.01, and ***P<0.001 versus control (p values based on Tukey’s post
hoc test).
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HCC827GR cells, this fraction rose markedly
from 4.4% (control) to 9.2%, 17.0%, and 35%
for the same erastin doses. To assess whether
MMP disruption resulted in apoptosis, flow cy-
tometry using Annexin V-FITC/PI double-stain-
ing was carried out (Figure 4B). Erastin treat-
ment caused no significant change in the apop-
totic cell fraction. By contrast, GEF treatment
led to a pronounced increase in apoptotic cells
in HCC827 cells, from 3.4% to 75.8%, yet no si-
milar effect was seen in HCC827GR cells.

Erastin triggers ferroptotic cell death in NSCLC
cells

To investigate whether erastin increases cellu-
lar iron levels, flow cytometry analysis utilizing
FerroOrange was conducted (Figure 5A). In
HCC827 cells, the intracellular iron levels re-
mained relatively consistent, ranging from the
control value of 14.7% to 12.4%, 15.9%, and
18.9% following erastin treatments at 1, 2, and
3 UM, respectively. Conversely, in HCC827GR
cells, iron levels increased markedly from the
control level of 17.5% to 42.3%, 56.9%, and
73.7% after exposure to erastin at 1, 2, and 3
UM, respectively. GEF treatment (1 uM) led to
elevated iron levels at 31.9% in HCC827 cells
and 27.5% in HCC827GR cells. Subsequently,
to assess the impact of erastin treatment on
lipid peroxidation, NSCLC cells were subjected
to flow cytometry using BODIPY-C11 following
exposure to erastin (1, 2, and 3 uM) or gefitinib
(1 uM) for 48 h (Figure 5B). In HCC827 cells,
the level of lipid peroxidation showed minimal
change, rising modestly from 12.7% in the con-
trol to 15.8%, 19.9%, and 25.0% after erastin
treatment at 1, 2, and 3 uM, respectively. Con-
versely, the lipid peroxidation level in HCC827GR
cells increased markedly from 18.5% (control)
to 35.7%, 47.9%, and 75.0% after treatment
with erastin at 1, 2, and 3 uM, respectively. In
addition, lipid peroxidation level in NCI-H1975
cells increased from 18.6% in untreated con-
trols to 20.4%, 35.5%, 43.5%, and 69.3% fol-
lowing treatment with 1, 2, 3, and 4 uM erastin,
respectively (Supplementary Figure 1). In con-
trast, GEF treatment (1 uM) resulted in lipid per-
oxidation levels of 30.2% and 17.7% in HCC827
and HCC827GR cells, respectively. Western
blot analysis indicated that protein expression
levels associated with ferroptosis were un-
changed in HCC827 cells; however, SLC7A11
and GPX4 expression decreased while ACSL4
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expression increased in HCC827GR cells (Fi-
gure 5C). To further investigate erastin-induced
ferroptosis, cell viability in NSCLC cells treated
with erastin was measured using an MTT assay,
with or without a 12 h preincubation with Fer-1
(Figure 5D). Treatment with 9 uM erastin re-
duced HCC827 cell viability to 28.7% of con-
trol levels, whereas 3 uM erastin reduced
HCC827GR cell viability to 25.3%. Pretreatment
with Fer-1 (5 yM for HCC827 and 4 uM for
HCC827GR cells) restored cell viability to 73.7%
and 86.0%, respectively. Because erastin inhib-
its the cystine/glutamate antiporter system Xc
[17], intracellular GSH levels were subsequent-
ly evaluated in HCC827 and HCC827GR cells.
As shown in Figure 5E, treatment with erastin
at 1, 2, and 3 pyM decreases the GSH level in
HCC827 cells to 0.68, 0.45, 0.4, respectively,
compared with untreated control. In HCC827GR
cells, treatment with 1, 2, and 3 uM erastin
markedly reduced GSH levels to 0.19, 0.1, and
0.01 of untreated control, respectively (Figure
5E). Furthermore, to determine whether erastin
treatment alters GPx activity in NSCLC cells, we
measured GPx activity after 48 h exposure to
erastin. In HCC827 cells, GPx activity decreased
to 95.2%, 42.3%, and 33.1% following treat-
ment with 1, 2, 3 uM erastin, respectively, while
HCC827GR cells showed reductions of 24.1%,
10.4%, and 8.6%, respectively, compared with
the untreated control (Figure 5F). GPx activity
in NCI-H1975 cells decreased to 37.6%, 34.4%,
24.0%, and 19.3% at 1, 2, 3, and 4 uM erastin,

respectively (Supplementary Figure 1).

Erastin-induced intracellular ROS promotes
ferroptosis in NSCLC cells

Flow cytometry with CellROX Green was per-
formed to determine if increased iron levels
were associated with changes in intracellular
ROS levels (Figure 6A). In HCC827 cells, ROS
levels exhibited minimal variation, rising from
a control level of 12.3% to 12.5%, 12.9%,
and 15.4% after erastin treatment at 1, 2, and
3 UM, respectively. In contrast, ROS levels in
HCC827GR cells rose significantly, from a con-
trol level of 16.4% to 32.0%, 41.8%, and 50.0%
following corresponding erastin treatments.
Furthermore, erastin treatment induced ROS
accumulation in NCI-H1975 cells, with ROS
levels increasing from 18.0% in untreated con-
trol to 27.5%, 36.3%, 43.2%, and 64.7% follow-
ing treatment with 1, 2, 3, and 4 uM erastin,
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Figure 5. Intracellular iron and lipid peroxidation levels. A, B. HCC827 and HCC827GR cells were treated with the
indicated concentrations of erastin or GEF for 48 h and analyzed by flow cytometry using FerroOrange and BODIPY-
C11. A. Left: representative flow cytometry histogram obtained with FerroOrange. Right: quantification of the relative
percentages of FerroOrange-positive cells. B. Left: representative flow cytometry histogram analyzed using BODIPY-
C11. Right: quantification of the relative percentages of BODIPY-C11+ cells. C. The protein expression of SLC7A11,
GPX4, and ACSL4 was assessed by immunoblotting. D. Cells were pretreated with or without Fer-1, a ferroptosis
inhibitor, for 12 h, followed by erastin exposure for 48 h. Cell viability was evaluated by the MTT assay. E, F. Cells
were treated with 1, 2, and 3 uM erastin for 48 h. E. Relative GSH levels. F. Relative GPx activity. Data are presented
as mean + standard deviation (n=3). **P<0.01 and ***P<0.001 vs. control group. #*#P<0.001 vs. erastin-treated
group (p values based on Tukey’s post hoc test).

respectively (Supplementary Figure 1). After
GEF treatment, intracellular ROS levels were

29.2% in HCC827 cells and 15.6% in HCC827GR

cells, respectively. To clarify the role of ROS
generation in erastin-induced cytotoxicity, cell
viability was measured via MTT assay in eras-
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Figure 6. Intracellular ROS level. A. HCC827 and HCC827GR cells were treated with the indicated concentrations
of erastin or GEF for 48 h and subjected to flow cytometry using CellRox Green or western blot analysis. Left: repre-
sentative flow cytometry histogram. Right: quantification of the relative percentages of ROS-positive cells. B, C. Cells
were pretreated with or without NAC for 3 h, then treated with erastin for 48 h. B. Cell viability was assessed by the
MTT assay. Data are presented as mean * standard deviation (n=3). **P<0.01 and ***P<0.001 vs. control group.
###P<0.001 vs. erastin treated group (p values calculated using Tukey's post hoc test). C. Western blot analysis for

SLC7A11, GPX4, and ACSL4.

tin-treated NSCLC cells with or without NAC pre-
treatment (4 mM) for 3 h. Cell viability, which
declined to 31.5% in HCC827 (erastin 9 pM)
and 20.3% in HCC827GR (erastin 3 uM), was
restored to 86.2% and 92.0%, respectively, fol-
lowing NAC pretreatment (Figure 6B). Western
blot analysis demonstrated that NAC pretreat-
ment reversed the reduction in SLC7A11 and
GPX4 and the elevation in ACSL4 levels (Figure
6C).

Discussion

This study investigates the differential vulnera-
bility of drug-resistant cancer cells as a poten-
tial approach to overcoming anticancer resis-
tance. The GEF-resistant HCC827 NSCLC cell
line shows increased expression of SLC7A11,
GPX4, and ACSL4 (Figure 1A-D). Elevation of
these proteins is hypothesized to provide pro-
tection against heightened ROS levels. Con-
sistently, the proportion of ROS+ cells was app-
roximately five times greater in HCC827GR cells
(Figure 1E). Lipid peroxidation was also elevat-
ed in the GEF-resistant line (Figure 1F). Per-
sistently high lipid peroxidation in HCC827GR
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cells results in a vulnerable metabolic condi-
tion, making even minor increases in ROS
potentially lethal. Thus, this specific suscepti-
bility may serve as an attractive target for ROS-
inducing anticancer therapies. Upon recogniz-
ing this metabolic discrepancy, erastin cytotox-
icity was assessed in both HCC827 and
HCC827GR cells via the MTT cell viability and
soft-agar assays (Figure 2). While erastin re-
duced viability in each cell type, there were
notable differences in response. The IC, for
HCC827 cells was 11.7 uM following 24 hours
of treatment, which was roughly double the IC_,
found in HCC827GR cells (5.8 yM). Importan-
tly, after 48 hours of treatment, the IC_ for
HCC827GR cells declined significantly to 2.1
UM, while that for HCC827 cells was 7.6 uM,
demonstrating a difference of greater than
three-fold. Erastin exhibited lower IC_ values in
the GEF-resistant NCI-H1975 cells (5.2 yM at
24 h, 3.4 uM at 48 h) than in the GEF-sensitive
HCC827 cells (Supplementary Figure 1). As a
result, 3 uM erastin was used to induce cell
death in HCC827GR, while 9 yM was used for
HCC827 cells. Although erastin was able to
induce cytotoxicity in HCC827 cells at the
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applied concentrations irrespective of GEF-re-
sistance, similar doses did not affect HEKa
cells, indicating that erastin’s cytotoxic action
is specific to cancer cells. Additionally, the GEF
sensitivity of HCC827 cells and the GEF resis-
tance of HCC827GR cells were confirmed by
both the MTT cell viability and soft-agar assays.

Various anticancer drugs exert cytotoxic effects
in cancer cells by modulating the cell cycle. The
regulation of the cell cycle contributes to the
cytotoxicity induced by anticancer drugs [22].
Cell cycle analysis demonstrated a marked
reduction in the proportion of cells in the GO/
G1 phase and an elevation in the G2/M phase
in HCC827GR cells following erastin treatment
(4, 2, 3 uM); these effects were not detected in
HCC827 cells (Figure 3). In addition, western
blot analysis revealed that erastin increases
the level of the CDK inhibitor p27 [23], while
simultaneously decreasing the levels of cyclin
B1 and CDK1 [24]. These findings suggest that
erastin disrupts cell cycle progression in
HCC827GR cells by targeting the G2/M phase.
In contrast, GEF treatment modified cell cycle
distribution in HCC827 cells, but such altera-
tions were absent in HCC827GR cells. Colle-
ctively, these results indicate that HCC827GR
cells exhibit greater sensitivity to erastin-in-
duced cytotoxicity than HCC827 cells, thereby
confirming the resistance of HCC827GR cells to
GEF.

Disruption of the mitochondrial membrane [25]
can have severe implications for cell fate by
eliminating functional energy-generating pro-
cesses within the cell. JC-1 staining demon-
strated a higher proportion of cells with disru-
pted or depolarized mitochondrial membranes
among HCC827GR cells after erastin exposure
(1, 2, and 3 uM) (Figure 4A). This phenomenon
was not observed in HCC827 cells. In contrast,
GEF treatment resulted in mitochondrial mem-
brane depolarization in HCC827 cells, but this
effectdid not occurin HCC827GR cells. Notably,
loss of MMP [15] was not associated with apop-
tosis during erastin-induced cytotoxicity. Ann-
exin V-PI double staining indicated that neither
HCC827 nor HCC827GR cells underwent apop-
tosis after erastin administration, in contrast to
the apoptosis observed in HCC827 cells treat-
ed with GEF (Figure 4B). These findings indicate
that erastin-mediated mitochondrial dysfunc-
tion is non-apoptotic, suggesting involvement
of necroptosis or ferroptosis. An increase in cel-
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lular iron level constitutes a key feature of fer-
roptosis [26]. FerroOrange staining showed a
pronounced elevation of intracellular iron levels
following erastin (1, 2, and 3 yM) administra-
tion in HCC827GR cells, but not in HCC827
cells (Figure 5A). The rise in cellular iron paral-
leled an increase in reactive oxygen species
(ROS) as detected by CellROX Green staining
(Figure 6A). Erastin significantly increased in-
tracellular ROS accumulation in NCI-H1975
cells (Supplementary Figure 1). Erastin-induc-
ed cytotoxicity was abrogated by pretreatment
with NAC (4 mM), a reactive oxygen species
scavenger (Figure 6B). Furthermore, western
blotting revealed that NAC pretreatment res-
tored GPX4 and SLC7A11 levels and attenuat-
ed the induction of ACSL4 (Figure 6C). Lipid
peroxidation constitutes another hallmark of
ferroptosis [26]. BODIPY-C11 staining demon-
strated an elevated extent of lipid peroxida-
tion after erastin (1, 2, and 3 uM) exposure in
HCC827GR and NCI-H1975 cells, an effect not
observed in HCC827 cells (Figure 5B and
Supplementary Figure 1). Western blot analysis
demonstrated that erastin treatment elevated
the expression of ACSL4, a factor that pro-
motes ferroptosis [27], in HCC827GR cells,
while the expression levels of SLC7A11 and
GPX4 were reduced (Figure 5C). Interestingly,
erastin decreased GPx activity and GSH levels
more prominently in gefitinib-resistant HCC-
827GR cells than in gefitinib-sensitive HCC827
cells in a dose-dependent manner (Figure 5E,
5F). Consistently, erastin also markedly redu-
ced GPx activity in NCI-H1975 cells (Supple-
mentary Figure 1). In contrast to ACSL4, both
SLC7A11 and GPX4 protect against ferroptosis
through the provision of antioxidant GSH [28].
Paradoxically, SLC7A11 and GPX4 (key anti-fer-
roptotic proteins) were elevated in the more
ferroptosis-sensitive HCC827GR cells. We spe-
culate that this upregulation reflects a compen-
satory response to chronic oxidative stress that
is insufficient to maintain redox balance under
erastin challenge. Consistent with this interpre-
tation, parental HCC827 cells were relatively
resistant, showing minimal cytotoxicity at 3 uM
erastin and requiring 9 yM to induce signifi-
cant cell death. When the parental cell line
of HCC827 and HCC827GR cells were com-
pared, erastin 9 uyM and 3 uM were used,
respectively (Figures 5D and 6B). While this
equitoxic approach standardized initial cell
death across lines, the disparity in absolute
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erastin concentrations (9 uM vs. 3 pM) means
that differences in the magnitude of rescue
should be interpreted with caution, as they may
be influenced by drug load rather than intrin-
sic cellular mechanics. Anyhow, this cytotoxic
effect was abolished by prior administration of
Fer-1, a selective ferroptosis inhibitor (Figure
5D), or NAC (Figure 6B). These results suggest
that the cytotoxicity induced by erastin treat-
ment is primarily mediated by ferroptosis.

In conclusion, we established that HCC827GR
cells exhibit increased ROS production and
higher levels of proteins associated with ferrop-
tosis. HCC827GR cells display greater suscepti-
bility to erastin-induced cytotoxicity. Treatment
with erastin leads to G2/M phase cell cycle
arrest, non-apoptotic mitochondrial dysfunc-
tion, enhanced iron accumulation and ROS pro-
duction, lipid peroxidation, and ferroptotic cell
death. Compared to the GEF-sensitive paren-
tal HCC827 cells, the GEF-resistant NSCLC
HCC827GR cells are significantly more suscep-
tible to cytotoxic effects induced by erastin.
This increased sensitivity may offer a potential
strategy for selectively targeting drug-resist-
ant cancer cells and should be further inves-
tigated.
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Erastin targets resistant NSCLC via ferroptosis
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Supplementary Figure 1. Erastin-induced ferroptotic cell death in NCI-H1975 cells. The cells were treated with
erastin (1-12 uM) or gefitinib (1 uM) for 24 or 48 h. A. Cell viability using MTT assay. B-D. Cells were treated with
erastin (1, 2, 3, and 4 uM) for 48 h. B. GPx activity. C. Intracellular ROS level accessed by flow cytometry using Cell-
ROX Green. D. Lipid ROS level measured by BODIPY-C11. Results are shown as mean + standard deviation (n=3).
*P<0.05 and ***P<0.001 compared to the control group (p values were obtained via Tukey’s post hoc test).



