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HIGHLIGHTS
1. Lung cancer brainmetastatic cells

obtain a significant resistance to plat-
inumdrugs.

2. AnotableGSHhigh-consumption
state exists in lung cancerBM.

3. GPX4andGSTM1contribute to the
consumptionofGSHandmediate the
platinumresistance by suppressing
ferroptosis.

4. Wnt/NR2F2 signaling is responsible
for transcriptional upregulationof
GPX4.
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Wnt/NR2F2/GPX4 promoted acquired chemo-resistance by suppressing ferrop-
tosis with high consumption of GSH and GPX4 inhibitor was found to enhance
the anticancer effect of platinumdrugs in lung cancer BM, providing novel strate-
gies for lung cancer patients with BM
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Abstract
Background: Platinum-based chemotherapy is effective in inducing shrinkage
of primary lung cancer lesions; however, it shows finite therapeutic efficacy in
patients suffering from brain metastasis (BM). The intrinsic changes of BM cells,
which contribute to the poor results remain unknown.
Methods: Platinum drug-sensitivity was assessed by utilizing a preclinical BM
model of PC9 lung adenocarcinoma cells in vitro and in vivo. High consumption
of glutathione (GSH) and two associated upregulated proteins (GPX4 and
GSTM1) in BM were identified by integrated metabolomics and proteomics in
cell lines and verified by clinical serum sample. Gain-of-function and rescue
experiments were implemented to reveal the impact and mechanism of GPX4
and GSTM1 on the chemosensitivity in BM. The interaction between GPX4
and GSTM1 was examined by immunoblotting and immunoprecipitation.
The mechanism of upregulation of GPX4 was further uncovered by luciferase
reporter assay, immunoprecipitation, and electrophoretic mobility shift
assay.
Results: The derivative brainmetastatic subpopulations (PC9-BrMs) of parental
cells PC9 developed obvious resistance to platinum. Radically altered profiles of
BMmetabolism and protein expression comparedwith primary lung cancer cells
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were described andGPX4 andGSTM1were identified as being responsible for the
high consumption of GSH, leading to decreased chemosensitivity by negatively
regulating ferroptosis. Besides, GSTM1was found regulated by GPX4, which was
transcriptionally activated by the Wnt/NR2F2 signaling axis in BM.
Conclusions: Collectively, our findings demonstrated that Wnt/NR2F2/GPX4
promoted acquired chemoresistance by suppressing ferroptosis with high con-
sumption of GSH. GPX4 inhibitor was found to augment the anticancer effect
of platinum drugs in lung cancer BM, providing novel strategies for lung cancer
patients with BM.

KEYWORDS
brain metastasis, chemotherapeutic resistance, ferroptosis, glutathione metabolism, GPX4
inhibitor, lung cancer

1 BACKGROUND

Brain metastasis (BM) is a predominant cause of death
in patients suffering from nonsmall cell lung cancer
(NSCLC). Patients with BM have a poor prognosis owing
to the limited treatment options (median survival: 4-
6 months).1,2 Currently available therapeutic modalities
involve a combo of surgery, radiotherapy, platinum-based
chemotherapy, molecular targeted therapy, or antiangio-
genesis therapy (if indicated); the outcomes are usually
poor yet.3
Platinum-based chemotherapy is an essential and effec-

tive treatment for patients with NSCLC;4 however, the
therapeutic outcome inBMpopulations is pretty low.5–8 In-
depth characterization of the mechanisms of chemother-
apeutic resistance may provide insights for developing
novel therapeutic strategies for patients with BM. How-
ever, the intrinsic and predisposing features of metastatic
tumor cells that contribute to the unfavorable response
to chemotherapy are not well characterized. Studies have
investigated the internal changes in brain metastatic cells
at the genetic level.9 However, metabolomics and pro-
teomics are potent and prospective supporting technolo-
gies that can provide insights into the disease at a more
phenomenological level.10,11
Ferroptosis is a recently acknowledged model of non-

apoptotic regulated cell death that is characterized by
the production of iron-dependent reactive oxygen species
(ROS) and lipid peroxidation.12–14 An increasing body
of evidence suggests an extremely complex relationship
between ferroptosis and cancer.15–18 Moreover, recent stud-
ies have revealed the involvement of ferroptosis in the pro-
cess of chemoresistance. Ferroptosis has been proposed as
a novel pharmacological mechanism of antitumor drugs
including cisplatin (a classical platinum drug).19,20 Glu-

tathione peroxidase 4 (GPX4) has been shown to be a
vital negative regulator of ferroptosis through its phospho-
lipid peroxidase activity in glutathione (GSH)metabolism;
GSH is an essential substrate for GPX4 to suppress lipid
peroxidation.21,22 It is suggested that tumor cells that per-
sistently exhibitmultidrugs tolerance are sensitive toGPX4
inhibition by inducing ferroptosis;23 however, the specific
effects of GPX4 in the chemotherapy activity, especially in
secondary BM of lung cancer remain obscure.
In this study, we conducted concomitant metabolomics

and proteomics study in lung cancer cell line and its
derived brain metastatic subpopulations to characterize
the metabolic and protein expression profile in BM. We
identified that the metastatic cells reprogram the cellular
metabolism into a GSH-high-consumption state caused by
the overexpression of two proteins that take part in the
GSH metabolism pathway [GPX4 and its regulatory tar-
get protein glutathione S-transferase M1 (GSTM1)]. This
phenomenon contributes to the acquisition of chemother-
apeutic resistance through inhibition of ferroptosis. Inhi-
bition of GPX4 expression and its activity in vitro and in
vivo was found to enhance the anticancer effect of plat-
inum drugs in brain metastatic cells. Further, we found
that the activation of Wnt/NR2F2 signaling is responsible
for the transcriptional upregulation of GPX4 in BM cells.

2 METHODS

The detailed methods for Western blot analysis, RNAi
and plasmid design and transfection, enzyme-linked
immunosorbent assay (ELISA), quantitative-polymerase
chain reaction (q-PCR), confocal immunofluorescence,
and immunohistochemistry (IHC) staining are available in
the Supplemental Materials.
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2.1 Cell culture and drugs

The human lung cancer cell line PC9 was obtained
from the Chinese Academy of Medical Sciences (Beijing,
China). The BM derivative cells (PC9-BrM1, PC9-BrM2,
and PC9-BrM3) were derived from parental cell line PC9
by implanting tumor cells in immunodeficientmice via left
ventricular injection; the metastatic cells were extracted
from the harvested brain metastases as described in previ-
ouswork.9 PC9-BrM3was createdwith twomore rounds of
injection-extraction-expansion cycling; it has been shown
to exhibit enriched brain metastasis activity.24,25 These
cells were cultured in Roswell Park Memorial Institute
medium-1640 (RPMI1640) with the supplementation of
10% fetal bovine serum (FBS), 100 U/mL penicillin and
streptomycin (all those agents were obtained from Gibco,
Invitrogen, Inc, USA) and a humidified environment with
5% CO2 at 37◦C was used to maintain.
Cisplatin (MB1055), Carboplatin (MB1297), Ferrostatin-

1 (Fer-1, MB4718), (1S, 3R)-RSL3 (RSL3, MB4723), TGF-
β inhibitor SB431542 (MB5459), Wnt/β-catenin inhibitor
I WR-1-endo (MB4050), p38 MAPK inhibitor SB203580
(MB5062), and ERK inhibitor SCH772984 (MB3432) were
purchased fromMeilunbio (China).Wnt agonist 1 (B6059),
Cycloheximide (CHX, A8244) was obtained from ApexBio
(USA).

2.2 Cell viability and colony formation
assay

Cell viability was quantified using the Cell Counting Kit-8
(K1018, ApexBio, USA) as per the instructions of the man-
ufacturer. For colony formation, 103 cells were harvest and
put into 6-well plates and allow to proliferate for 10 days.
The obtained colonies were fixed using paraformaldehyde
(4%) for 10 minutes and stained with crystal violet (1%) for
20 minutes.

2.3 Animal studies

The licensing committee of Dalian Medical University
authorized the animal studies. Vital River Laboratory Ani-
mal Technology Company (Beijing, China) provided the
immunodeficient mice (female, BALB-c-nu, 4-6 weeks)
needed for the studies.

2.4 Subcutaneous xenograft studies

Five million parental cells PC9 or highly brain metasta-
sis subpopulation PC9-BrM3 in 100 μL phosphate buffered

HIGHLIGHTS

1. Lung cancer brain metastatic cells obtain a sig-
nificant resistance to platinum drugs.

2. A notable GSH high-consumption state exists
in lung cancer BM.

3. GPX4 and GSTM1 contribute to the consump-
tion of GSH and mediate the platinum resis-
tance by suppressing ferroptosis.

4. Wnt/NR2F2 signaling is responsible for tran-
scriptional upregulation of GPX4.

saline (PBS) were injected subcutaneously (s.c.) to the
dorsal left flank of nude mice, respectively (n = 10 per
group). Each group was randomly divided into a control
group (n = 5) and a dosing group (n = 5). The therapy
is launched when the tumor volume amounts to 100-150
mm3. Mice in the control group were treated with DMSO
while those in the dosing group were intraperitoneally
(i.p.) injected with 5 mg/kg cisplatin once every 5 days.
In another experiment, 5 million highly brain metasta-

sis cells PC9-BrM3with negative control shRNA (shNC) or
GPX4 knockdown (shGPX4) in 100 μL PBS were injected
subcutaneously to the dorsal left flank of nude mice,
respectively. The therapy is launched when the tumor vol-
ume amounts to 100-150 mm3. Mice planted with BrM3-
shNC cells were treated with DMSO (n = 5, once every 5
days, i.p.) or 5mg/kg cisplatin (n= 5, once every 5 days, i.p.)
with or without 100 mg/kg RSL3 (n = 5 per group, twice
a week, s.c. at tumor site), while another five mice were
administered RSL3 alone. At the same time, mice planted
with BrM3-shGPX4 cells were treated with DMSO (n = 5,
once every 5 days, i.p.) or 5 mg/kg cisplatin (n = 5, once
every 5 days, i.p.) with or without 0.2 mg/kg ferrostatin-1
(n = 5 per group, daily, i.p.), while another five mice were
administered ferrostatin-1 alone. Tumor volumewas deter-
mined every 3 days according to the following formula: vol-
ume (V) = 1/2 × length × width2. Mice were sacrificed and
masses were removed on the 21st day of treatment.

2.5 Intracardiac BMmodels

One million PC9-BrM3 cells with GPX4 knockdown
(shGPX4) in 100 μL PBS were administered into the left
ventricle of each mouse after anesthesia. Weekly anal-
ysis of brain colonization by bioluminescence imaging
(BLI) was performed in vivo. Briefly, images were obtained
within 15 minutes after intraperitoneal administration
of D-luciferin (150 mg/kg body weight; Promega, USA)
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into anesthetized mice using an IVIS Spectrum Xenogen
machine (PerkinElmer, USA). The Living Image software
(version 2.50) was utilized for analyzing the images. Drug
treatment over a 21-day periodwas initiated after confirma-
tion of colonization; mice were treated with DMSO (n = 3,
once every 5 days, i.p.) or 5 mg/kg cisplatin (n = 3, once
every 5 days, i.p.) with or without 0.2 mg/kg ferrostatin-1
(n= 3 per group, daily, i.p.), while another threemice were
administered ferrostatin-1 alone.

2.6 Clinical samples

The Ethics Review Committee of the Second Hospital
of Dalian Medical University approved this study. Serum
samples were obtained from lung cancer patients with
brain metastasis (LCBM, n = 108) and patients with pri-
mary lung cancer with no lymph node or distant organ
metastasis (PLC, n = 40) following a standard operating
protocol. Briefly, 2 mL peripheral blood in a serum sepa-
rator tube (SST) was allowed to stand still for 30 minutes
(for clotting), followed by centrifugation (1000 g/min) for
15 minutes at room temperature. Immediately after cen-
trifugation, serum was collected into clean polypropylene
tubes and stored at –80◦C. Written informative consent
was received from all participating individuals.

2.7 Metabolic profiling analysis

The PC9 and its derivative subpopulations (PC9-BrMs)
were cultured in 10-cm dish with 5-6 replicates per group.
After achievement of 80%-90% confluence, cells were
promptly washed thrice with ice-cold PBS, harvested with
1 mL of methanol/water solution (4:1, v/v), and vortex-
treated. 350 μL of the supernatant solution were col-
lected after centrifugation and lyophilized. For serum
samples, 50 μL of serum was extracted with 200 μL of
methanol solution containing 5 μg/mL of myristic acid-
d27 as inner standard and vortex-processed. 180 μL of
the supernatant solution was collected after centrifugation
and lyophilized. Before GC-MS analysis, the lyophilized
samples were treated with oximation and silylation reac-
tions to improve the volatility of metabolites. Briefly, cell
and serum lyophilized samples were subjected to sonica-
tion after addition of 30 μL and 50 μL of a methoxamine
solution (20 mg/mL in pyridine), respectively, and incu-
bated at 37◦C for 1.5 hour. Subsequently, 20 and 40 μL of
N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA),
respectively, were added and incubated at 37◦C for 1 hour.
After centrifugation, supernatant was obtained and used
for further profiling. Quality-control (QC) samples were
produced by bringing together identical aliquots of each

cell and serum sample, respectively, and were pretreated
as the samples.
The metabolic profiling was performed using a GCMS-

QP2010 plus system (Shimadzu, Kyoto, Japan) combined
with a DB-5 MS fused-silica capillary column (Agilent
Technologies, Palo Alto, CA, USA), and a GCMS-TQ8050
system (Shimadzu, Kyoto, Japan) coupled with a Rxi-5Sil
MS fused-silica capillary column (Restek, Bellefonte, PA,
USA) for cell and serum samples, respectively. One micro-
liter of samples was injected at a 1:10 split ratio. The lin-
ear velocity of carrier gas (Helium, 99.9995 %, China) was
set at 40 cm/s. The oven temperature was maintained at
70◦C for 3 minutes and then ramped to 300◦C with tem-
perature increment of 5◦C/min and kept for 10 minutes for
cell samples; for serum samples, the oven temperature was
kept at 80◦C for 1 minute and raised to 210◦C at increment
of 30◦C/min, then to 315◦C at increment of 20◦C/min and
maintained for 5 minutes. An electron ionization source
(EI, 70 eV)was employed for ionization. The detection volt-
age was programmed based on the outcomes of the auto-
tuning. Data access for cell and serum samples was started
at 5.6 and 2.92 minutes, respectively, with the mass scan
range of 50-600m/z and the event time of 0.2 second. The
temperature of the ion source was 230◦C. The tempera-
tures of the inlet and the transfer line were 300◦C and
280◦C for cell samples, respectively, and 315◦C and 300◦C
for serum samples, respectively. The sample injection was
in random order, and a QC sample was analyzed every 6
cell and 10 serum samples, respectively, tomonitor the data
quality.

2.8 Measurement of glutathione

A total of 5000 cells were seeded in 96-well white plates
and allowed to attach for 12 hours. Glutathione (GSH)
level was evaluated using the GSH-Glo assay kit (Promega,
V6912) according to the manufacturer’s instructions. To
detect total glutathione (GSH + GSSG), reducing agent
tris(2-carboxyethyl) phosphine (TCEP) (which can reduce
oxidized glutathione [GSSG]) was used at a concentra-
tion of 500 μM following the manufacturer’s guidelines.
Each measurement was read out by a multifunctional
microplate reader (Varioskan LUX, Thermo).

2.9 Analysis of intracellular reactive
oxygen species

Reactive Oxygen Species (ROS) assay kit (Beyotime,
S0033S)was used tomeasure intracellular ROS level on the
basis of the formation of fluorescent compound 2 #, 7 # -
dichlorofluorescein (DCF) under the peroxide-dependent
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oxidation of DCFH-DA, according to the manufacturer’s
guidelines. A total of 5000 cells/well were planted in 96-
well plates and then subjected to specific drug treatments
upon cell attachment. After the treatment, 200 μL DCFH-
DA (10 μM) was added to each well after removing media
containing the drug and left to 20 minutes of warming
incubation at 37◦C. Remove the residual DCFH-DA by
washing cells with serum-free cell culture medium. Fluo-
rescence intensity was determined with a multifunctional
microplate reader (Varioskan LUX, Thermo). Since the
brain metastasis populations PC9-BrM3 exhibited green
fluorescence,[25] the data were normalized to the respec-
tive unstained cells.

2.10 Proteomic analysis

It was performed with the support of Jingjie PTM Biolabs
(Hangzhou, China) Co. Ltd. The detailed laboratory proto-
cols for protein profiling are described in the Supplemen-
tary Materials.

2.11 Lipid peroxidation assay

Fluorescent Dye C11 BODIPY 581/591 (D3861, Invitrogen)
was used as lipid peroxidation sensor as per the manu-
facturer’s instructions. Briefly, 50,000 cells were seeded
on 35-mm glass bottom dishes and then subjected to the
indicated treatments upon attachment. After treatments,
cells were stained with 10 μM lipid peroxidation sensor
andHoechst 33342 (Meilunbio, China) for 30minutes. The
cells were then washed for three times with PBS and then
imaged on an Olympus IX81 inverted microscope using a
40× objective using filters for Hoechst, FITC, and Texas
Red channels. The fluorescent signal was quantified by
SlideBook™ 5.0 software, which set the ratio of signals
from 510 and 590 channels to quantify lipid peroxidation
in cells. Tert-butyl hydroperoxide (TBH, 200-500 μM for 1-
3 hours) treatment was as administered a positive control.
Lipid Peroxidation Assay Kit (ab118970, Abcam) was

used to evaluate the relative concentration ofmalondialde-
hyde (MDA) in cell lysates following the manufacturer’s
instructions. Data were normalized by corresponding pro-
tein concentration.

2.12 Iron measurements

Total iron (Fe2+ and Fe 3+) was determined using the col-
orimetric Iron Assay Kit (ab83366, Abcam) as per theman-
ufacturer’s instructions. For three biological replicate sam-
ples, 1.5 million cells were tested per triplicate. Colorimet-

ric was read out using a multifunctional microplate reader
(Varioskan LUX, Thermo). Iron measurements for tissues
were standardized by cell quantities.

2.12 Coimmunoprecipitation

After cell lysis, the lysates were incubated with antibodies
against GPX4 or GSTM1 sufficiently at 4◦C for 1 hour and
the immunocomplex was then precipitated with a Cap-
turem IP & Co-IP Kit (Takara Bio, Japan) according to the
manufacturing guidelines. After being washed, the pro-
teins were identified by Western blot analysis using anti-
GPX4 and anti-GSTM1.

2.13 Dual-luciferase reporter assays

The luciferase reporter constructs containing the human
GPX4 promoter fragments were prepared using the pGL4-
basic vector (Promega) by GenePharma (China). 293T cells
were transiently transfected with the desired pGL4 basic-
based construct, NR2F2 pcDNA3.1 plasmid (GenePharma,
China), and Renilla luciferase reporter vector (RL-TK)
using the Lipofectamin 2000 (Invitrogen) following the
protocols. The luciferase activity was assessed using the
Dual-Glo R© Luciferase Assay Kit (E1910, Promega) with a
microplate reader (Perkin Elmer).

2.14 Chromatin immunoprecipitation
(ChIP)

ChIP analysis was performed using the ChIP kit (p-2002,
EpQuikTM) as per the manufacturing guidelines. Chro-
matin extracts containing DNA fragments were immuno-
precipitated with 3 μg of monoclonal anti-NR2F2 antibody
(ab211777, Abcam) or normal IgG (as a control).
The PCR primers were as follows: forward, 5′-

ATGGCAGGGGTGAGGGTA-3′, reverse, 5′-ATTTTTA
GTAGAGACGGGGTT-3′ (product length 228 bp).

2.15 Electrophoretic mobility shift assay
(EMSA)

EMSA was performed using the Lightshift Chemi-
luminescent EMSA Kit (Thermo Scientific, #20148)
according to the manufacturer’s protocol. The sense
probe sequences for EMSA were as follows: wild-type
probe: 5′- GCGGGCAGATCACCTGAGGTCAGGAGTTC
GAGA-3′; mutant probe: 5′-GCGGGCAGATCACA
GTCTTGACTTCGTTCGAGA -3′. After synthesizing the
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double-stranded (ds) probes and labeling the end of the
wild-type probe with digoxigenin-11-ddUTP, nuclear
protein (5 mg) was extracted using a kit (Thermo Sci-
entific) and then applied into the incubation containing
1 mg poly (d [I-C]), the binding buffer, labeled wild-type
probe with or without unlabeled probe for 15 minutes
at room temperature. The bound DNA complexes were
electrophoretically isolated by 5% nondenaturing poly-
acrylamide gel and transferred to a nylon membrane. The
nylon films were cross-linked and examined for chemilu-
minescence by CSPD. The signals were documented with
the BIO-RAD system. In supershift analyses, after the
addition of the probe, the NR2F2 antibody (4 mg; Abcam)
was incorporated into the nuclear extract and incubated
at 4◦C for 1 hour.

2.16 Statistical analysis

For cell metabolomics, identification and quantification of
metabolic features were performed using the chromTOF
4.43 (LECO, Saint Joseph, USA) andGC−MSbrowser (Shi-
madzu, Kyoto, Japan) software, respectively. The inten-
sity of metabolic features was normalized to the total peak
areas of rawdata fromcell samples, and the intensity of fea-
tures that belong to one metabolite were added. For serum
cystine analysis, the intensity of cystine was quantified
based on the characteristic ion 218m/z, then normalized to
the intensity of myristic acid-d27. The partial least-squares
discriminant analysis (PLS-DA) with unit variance (UV)
scaling was conducted by SIMCA 13.0 (Umetrics, Umea,
Sweden), and was verified by a permutation test with 199
cycles.
GraphPad Prism software 5.0 and SPSS 16.0 were used

for statistical analysis. Quantification data are expressed as
mean (±SD) values from a minimum of three individual
experiments. Student’s t test was used for differences anal-
ysis between two groups while one-way analysis of vari-
ance (ANOVA) was used for comparison of more than two
groups. The correlation between cysteine levels and GPX4
expression levels in serum samples was assessed using the
Spearman’s rank correlation test.

3 RESULTS

3.1 Highly brain metastatic lung cancer
cells showed significant resistance to
platinum-based chemotherapy

The brain metastatic subpopulations PC9-BrM1, PC9-
BrM2, and PC9-BrM3 derived from parental cell line PC9
were generated by intracardiac injection to immunode-

ficient mice and extraction of the metastatic cells from
brain metastases (Figure 1A). In our previous study, PC9-
BrM3 cells were shown to exhibit high propensity for brain
metastasis.25 These cell models are ideal models for drug
susceptibility studies because of the consistent genetic
homology of these cells, which excludes the effect of het-
erogeneity among individual patients.
Cisplatin and carboplatin-based platinum is the basic

first-line chemotherapy drug for lung cancer brain
metastases.3,7,8,26 To explore the differences between
parental PC9 and highly brain metastatic PC9-BrM3, we
treated these two groups of cells with platinum drugs. The
results of cell viability assay and colony formation assay
indicated obvious platinum drug resistance of the highly
brain metastatic PC9-BrM3 compared with the parental
PC9 group, both in the cisplatin and carboplatin groups
(Figure 1B-E). Subsequently, we evaluated the response
of platinum drugs in vivo. The results were consistent
with those of in vitro assays; PC9-BrM3 showed a negative
response to cisplatin compared with PC9 cells in vivo
(Figure 1F-H). Collectively, the results indicated signifi-
cant platinum-based chemotherapeutic resistance of the
highly brain metastatic lung cancer cells established by
us; these results were consistent with the clinical status.
In addition, the results highly indicated the cellular
endogenous factors gave the main contributions to the
poor effect of chemotherapy in BM.

3.2 Metabolic profiling revealed a
notable GSH high-consumption state in
lung cancer BM

Metabolomics is a novel technique to depict the pheno-
typic changes in the organism and for mining the active
drivers of disease evolution.27 We employed metabolomics
to unravel the underlying cellular endogenous factors
in lung cancer BM subpopulations (PC9-BrMs) and its
parental cells (PC9). Based on the gas chromatography-
mass spectrometry (GC-MS) metabolomics described
elsewhere,28 a typical total ion chromatogram of cell
metabolic profile was displayed (Figure S1A). The rela-
tive standard deviation (RSD) distribution of QC sam-
ples illustrated a good data quality of metabolomics study
(Figure S1B). For multivariate statistical analysis, we con-
ducted partial least-squares discriminant analysis (PLS-
DA) to uncover the global changes inmetabolic profile and
identified important variations in brainmetastatic subpop-
ulations (Figure 2A); the permutation test indicated the
robustness of the model with no signs of overfitting (Fig-
ure 2B). The R2Y and Q2 values (indicators of the explana-
tion and predictive ability) of the PLS-DAmodelwere 0.967
and 0.952, respectively. As shown in the PLS-DA score plot
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F IGURE 2 Metabolic profiling revealed a notable GSH high-consumption state in lung cancer BM. (A) The PLS-DA score scatter plot
with UV scaling. The model parameters: R2X = 0.79, R2Y = 0.967 and Q2 = 0.952. (B) The validation plot of permutation test with 199 cycles.
The R2Y and Q2 intercept values were 0.14 and –0.394, respectively. (C) Heat map of focused differential annotated metabolites in lung cancer
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concentrations (F) of glutathione (GSH) were assayed. The concentrations of GSH were evaluated by the ratio of GSH to the reduced plus
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cystine levels in clinical groups. Each dot corresponds to one subject (PLC, primary lung cancer, n = 40; LCBM, lung cancer brain metastasis
n = 108, ***P < 0.001)

(Figure 2A), the brain metastatic subpopulations (espe-
cially the PC9-BrM2 and PC9-BrM3) were distinctly sep-
arated from the parental cell line PC9. The features for
which the variable importance in projection (VIP) values
exceeded 1 contributed to the distinct separation between
the disparate groups (Figure S1C). Among these, we iden-
tified and analyzed the top ten metabolic features.
Univariate analysis was performed to screen the differ-

ential features. The results showed that all ten features

were differential in the PC9-BrM3 and PC9 comparison,
and most were differential in all brain subpopulations.
These features were annotated by mass spectral similar-
ity search using commercial mass spectral libraries (Main-
lib, NIST, Wiley, and Fiehn) and a home-made metabolite
library, and were further validated by RT/RI using chemi-
cal standards; the details were provided in Table S1. Eight
of the ten features annotated and verified by chemical
standards were significantly upregulated in PC9-BrM3, as
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displayed in the heat map (Figure 2C). These metabolites
were mainly involved in cellular oxidative stress home-
ostasis associated pathways, such as pentose phosphate
pathway (PPP) and glutathione metabolism. The PPP is a
branch pathway of glucose metabolism; it serves an essen-
tial role in the biosynthesis of cellular reductant (nicoti-
namide adenine dinucleotide phosphate [NADPH]).29
Along with the reaction converting NADPH to NADP+,
glutathione disulfide (GSSG) is reduced to GSH, a key
antioxidant to defend against the cellular reactive oxy-
gen species (ROS); the ROS levels in the BM subpopula-
tions were significantly higher than those in parental PC9
cells (Figure S1D). This suggested that the brain metastatic
subpopulations were in an extremely disordered oxidative
stress state. Cysteine is a nonessential amino acid that is
associated with oxidative stress homeostasis. It acts as the
rate-limiting precursor in the biosynthesis of GSH;30 in
addition, it is a stable indicator of the level of GSH, since
GSH can be easily oxidized leading to unstable detection
results. Studies have shown that the level of cysteine is reg-
ulated by GSH via a negative feedback mechanism.31 We
found significant increase in the level of cysteine in BM
subpopulations (Figure 2C-D), suggesting a highly GSH-
consuming phenotype of BM subpopulations. For direct
confirmation of this unique status, we measured the lev-
els of intracellular GSH and those of reduced plus oxi-
dized glutathione (GSH+GSSG) by using the GSH kits
for cell lysates. The results verified the high utilization of
GSH in BM cells (Figure 2E-F). Further, we confirmed the
metabolic characteristics in clinical samples. The reduced
form of cysteine was primarily intracellular, while extra-
cellular cystine was predominantly present as an oxidized
dimeric form of cysteine.32 Extracellular cystine is reduced
to cysteine after its intracellular translocation, and the
uptake of cystine is the rate-limiting step in the synthe-
sis of GSH.33–35 Therefore, clinical confirmation was per-
formed by analyzing the cystine content in serum samples
obtained from lung cancer patients with brain metastasis
(LCBM, n = 108) and primary lung cancer patients with
no lymph node or distant organ metastasis (PLC, n = 40)
based on GC-MS. The results showed that the cystine level
in the LCBMgroupwas consistently higher than that in the
PLC group (Figure 2G). To summarize, these data demon-
strated the notable GSH high-consumption state in lung
cancer BM.

3.3 Proteomics identified the role of
GPX4 and GSTM1 in glutathione
metabolism

Quantitative tandem mass tag (TMT)-based proteomics
can provide deep insights into the state of cellular

metabolism. To explore the underlying causes of the
notable GSH high-consumption state in lung cancer BM,
we performed quantitative TMT-based proteomics along
with the metabolomics study, since the cellular metabolic
changes are often attributable to the action of proteins,
especially the abundant metabolic enzymes.36 The RSD
distribution of QC samples indicated good reproducibil-
ity of proteomics data (Figure S2A). We used the ratio fold
(BrM/PC9) > 1.5 as the screening criteria to identify pro-
teins in each subgroup. The number of differential pro-
teins showed a constant decrease with enrichment of the
characteristics of brain metastatic cells (Figure S2B). Dif-
ferential proteins in each BM subgroup were mapped and
enriched in KEGG pathways; the common enriched path-
ways in all BM subgroups were shown in the functional
KEGGenrichment cluster image (Figure 3A). The pathway
of glutathione metabolism and the closely associated fer-
roptosis were found enriched in BM subpopulation cells
compared to the parental cells. To identify the proteins
involved in these two pathways, we selected the differen-
tial proteins in the BrM3 cells, which are proven as the
highly BM cells for KEGG enrichment analysis; we visu-
alized the specific enrichment results, including the num-
ber of respective proteins involved and the corresponding
P values, especially for glutathione metabolism and fer-
roptosis pathways (Figure 3B). Subsequently, we listed the
differential proteins identified by proteomics and the dif-
ferential metabolites identified by metabolomics involved
in these two pathways of interest (Figure 3C). The results
suggested that the glutathione metabolism in BM was
regulated by glutathione peroxidases and glutathione S-
transferases; among these, GPX4 and GSTM1 were further
verified to be stably overexpressed in BM subpopulations
(PC9-BrMs) compared to the parental PC9 cells by West-
ern blot analysis (Figure S2C).
To confirm whether GPX4 and GSTM1 contribute to

the notable GSH high-consumption state in lung cancer
BM, shRNAs targeting GPX4 or GSTM1 were transfected
into PC9-BrM3 cells while GPX4 or GSTM1 plasmids were
transfected into parental PC9 cells, respectively. ELISA
assays showed that the changes in GPX4 enzyme activ-
ity were consistent with the changes in protein expres-
sion under transfection whether cellular or secretory (Fig-
ure S2D-G); subsequently, the intracellular GSH level and
reduced plus oxidized glutathione (GSH+GSSG) levels
were assessed. The results showed that knock-down of
GPX4 or GSTM1 reversibly increased the intracellular GSH
level while overexpression of GPX4 or GSTM1 caused obvi-
ous consumption of intracellular GSH (Figures 3D-E, S2H-
M), without any change in the other GSH regulatory pro-
teins or enzymes (Figure S2N-P); this illustrates that the
expression of GPX4 and GSTM1 was the main reason for
the consumption of GSH in lung cancer BM. Moreover,
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F IGURE 3 Proteomics identified the role of GPX4 and GSTM1 in glutathione metabolism. (A) Functional KEGG enrichment cluster
image showing the common enriched pathways in all BM subgroups. (B) Results of KEGG enrichment analysis of differential proteins in
groups (BrM3/PC9) visualized in bubble diagram (including the number of respective involved proteins and the corresponding P-values).
(C) The specific differential proteins and metabolites identified in groups (BrM3/PC9) involved in glutathione metabolism and ferroptosis
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cellular GPX4 and cysteine were differentially identified
both in the glutathione metabolism and ferroptosis path-
ways, suggesting a close connection between GPX4 and
cysteine in BM cells. Therefore, we further detected the
GPX4 activity with ELISA assays and investigated the cor-
relation between GPX4 activity and cystine levels, which
can sensitively reflect the level of intracellular cysteine, in
the serum of lung cancer patients with BM. The results
showed a significant positive correlation between cys-
tine and GPX4 (Figure 3F); this indicated a vital role of
GPX4 in the glutathione metabolism-related ferroptosis in
lung cancer BM. In general, these data suggested that the
notable GSH high-consumption state in lung cancer BM
was caused by the upregulation of GPX4 and GSTM1.

3.4 Suppression of GPX4 and GSTM1
enhanced the platinum sensitivity of BM
cells by inducing ferroptosis

GSH has been proved as an important antioxidant that
protects the cells from the toxic effects of lipid peroxida-
tion and prevents ferroptosis.21 Since GPX4 and GSTM1
were overexpressed in BM and active in GSH consump-
tion, we explored the potential association between up-
regulated protein expressions and the observed acquired
platinum resistance of brain metastatic cells. shRNAs tar-
geting GPX4 or GSTM1 were transfected into PC9-BrM3
cells and the platinum sensitivity of cells was evaluated
by cell viability and clonogenicity assays. Suppression of
GPX4 or GSTM1 was found to significantly enhance the
response of PC9-BrM3 to cisplatin (Figure 4A-D) and car-
boplatin (Figure S3A-D).
An increasing number of studies have uncovered that

ferroptosis is a novel pharmacological mechanism and
acquired drug resistance mechanism of antitumor drugs
including cisplatin.19,20,37 In a recent study, cisplatin was
shown to induce both ferroptosis and apoptosis in the
NSCLC cell line A549.38 Consistently, in our study, cell
death induced by both cisplatin and carboplatin was par-
tially reversed by specific ferroptosis inhibitor Ferrostatin-
1 (Fer-1) in parental PC9 cells (Figure S3E-F). To deter-
mine the involvement of ferroptosis (characterized by iron
accumulation and lipid peroxidation) in mediating the
effect of GPX4 and GSTM1 on platinum resistance, we
treated GPX4 or GSTM1 knockdown PC9-BrM3 cells with

the ferroptosis inhibitor ferrostatin-1 (Fer-1) after the plat-
inum treatments. Subsequently, we assessed the cell via-
bility, irons concentration and lipid peroxidation by MDA
(the end product of lipid peroxidation) kits and BODIPY™
581/591 C11 (lipid peroxidation sensor).21,39,40 As expected,
cell viability was remarkably restored in the experimental
groups in which GPX4 or GSTM1 knockdown cells were
cotreated with Fer-1 and platinum drugs (Figure 4E-F); in
addition, the ferroptosis reaction was significantly inhib-
ited in these groups (Figure 4G-L), compared to the groups
treated with platinum alone. In addition, we pretreated
the PC9-BrM3 cells with the GPX4 inhibitor (1S, 3R)-RSL3
(widely used as a classical ferroptosis inducer 41) for 24
hours to pharmacologically inhibit the activity of GPX4,
and then administered the same treatments as described
above.We found that exogenous intervention of GPX4 also
significantly improved the drug sensitivity of BM cells with
obvious activation of ferroptosis; this phenomenon was
reversed by additional Fer-1 treatment (Figure S3G-J). Col-
lectively, these findings indicated that the suppression of
GPX4 andGSTM1 recovered the platinumsensitivity of BM
cells by inducing ferroptosis. Moreover, the results suggest
that GSTM1 may be a novel negative regulator of ferropto-
sis in addition to GPX4.

3.5 GPX4 regulated the level of GSTM1
by protein stabilization

Since GPX4 and GSTM1 are concomitantly involved in
glutathione metabolism and promoted drug resistance,
we explored the potential interactions between the two.
The protein-protein interaction (PPI) network created by
STRING predicted potential interaction between GPX4
and GSTM1 and their coexpression (Figure S4A). Indeed,
we found significant reduction in the protein level of
GSTM1 following the knock-down of GPX4 in PC9-BrM3
cells; conversely, the protein level of GSTM1 was upregu-
lated following the overexpression of GPX4 in PC9 cells
(Figure 5A-B); however, there were no rules that GPX4
could be regulated with the change in GSTM1 expression.
In addition, there was no significant difference in GSTM1
mRNA levels following the intervention of GPX4 (Figure
S4B-C).
To further investigate the mechanisms underlying the

regulation of GSTM1 expression by GPX4, we colocalized

pathways are listed. (D-E) The levels of glutathione (GSH) were assayed (n = 3, *P < 0.05, **P < 0.01 versus shNC group). Ctrl, control
PC9-BrM3 cells; shNC, PC9-BrM3 cells transfected with negative control shRNA; shGPX4, PC9-BrM3 cells transfected with GPX4-targeted
shRNA vector; shGSTM1, PC9-BrM3 cells transfected with GSTM1-targeted shRNA vector; sh1, PC9-BrM3 cells transfected with GPX4 or
GSTM1-targeted shRNA-1; sh2, PC9-BrM3 cells transfected with GPX4 or GSTM1-targeted shRNA-2. (F) Scatter diagram showing the
correlation between the level of cystine and GPX4 expression in serum samples of 108 lung cancer patients with brain metastasis
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F IGURE 4 Suppression of GPX4 and GSTM1 enhanced the platinum sensitivity of BM cells by inducing ferroptosis. Indicated GPX4
(A) or GSTM1 (C) knockdown PC9-BrM3 cells were treated with different doses of cisplatin for 72 hours and CCK-8 assays were performed to
determine their viability (n = 3, **P < 0.01). Results of clonogenic assays showing cell survival of the indicated GPX4 (B) or GSTM1
(D) knockdown PC9-BrM3 cells after treatment with certain concentrations of cisplatin (0, 4, 12 μM). Pixel density quantification of
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the two proteins using confocal microscopy. We found
coexpression of the two proteins in the cytoplasm. More-
over, the protein abundance of GSTM1 was significantly
increased in the cytoplasm, but not in the nucleus, after
induction of GXP4 overexpression (Figure 5C); this sug-
gested that GSTM1 was regulated at the posttranscrip-
tional level. In the coimmunoprecipitation assays, anti-
GPX4 antibody precipitated GSTM1, while anti-GSTM1
also precipitated GPX4 in PC9 with stable overexpression
of GPX4 cells (Figure 5D). This provided strong evidence
of the direct interaction between GPX4 and GSTM1. Inter-
action between proteins, which plays an important role
in the posttranslational modification (PTM) of proteins,
has a wide spectrum of consequences for protein stabil-
ity and the transactivation function.42–44 Here we explored
whether GPX4 regulates the stabilization of GSTM1 pro-
tein. After treatment with cycloheximide (CHX), which is
commonly used to determine the half-life of proteins due
to its ability to inhibit the synthesis of eukaryotic proteins,
the relative levels of GSTM1 in GPX4 overexpressing PC9
cells were more stable compared to that in the control PC9
cells with low GPX4 expression (Figure 5E). These results
suggested that GPX4 interacts and regulates the level of
GSTM1 by enhancing the protein stability.

3.6 Wnt/NR2F2 signaling is responsible
for transcriptional upregulation of GPX4
in BM

After identification of the central role of GPX4 in regulat-
ing platinum-based chemotherapeutic resistance in BM,
we investigated the underlying mechanism of GPX4 reg-
ulation. The results of qPCR showed significantly higher
mRNA level of GPX4 in PC9-BrM3 as compared to that
in PC9 cells (Figure S5A); this suggested that GPX4 was
upregulated at the transcriptional level. Hyperactivation of
canonical Wnt signaling has been shown to be a unique
characteristic of highly brain metastatic subpopulations
derived from human lung adenocarcinoma cell lines.24
We demonstrated that IWR-1-endo (synonyms: IWR-1, a
tankyrase inhibitor which inhibits canonical Wnt path-
way) suppressed the expression level of GPX4 (Figure S5B);
this indicated a correlation between GPX4 and canoni-
cal Wnt pathway. Transcription factors play a vital role

in regulating the expression of protein-coding genes on a
genome scale by sequence-specific binding to chromatin;
in addition, these are usually mobilized by activation of
specific signaling pathways.45,46 To identify the poten-
tial transcription factor for GPX4, a series of candidates
(NR2F2, KLF4, HNF4A, HNF4G, etc) were predicted by
the PROMO database. Among these candidates, we priori-
tized the one that was significantly different in BM cells. A
previous study performed RNA-seq in PC9-BrM3;24 thus,
we mapped the protein profiling generated by our pro-
teomic, cross-aligning the gene expression profiling data of
the RNA-sEquation (GSE14107). We found that the NR2F2
(nuclear receptor subfamily 2, group F, member 2), which
belongs to the nuclear receptor family of transcriptional
regulators and possesses transcription factor activity,47,48
was upregulated in PC9-BrM3 compared with parental
PC9, both in proteomics and in RNA-seq. We first verified
the increased nuclear expression of NR2F2 in PC9-BrM3
compared with PC9 cells and its reduction after treatment
with IWR-1-endo (Figures 6A-B, S5C), while Wnt agonist 1
induced increased expressions of NR2F2 and GPX4 in PC9
cells (Figures 6C, S5D); these findings confirmed the acti-
vation of NR2F2 in BM cells and demonstrated the regula-
tory connection between the Wnt pathway and NR2F2.
To further verify the involvement of Wnt/NR2F2 sig-

naling axis in controlling the transcription and expres-
sion of GPX4, PC9-BrM3 cells were treated with IWR-1-
endo, or NR2F2 siRNA interference, or NR2F2 plasmid,
or cotreated with IWR-1-endo and NR2F2 plasmid while
PC9 cells were treated with Wnt agonist 1, or NR2F2
plasmid, or NR2F2 siRNA interference, or cotreated with
Wnt agonist 1 and NR2F2 siRNA interference; subse-
quently, the mRNA and protein expressions of GPX4 were
measured. The results showed that both the protein and
mRNA expressions of GPX4 were significantly regulated
by Wnt/NR2F2 signaling (Figures 6D-E, S5E-F). The plat-
inum sensitivity of cells showed a similar trend to that
of GPX4 expression under the above-mentioned interven-
tions of NR2F2 and Wnt pathway, either in PC9-BrM3
or PC9 cells (Figure S5G-H); this suggested that GPX4
was regulated by the Wnt/NR2F2 signaling axis and that
Wnt/NR2F2/GPX4 contributed to the acquired drug resis-
tance. We further determined the transcriptional region of
the GPX4 gene promoter that is responsive to NR2F2. We
introduced a series of pGL4 basic-based luciferase reporter

clonogenic assays is shown as histogram (n = 3, *P < 0.05). (E-L) Indicated GPX4 or GSTM1 knockdown PC9-BrM3 cells were treated with
cisplatin (Cis, 6 μM) or carboplatin (Carbo, 30 μM), with or without ferrostatin-1 (Fer-1, 2 μM) for 72 hours. The cell viability (E-F), levels of
total iron (G-H), MDA (I-J) and lipid peroxidation (BODIPY™ 581/591 C11 stain) (K-L) were assayed (n = 3, **P < 0.01). Ctrl, control
PC9-BrM3 cells; shNC, PC9-BrM3 cells transfected with negative control shRNA; shGPX4, PC9-BrM3 cells transfected with GPX4-targeted
shRNA vector; shGSTM1, PC9-BrM3 cells transfected with GSTM1-targeted shRNA vector; TBH, tert-butyl hydroperoxide (200 μM for 2
hours) treatment was administered as a positive control for BODIPY™ 581/591 C11 stain
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F IGURE 5 GPX4 regulated the level of GSTM1 by protein stabilization. (A) Representative Western blot image showing the GPX4 and
GSTM1 expression in GPX4 knockdown PC9-BrM3 cells. Ctrl, control PC9-BrM3 cells; shNC, PC9-BrM3 cells transfected with negative
control shRNA; sh1, PC9-BrM3 cells transfected with GPX4-targeted shRNA vector 1; sh2, PC9-BrM3 cells transfected with GPX4-targeted
shRNA vector 2. The bar graphs are summarized results from three independent experiments. **P < 0.01 versus shNC group.
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constructs with incremental deletions within 2000 bp
upstream of the GXP4 transcription start site (TSS) into
293T cells. Luciferase reporter assays indicated that the
region between 750 and 1280 bp upstream of the GXP4 TSS
is required for the transcriptional upregulation of GXP4
by NR2F2, providing convincing clues for presuming the
binding sites (Figure 6F). Further chromatin immuno-
precipitation verified the direct binding of NR2F2 to the
promoter of GPX4 (Figure 6G). To confirm that NR2F2
binds to the presumed sites of GPX4 promoter in PC9-
BrM3 cells, we induced amutation in the predicted binding
site and then performed dual-luciferase assay (Figure 6H).
Moreover, we synthesized oligonucleotides covering the
presumed sites and mutated sites as a WT probe and a
MUTprobe respectively, and applied these in EMSA exper-
iments (Figure 6I). These results suggested that NR2F2
specifically binds to GPX4 promoter (Figure 6H-I). Col-
lectively, these results demonstrated that Wnt/NR2F2 is
directly responsible for the transcriptional upregulation of
GPX4 in BM.

3.7 GPX4 targeting inhibitor
therapeutically enhances the anticancer
activity of platinum in vivo

(1S, 3R)-RSL3 is a known GPX4 inhibitor which directly
binds to GPX4 and inactivates its peroxidase activity.22
However, the poor systemic bioavailability of RSL3 limits
its use and it can only be used for subcutaneous xenograft
tumors in nude mice by direct intratumoral injection.22,49
To determinewhether RSL3 improves the anticancer effect
of platinum in vivo, we administered the tumor, which
was formed by subcutaneous injection of PC9-BrM3 with
the control shRNA (BrM3-shNC) in nude mice, in combi-
nation with cisplatin and RSL3. The results showed that
RSL3 remarkably enhanced the antitumor effect of cis-
platin while either RSL3 or cisplatin alone had negligi-
ble effects on the in vivo growth of BrM3-shNC (Fig-
ure 7A-C). To further test GPX4 dependence of tumor plat-

inum sensitivity in vivo, we also genetically suppressed the
expression of GPX4 by shGPX4 transfection and implanted
GPX4 knockdown PC9-BrM3 cells (BrM3-shGPX4) into
nude mice by subcutaneous and intracardiac injection,
respectively. Consistent with the previous findings, BrM3-
shGPX4 was remarkably sensitive to cisplatin in vivo and
the sensitivity was restored by cotreatment with ferropto-
sis inhibitor (Fer-1), both in the subcutaneous xenograft
models and in the spontaneous BMmodels (Figure 7D-H);
further, the obtained subcutaneous masses were stained
for GPX4 to confirm the knock-down efficiency (Figure
S6A,C), while intratumor total iron concentrations were
assessed to determine ferroptosis in various groups (Figure
S6B,D). This further confirmed the involvement of ferrop-
tosis in the underlying mechanism.
Collectively, these data indicated that inhibition ofGPX4

rendered the brain metastatic cells more responsive to cis-
platin via induction of ferroptosis in vivo.

4 DISCUSSION

Platinum-based chemotherapy has been shown to confer
survival benefit in patients with lung cancer; however, it
shows limited therapeutic efficacy against BM. Two main
factors are believed to account for the ineffectiveness of
chemotherapy against BM: the existence of blood-brain
barrier (BBB) and the endogenous intratumor changes
caused by metastatic events. BBB prevents the entry of for-
eign substances in the brain and offers a refuge site for
tumors to evade drug therapies. However, recent studies
have demonstrated disruption of the barrier function of
the BBB in the setting of BM, which allows tumor cells to
invade and colonize the brain parenchyma.25,50 This indi-
cates that the barrier blocks the entrance of drugs is com-
promised in the setting of BM. This supports the view that
autologous factors ofmetastatic cellsmayhave amajor part
in the acquisition of chemotherapeutic resistance.
In this study, we established a series of BM subpop-

ulations (PC9-BrMs) from the parental cells PC9 and

(B) Representative Western blot image showing the GPX4 and GSTM1 expression in PC9 cells with GPX4 overexpression. Ctrl, control PC9
cells; NC, PC9 transfected with negative control plasmid; OE, PC9 transfected with GPX4 plasmid. The bar graphs are summarized results
from three independent experiments. **P < 0.01 versus NC group. (C) Immunofluorescent analysis of GPX4 (green) and GSTM1 (red)
expression and distribution in PC9 cells with GPX4 overexpression. Cell nuclei are stained with DAPI (blue). Scale bar, 25 μm. NC, PC9
transfected with negative control plasmid; OE, PC9 transfected with GPX4 plasmid. (D) The potential interaction between GPX4 and GSTM1
was determined by immunoprecipitation using anti-GPX4 and anti-GSTM1 in PC9 cells with GPX4 overexpression. GPX4 was pulled down by
anti-GPX4, and then GPX4 and GSTM1 were detected by Western blot. On the contrary, GSTM1 was pulled down by anti-GSTM1, and then
GPX4 and GSTM1 were detected by Western blot. NC, PC9 transfected with negative control plasmid; OE, PC9 transfected with GPX4
plasmid. (E) Results of Western blot analysis showing protein expressions of GSTM1 in individual groups of cells following treatment with
CHX (50 μM). The standardized quantitative curves show the protein degradation rate in the indicated groups. NC, PC9 transfected with
negative control plasmid; OE, PC9 transfected with GPX4 plasmid (**P < 0.01). Representative images of each group from three independent
experiments are presented
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confirmed the obvious resistance of brain metastatic
cells to platinum. This highlights the need to explore the
endogenous changes in BMcells. Therefore,metabolomics
and proteomicswere jointly employed to reveal differential
metabolic and protein expression profiles of BM subpop-
ulations compared to parental cells. The metabolomics
study revealed a greatly altered metabolic state of BM;
the most prominent change was the active oxidative
stress characterized by high ROS accumulation and the
subsequent antioxidant metabolic response. Studies have
indicated that the metastasizing cancer cells indeed
experience heightened oxidative stress in distant organs.
Incompatible brainmicroenvironment (higher O2 tension,
different mesenchymal cell, neuroimmune response, etc)
contributed to the high thresholds of ROS, which may
trigger cell senescence, apoptosis, or ferroptosis. To survive
and form metastatic lesions in a harsh milieu, metastatic
cells increase their antioxidant status by reprogramming
the metabolism and protein expression.51–53 Consistently,
omics performed by us comprehensively revealed the
response of BM subpopulations under these condition;
the response included metabolic reprogramming, like
the hyperactive pentose phosphate pathway (PPP) and
GSH metabolism, which play an important role in the
biosynthesis of cellular reductant, and regulation of pro-
tein expressions, like the upregulated GPX4 and GSTM1
which were demonstrated to render the BM cells tolerant
to ferroptosis triggered by lipid ROS by consuming GSH.
GSH, which plays a vital role in cellular oxidative stress
with its antioxidant properties, helps cancer cells to
minimize oxidative stress, during which process GSH is
consumed and converted to its oxidized form (GSSG).54
These findings provide a plausible explanation of the
increased consumption of GSH in brain metastatic cells.
We hypothesized that the increased GSH consumption
may facilitate the BM process as well as the acquisition of
drug resistance. Extracellular cystine is reduced to cysteine
intracellularly, and the uptake of cystine is rate-limiting for

the synthesis of GSH;33–35 therefore, extracellular cystine
is a sensitive indicator of GSH status. The metabolomics
study indicated a unique metabolic status wherein GSH
was highly consumed; therefore, we further determined
and compared the levels of cystine in the serum of lung
cancer patients with and without BM by GC-MS; the
results confirmed that the unique metabolic status was
common for BM and merits further investigation.
The results of proteomics revealed the underlying rea-

sons for the metabolic changes in BM. The depletion of
GSH was found to have been caused by the upregulation
of GPX4 and GSTM1. We confirmed that the upregulation
of GPX4 and GSTM1 increased the resistance of BM cells
to platinum-based chemotherapy by inhibiting ferropto-
sis. We identified that GSTM1 may be a novel regulator
of ferroptosis in addition to GPX4 (a well-known regula-
tor for ferroptosis). GSTM1 is a member of glutathione S-
transferases which catalyzes the conjugation of GSH to a
wide range of compounds. It is hypothesized that GSTM1
catalyzes the conjugation of GSH to the oxidized products
of lipid peroxidation to suppress ferroptosis;22,56–58 how-
ever, further studies are required to confirm this hypoth-
esis. Besides, we also found that GSTM1 in BM cells was
regulated posttranslationally by GPX4; however, the spe-
cific protein interactions and modifications have not yet
been clarified. Therefore, further in-depth studies are war-
ranted to clarify this aspect.
Our findings indicated a central role of GPX4 in mediat-

ing platinum resistance in lung cancer BM cells. Further
we determined the correlation between the levels of
cystine and GPX4 in lung cancer patients with BM; this
suggests a close relationship between the metabolism of
GPX4 and GSH in BM. Our findings provide new insights
into the application of concomitant detection of cystine
and GPX4 in clinical settings to assess the chemothera-
peutic response of lung cancer patients with BM. We also
traced the mechanism of upregulation of GPX4 in BM
and identified the Wnt/NR2F2 pathway as a determinant

nuclei were stained with DAPI (blue) in PC9 cells with GPX4 overexpression (scale bar, 25 μm). (C) Results of Western blot showing the
expressions of NR2F2 and GPX4 in PC9 cells treated with Wnt agonist 1 (1, 5, 10 μM) for 48 hours. Representative images of each group from
three independent experiments are presented. Results of qPCR (D) and Western blot (E) showing the mRNA and protein expressions of GPX4
in PC9-BrM3 cells after treatment with the Wnt inhibitor IWR-1-endo (10 μM) with or without transfection with NR2F2 plasmid, or
transfected with NR2F2 siRNA or NR2F2 plasmid alone for 48 hours. Representative images of each group are presented and the bar graphs
are summarized results from three independent experiments (n = 3, **P < 0.01). (F) Schematic illustration of a series of incremental deletion
structures of the luciferase reporter gene (left) and the results of luciferase assays (right) where 293T cells were transiently transfected with
the indicated pGL4 basic-based reporter constructs for 24 hours and then the luciferase activity was measured (n = 3, ****P < 0.0001). (G)
ChIP assay of NR2F2 binding to the GPX4 promoter. Lane 1, DNA marker; lane 2, input DNA; lane 3, DNA from PC9-BrM3 cells
immunoprecipitated with normal IgG; lane 4, DNA from PC9-BrM3 cells immunoprecipitated with anti-NR2F2 antibody. Representative
images of each group from three independent experiments are presented. (H) Schematic illustration of the specific NR2F2 binding sites of
GPX4 promotor (WT promoter) and the mutant sites (MUT promoter) for dual-luciferase assays (upper). Results of luciferase assays (lower):
293T cells were transiently transfected with the indicated pGL4 basic-based reporter constructs for 24 hours and then the luciferase activity
was measured (n = 3, ****P < 0.0001). (I) Results of EMSA and supershift assay of NR2F2 binding to GPX4 promoter
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F IGURE 7 GPX4 targeting inhibitor therapeutically enhances the anticancer activity of platinum in vivo. Nude mice were injected
subcutaneously with PC9-BrM3 cells with negative control shRNA transfection (BrM3-shNC) (5×106 cells/mouse) and treated with DMSO as
control (Ctrl, n = 5, once every 5 days, i.p.) or 5 mg/kg cisplatin (Cis, n = 5, once every 5 days, i.p.) with or without 100 mg/kg RSL3 (n = 5 per
group, twice a week, s.c. at tumor site) while another five mice were administered RSL3 alone. Tumor size was measured every 3 days using
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of transcriptional upregulation of GPX4 in BM. The Wnt
signaling pathway has a major part in stem cell differenti-
ation, embryonic development, tumorigenesis, and tumor
progression.59 Studies have highlighted the vital role of
activation of canonical WNT pathway in determining the
occurrence of brain metastases in the setting of lung ade-
nocarcinoma progression.24 Hyperactive Wnt signaling
induces a series of signal transduction leading to accu-
mulation of β-catenin in the nucleus and its binding to
transcription factors to regulate gene expression.60 NR2F2
is one of the transcription factors that can be activated
by the Wnt signaling pathway.61 We confirmed increased
expression of NR2F2 in the nucleus of BM cells, which was
inhibited after treatment with Wnt inhibitor, and caused
subsequent promotion of GPX4 transcription, suggesting
that GPX4 is a target gene of NR2F2. We further explored
the specific sites where NR2F2 acts as a transcription
factor by binding to the promoter region of the target gene
GPX4; the results showed that Wnt/NR2F2 was responsi-
ble for the overexpression of GPX4 in BM cells and that
the Wnt/NR2F2/GPX4 axis promoted the acquisition of
chemoresistance in BM.Upregulation ofWnt signaling has
been shown to induce resistance to a variety of traditional
and targeted cancer treatments via multiple mechanisms,
including by maintaining the number of cancer stem cells,
enhancing DNA damage repair, promoting transcriptional
plasticity, and promoting immune escape.62,63 Moreover,
GPX4 has been identified as a critical survival protein
for cancer cells in a high mesenchymal therapy-resistant
cell state in the antilipid peroxidase pathway 14,23 while
there is a paucity of studies investigating the effects of
NR2F2 on drug resistance. However, this is the first study
to investigate whether the transcriptional regulation of
GPX4 is via the Wnt/NR2F2 axis or its promoting role in
the acquisition of chemoresistance by lung cancer BM.
This highlights the novelty of the present study, which
suggests that blockade of Wnt/NR2F2/GPX4 axis may
serve as a novel therapeutic strategy for improving the
effect of chemotherapy in lung cancer BM.

Moreover, GPX4 is an important selenoprotein for cellu-
lar survival and seleniumhas been regarded as an essential
micronutrient that has a broad influence on human health
and disease including cancers.64 Cohort studies have indi-
cated a protective effect of selenium against lung can-
cer in populations where average selenium levels are low,
although selenium is not currently considered as a gen-
eral strategy for lung cancer prevention.65 Recent stud-
ies suggest that selenium utilization by GPX4 is neces-
sary for inhibiting ferroptosis, highlighting the important
effects of selenium on GPX4 activity.66,67 Here we demon-
strate that GPX4 drives platinum chemoresistance in lung
cancer-derived BM by suppressing ferroptosis, indicating
the potential role of selenium in promoting chemother-
apy sensitivity in lung cancer patients with BM. However,
further well-organized and intensive prospective clinical
studies are required to analyze the correlation between
total dietary selenium intake,GPX4 activity, chemotherapy
response, and survival outcomes, as well as other informa-
tion such as medication history like statins, whose usage
may cause impaired selenoprotein expression in patients
with lung cancer with BM.67

5 CONCLUSIONS

In summary, GPX4, transcriptionally activated by Wnt/
NR2F2 pathway, is at the heart of glutathione metabolism
and ferroptosis, mediating platinum-based resistance in
BM. On the one hand, GPX4 directly suppresses lipid
peroxidation by catalyzing the oxidation of GSH. On the
other hand, GPX4 posttranslationally regulates the level of
GSTM1, which also acts as a negative regulator of ferrop-
tosis and is involved in glutathione metabolism by catalyz-
ing the covalent binding of GSH to oxidized products of
lipid peroxidation (Figure 8). Application of GXP4 target-
ing inhibitor enhanced the response of BM cells to plat-
inum chemotherapy in vivo, presenting a novel strategy to
overcome chemotherapeutic resistance in lung cancer BM.

caliper to the plot growth curve (A); tumor mass was weighed at the end of the experiment (B and C) (*P < 0.05, ****P < 0.0001). Nude mice
were injected subcutaneously with PC9-BrM3 cells with GPX4 shRNA transfection (BrM3-shGPX4) (5×106 cells/mouse) and treated with
DMSO as control (Ctrl, n = 5, once every 5 days, i.p.) or 5 mg/kg cisplatin (Cis, n = 5, once every 5 days, i.p.) with or without 0.2 mg/kg
ferrostatin-1 (Fer-1, n = 5 per group, daily, i.p.) while another five mice were administered ferrostatin-1 alone. Tumor size was measured every
3 days using caliper to plot growth curve (D); tumor mass was weighed at the end of experiment (E and F) (*P < 0.05, ****P < 0.0001). (G)
Heat map image representations of bioluminescence intensity for representative mice from the indicated groups of the therapy response
experiment. Nude mice were implanted with PC9-BrM3 cells with GPX4 shRNA transfection (BrM3-shGPX4) (106 cells/mouse) by
intracardiac injection. Treatments were initiated after 4 weeks. Mice were treated with DMSO as control (Ctrl, n = 3, once every 5 days, i.p.) or
5 mg/kg cisplatin (Cis, n = 3, once every 5 days, i.p.) with or without 0.2 mg/kg ferrostatin-1 (Fer-1, n = 3 per group, daily, i.p.) while another
three mice were administered ferrostatin-1 alone. Bioluminescence intensity in the same bioluminescence heat map range was measured
every week. (H) Plot of mean bioluminescence readings for control and treatment group mice; the standard error is indicated for each
imaging point (n = 3, *P < 0.05)
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F IGURE 8 Illustration of the potential mechanisms by which GPX4 induces platinum chemotherapeutic resistance in lung cancer brain
metastasis. In brain metastatic lung cancer cells, hyperactive Wnt pathway motives the transcription factor NR2F2 binding to the promoter of
target gene GPX4, promoting the transcription of GPX4. GPX4 stabilizes and posttranslationally regulates the level of GSTM1. Upregulation of
both GPX4 and GSTM1 inhibits ferroptosis characterized with lipid peroxidation at the cost of high consumption of glutathione (GSH),
leading to the chemotherapeutic resistance to platinum drugs
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