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GPX4 Regulates Tumor Cell Proliferation
via Suppressing Ferroptosis and Exhibits
Prognostic Significance in Gastric Cancer
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Abstract. Background/Aim: Gastric cancer (GC) is the fourth
leading cause of cancer-related death worldwide. Glutathione
peroxidase 4 (GPX4) is a glutathione-dependent antioxidant
enzyme known to regulate ferroptosis, which is a non-apoptotic
SJorm of cell death accompanied by iron-dependent accumulation
of reactive oxygen species (ROS). This study evaluated the
expression and function of GPX4 in GC. Materials and Methods:
The expression of GPX4 was examined in five human GC cell
lines (KATO-III, MKN-1, MKN-28, MKN-45, and MKN-74)
using real-time quantitative PCR and western blotting. The role
of GPX4 in GC was examined using small interference RNA and
cell proliferation and ROS assays. Finally, we analyzed GPX4
expression in tumor tissues from 106 patients who underwent
GC surgery using immunohistochemistry and evaluated the
relationship between GPX4 levels and clinical outcomes of GC.
Results: GPX4 was expressed in all GC cell lines at various
levels. GPX4 silencing and inhibition significantly reduced cell
proliferation and increased ROS generation. Furthermore, the
mRNA levels of prostaglandin-endoperoxide synthase 2, a known
biomarker of ferroptosis, were increased after GPX4 silencing.
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GPX4 expression was found to be an independent prognostic
factor for overall and disease-specific survival in GC patients.
Conclusion: GPX4 can regulate cancer cell death via ferroptosis
in GC cell lines and represents a significant risk factor for
survival in patients with GC.

Gastric cancer (GC) is the fourth leading cause of cancer-
related death worldwide (1). Advances in screening
programs, endoscopic resection, surgery, and chemotherapy,
including peri/postoperative chemotherapy, have improved
the prognosis of patients with GC. If treated early, the
current 5-year overall survival (OS) rate for GC is >90% (2).

Recently, emerging cancer mechanisms and targeted
compounds have provided novel therapeutic strategies for
advanced or metastatic GC patients, such as the blockade of
human epidermal growth factor receptor 2 and/or immune
checkpoint proteins. However, satisfactory outcomes for
patients with advanced GC have not yet been achieved.
Therefore, further investigation of oncogenic mechanisms in
GC and development of novel targeted therapies are needed.

Glutathione peroxidase 4 (GPX4) is a glutathione-dependent
antioxidant enzyme that can directly reduce phospholipid
hydroperoxides generated by the oxidation of membrane
phospholipids and is a selenoprotein with selenocysteine in its
active site (3). It has been shown that disorders of cell death
systems can induce malignancies (4). GPX4 is known to be a
regulator of ferroptosis, which is defined as non-apoptotic cell
death accompanied by iron-dependent accumulation of reactive
oxygen species (ROS) (5). In cancer tissues, GPX4 is highly
expressed in hepatocellular carcinoma (6) and colorectal
carcinoma (7), whereas it is down-regulated in breast cancer
(8) and renal cell carcinoma (9) compared with normal tissues.
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In diffuse large B-cell lymphoma (10), lung adenocarcinoma
(11), and esophageal cancer (12), the degree of GPX4
expression has been reported to be related to prognosis and has
attracted attention as a prognostic factor. Nevertheless, there
are few studies that have determined whether the expression of
GPX4 has a prognostic role in patients with GC. Furthermore,
detailed mechanisms and the role of ferroptosis in tumor
progression remain unclear, especially for GC. Therefore, in
this study, we evaluated the expression and function of GPX4
in GC cell lines and the prognostic significance of GPX4
expression in surgically resected cancer specimens from
advanced GC patients.

Materials and Methods

Cell culture. The expression of GPX4 was examined in five human
GC cell lines: MKN-1, MKN-45, and MKN-74, which were
purchased from the Riken Cell Bank (Tsukuba, Japan); and
KATOIII and MKN-28 cells, which were kindly provided by Prof.
Hisao. Ito (Division of Organ Pathology, Tottori University, Yonago,
Japan). All of the cell lines were cultured in Roswell Park Memorial
Institute medium (RPMI 1640; FUJIFILM Wako Pure Chemical
Co., Osaka, Japan) supplemented with 10% fetal bovine serum
(Cosmo Bio Co., Ltd, Tokyo, Japan). The cells were maintained at
37°C in atmospheric air supplemented with 5% carbon dioxide and
passaged at a ratio of 1:3-1:10 every 3-5 days.

RNA isolation and quantitative RT-PCR analysis. Cells were seeded
in 6-well plates with three independents samples per each group. All
RNA preparation and handling steps were performed under RNAse-
free conditions. Total RNA was isolated using PureLink RNA Mini
Kit (Thermo Fisher Scientific, Waltham, MA, USA), according to
the manufacturer’s instructions. Briefly, 1 ml of TRI reagent
(Molecular Research Center, Inc., Cincinnati, OH, USA) was added
per well. After thoroughly pipetting, 200 pul of chloroform was added
and centrifuged at 12,000xg for 15 min at 4°C. The aqueous layer
was collected, an equal volume of 70% EtOH was added, vortexed,
applied to the Spin Cartridge, centrifuged at 12,000xg for 40 s at
room temperature, the flow-through discarded, Wash Buffer I
applied, and the sample centrifuged at 12,000xg for 20 s at room
temperature. After the tube was renewed, Wash Buffer II is applied
and centrifuged at 12,000xg for 20 s at room temperature. After
centrifugation at 12,000xg for 2 min, RNA concentration was
measured by a Nano-drop (Thermo Fisher Scientific) to determine
the amount required for 1 ug of total RNA.

After isolation, cDNA synthesis was performed using SuperScript
IV VILO Master Mix (Thermo Fisher Scientific) in a total volume
of 20 pl according to the manufacturer’s instructions. Reverse
transcription was performed using a Thermal Cycler (Hangzhou
Bioer Technology Co. Ltd., Hangzhou, PR China) at 25°C for 10
min, 50°C for 10 min, and 85°C for 5 min.

The cDNAs were then subjected to quantitative PCR analysis with
TagMan Gene Expression Assay probes and TagMan Fast Advanced
Master Mix premixed with ROX on a ViiA7 system (Applied
Biosystems, Pleasanton, CA, USA) using the following conditions:
50°C for 2 min, 95°C for 20 s, and 40 cycles of 95°C for 1 s and 60°C
for 20 s. Primers and probes were used without modification. The
negative control had no template. Quantification was performed with
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the AACT method. Quantitative results were analyzed and presented
as fold change. The software used was SDS v1.1. Tagman probes and
primers for qPCR were purchased from Applied Biosystems and
included those for glutathione peroxidase 4 (GPX4; Hs00989766_g1),
prostaglandin-endoperoxide synthase (PTGS2; Hs00153133_m1), and
actin beta (ACTB; Hs99999903_m1). Results were calculated by
Student -test and expressed using standard deviation.

Western blotting analysis. Cells were seeded in 6-cm dishes. The
cells were lysed in RIPA buffer (Nakalai Tesque, Kyoto, Japan).
Centrifugation was performed at 21,400xg for 10 min at 4°C, and
the supernatants were collected. Protein concentrations were
determined using a Bradford Protein Assay (Takara Bio Inc., Shiga,
Japan). Proteins were separated by 12% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and then transferred onto 0.2 um
polyvinylidene fluoride membranes (Bio-Rad Laboratories Inc.,
Hercules, CA, USA). After blocking with 2% ECL Prime Blocking
Reagent (Cytiva, Tokyo, Japan), the membranes were incubated
with a primary antibody against GPX4 (1:2,000; ab125066; Abcam,
Cambridge, UK). A primary antibody against ACTB (1:2,000; sc-
47778; Santa Cruz Biotechnology, Dallas, TX, USA) was used for
normalization. Peroxidase-conjugated anti-mouse and anti-rabbit
secondary antibodies (Cytiva) were used to detect target protein-
antibody binding. The protein signals were detected with ECL Prime
Western blotting detection reagents (Cytiva) and quantified using
the Image Quant LAS 4000 Mini (GE Healthcare, Chicago, IL,
USA). The intensity of the proteins was compared using Imagel
software and experiments were performed in triplicate.

Gene silencing of GPX4 using siRNA. The Silencer Select small
interference RNA (siRNA) targeting the GPX4 gene (s6111, s6112;
Thermo Fisher Scientific) and a non-silencing siRNA control (sc-
37007, Santa Cruz Biotechnology) were purchased. Cells were
transfected using Lipofectamine RNAiIMAX (Thermo Fisher
Scientific). In accordance with the manufacturer’s protocol, 5
pmol Silencer Select siRNA, 50 ul of Opti-MEM (Invitrogen,
Carlsbad, CA, USA), and 1.5 pl Lipofectamine RNAIMAX
transfection reagent were mixed and incubated for 15 min at room
temperature. Fifteen pl of the mixture was added to the cells.
Control cells were transfected with an equivalent amount of
control siRNA. The effect of mRNA silencing was confirmed by
qPCR analysis and western blotting.

Cell proliferation assay. Cells were seeded in 96-well plates and
incubated overnight. Next, the cells were transfected using GPX4-
specific siRNA or non-silencing siRNA control reagent. After a 72-
h incubation, a 10% v/v of Cell Counting Kit-8 solution (WST
assay; DOJINDO, Tokyo, Japan) was added to each well and
incubated for 1 h. Absorbance was measured using the Infinite F50
microplate reader (TECAN, Kawasaki, Japan) set at 450 nm/620
nm, and the cell proliferative capacity was assessed. In case of using
RSL3, cells were seeded in 96-well plates and incubated overnight.
Next, cells were treated with DMSO (0.4%) or RSL3 (10 pM) and
after 48 h, the same experiment as described above was performed.

ROS assay. Cells were seeded in 96-well black sided, clear bottom
plates (Corning, Corning, NY, USA) and incubated overnight. Cells
were transfected using GPX4-specific siRNA or non-silencing
siRNA control reagent. After a 72-h incubation, the medium was
removed, and cells were washed with Hanks’ Balanced Salt Solution
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(HBSS) (FUJIFILM Wako Pure Chemical Co.). Highly Sensitive
DCFH-DA Dye (DOJINDO) was added to each well (0.1 pl/well)
and incubated for 30 min after which the medium was removed, and
the cells were washed with HBSS. The fluorescent intensity was
measured with an Infinite F500 fluorescence plate reader (TECAN)
set at 485 nm excitation and 535 nm emission, and the ROS activity
was assessed.

Lipid peroxidation assay. Cells were seeded at 1x100 cells in 10-
cm dishes. After 72 h, 1x106 cells were resuspended in 500 pl of
HBSS containing C11-BODIPY (581/591) (0.5 uM) and incubated
for 30 min at 37°C. Cells were then washed with PBS and
resuspended in 500 pwl HBSS containing DAPI (DOJINDO) (0.5 ul)
and analyzed by flow cytometry using BD LSR Fortessa (BD
Biosciences, San Jose, CA, USA). In case of using RSL3, cells were
seeded at 1x10° cells in 10-cm dishes and incubated overnight.
Next, cells were treated with DMSO (0.4%) or RSL3 (10 uM). After
48 h, analysis was performed by flow cytometry.

Patients and tumor specimens. Specimens were obtained from 106
consecutive patients who underwent curative gastric resection at the
Tottori University Hospital between June 2004 and December 2011.
They were classified as Stage II or III according to the 8th Edition

MKN28 MKN45 MKN74 KATO III

Figure 1. Continued

of the Union for International Cancer Control-TNM classification.
Patients who underwent re-resection for residual cancer were
excluded. This study was approved by the institutional review board
of Tottori University (No. 20A080).

Immunohistochemical analysis. Immunohistochemistry was
performed according to standard protocols. Briefly, formalin-fixed,
paraffin-embedded tissue was processed into 4-pm thick sections.
After deparaffinizing the tissue blocks, antigens were retrieved by
autoclaving at 121°C for 10 min in Histofine (pH 9.0; Nichirei
Biosciences Inc., Tokyo, Japan). Endogenous peroxidase in the
tissue sections was blocked by incubation with 3% hydrogen
peroxide for 30 min, and non-specific protein binding was blocked
with 10% Block-Ace (DS Pharma Biomedical, Osaka, Japan) for 30
min. Anti-GPX4 (ab125066; Abcam) was used at the dilution of
1:200. Specimens were incubated with primary antibody overnight
at 4°C. The slides were exposed to the EnVision secondary antibody
reagent (DAKO, Tokyo, Japan). The color development was
performed using a DAB Peroxidase Substrate Kit (Vector
Laboratories, Burlingame, CA, USA), and the sections were
counterstained with hematoxylin. GPX4 expression in GC cells was
evaluated in a blinded manner, and a two-tiered discrimination using
positive or negative staining was used. Tumors with >25% positive
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cells were classified as having high expression, and those with
<25% positive cells were classified as having low expression. Two
investigators (K.S. and M.M.) evaluated the immunolabeling;
agreement was obtained in each case.
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Figure 1. Continued

Statistical analysis. Univariate analyses were performed using two-
tailed 7-tests for continuous variables. Kruskal-Wallis test was used
as a non-parametric test for estimating the differences between three
or more groups. The Kaplan-Meier method was used for survival
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Figure 1. GPX4 expression in gastric cancer (GC) cell lines and the effects of GPX4 silencing and inhibition. GPX4 expression in GC cell lines
was analyzed using (A) real-time quantitative PCR and (B) western blotting. (C) Lipid peroxidation in GC cells was analyzed using flow cytometry.
(D) GPX4 expression in GC cell lines was analyzed using western blotting 48 h after siRNA transfection. (E) The effect of silencing GPX4 on cell
proliferation was assessed by the WST assay 72 h after siRNA transfection. (F) The effect of silencing GPX4 on reactive oxygen species (ROS) was
assessed by a ROS assay 72 h after siRNA transfection. (G) PTGS2 expression in GC cell lines was analyzed using real-time quantitative PCR 72
h after siRNA transfection. (H) The effect of suppressing GPX4 on cell proliferation was assessed by the WST assay. Cells were treated with DMSO
and RSL3 (10 uM) for 48 h. (I) The effect of suppressing GPX4 on cell lipid peroxidation was assessed by flow cytometry. Cells were treated with
DMSO and RSL3 (10 uM) for 48 h. Results are expressed as meanststandard deviation. *p<0.05; **p<0.01.

curves, and the differences in survival curves were compared using
the log-rank test. Cox proportional hazards models were used for
the multivariate analysis. All statistical analyses were examined
using EZR version 3.6.1 (Saitama Medical Center, Jichi Medical
University, Saitama, Japan) (13), and p-values <0.05 were
considered statistically significant.

Results

GPX4 expression and ROS activity in gastric cancer cell
lines. To verify the expression levels of GPX4 in GC cells,
we first analyzed the expression of GPX4 in five human GC
cell lines (KATO-III, MKN-1, MKN-28, MKN-45, and
MKN-74) by RT-qPCR and western blot. GPX4 was
expressed in each GC cell line at various levels (Figure 1A
and B). Next, we examined the relative ROS activity using
flow cytometry (Figure 1C). Interestingly, the cell lines with
higher GPX4 expression (MKN-45 and MKN-74) had
relatively lower ROS activity than those with lower GPX4
expression (MKN-1, MKN-28 and KATOIII). This suggests
that GPX4 in gastric cancer has a role in the regulation of
ferroptosis. For subsequent experiments, MKN-45 and
MKN-74 cells were used because of the highest GPX4
expression levels.

Effect of silencing and inhibiting GPX4 in GC cells in vitro.
To directly assess the role of GPX4 expression in GC cell
lines, we performed GPX4 knockdown using siRNAs in
MKN-45 and MKN-74 cells (Figure 1D) and confirmed the

5724

effect of GPX4 on tumor growth. The effect of GPX4
knockdown on cell proliferation was assessed by WST assay.
Knockdown of GPX4 significantly reduced the number of
cells compared with that in the control group at 72 h after
silencing (Figure 1E).

GPX4 is known to be a regulator of ferroptosis, a type of
cell death caused by the accumulation of lipid peroxides. We
evaluated the effect of GPX4 depletion on ROS generation
to clarify the mechanism by which growth inhibition may
have occurred. Knockdown of GPX4 in MKN-45 and MKN-
74 cells induced a significant increase in ROS levels at 72 h
(Figure 1F). In addition, the mRNA level of PTGS2, a
known biomarker of ferroptosis, was increased after GPX4
knockdown compared with that in control cells (Figure 1G).
To confirm the GPX4 role in ferroptosis based on the siRNA
experiments, we evaluated the efficacy of RSL3, a GPX4
inhibitor. Indeed, RSL3 inhibited cell proliferation and
increased ROS activity in MKN-45 and MKN-74 cells
(Figure 1H and I). Taken together, these results demonstrated
an association between GPX4 down-regulation and induction
of ferroptosis in GC cells.

GPX4 expression is negatively correlated with prognosis in
GC patients. Based on the in vitro studies described above,
we retrospectively analyzed the records and specimens of
106 GC patients who underwent gastrectomy to determine
the importance of GPX4 expression in these patients. GPX4
positive staining was predominantly observed in the
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Figure 2. GPX4 expression in gastric cancer (GC) tissues is negatively correlated with prognosis. (A) Representative images of GC tissue samples
immunohistochemically stained for GPX4. Scale bar: 100 um. (B) Correlation between GPX4 expression and prognosis using the Kaplan-Meier
method.
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Table 1. Association between GPX4 expression and clinicopathological
Jactors.

GPX4 expression, n (%) p-Value
Negative Positive

Parameter n=43 n=63

Age
<65 Years 13 (38.2) 21 (61.8) 0.83
=65 Years 30 (41.7) 42 (58.3)

Sex
Male 31 (39.8) 49 (61.2) 0.65
Female 12 (46.2) 14 (53.8)

BMI
<25 Kg/m? 36 (40) 54 (60) 0.79
>25 Kg/m? 7 (43.8) 9 (56.2)

Neoadjuvant chemotherapy
Yes 3 (60) 2 (40) 0.39
No 40 (39.6) 61 (60.4)

Adjuvant chemotherapy
Yes 20 (45.5) 24 (54.5) 0.43
No 23 (37.1) 39 (62.9)

Stage
11 30 (42.3) 41 (57.7) 0.68
1 13 (37.1) 22 (62.9)

Histologic type
Well 22 (40) 33 (60) 1
Mod/poor 21 (41.2) 30 (58.8)

Vascular invasion
Negative 4 (57.1) 3(429) 0.44
Positive 39 (394) 60 (60.6)

Lymphatic invasion
Negative 1 (100) 0 (0) 041
Positive 42 (40) 63 (60)

pT
il 11 (52.4) 10 (47.6) 0.23
v 32 (37.6) 53 (62.4)

pN
Negative 13 (38.2) 21 (61.8) 0.83
Positive 30 (41.7) 42 (58.3)

CEA
<5 ng/ml 32 (38.1) 52 (61.9) 0.13
=5 ng/ml 11 (57.9) 8 (42.1)

CA19-9
<37 U/ml 38 (42.2) 52 (57.8) 1
=37 U/ml 5(38.5) 8 (61.5)

BMI: Body mass index; pN: pathological N classification; pT:
pathological T classification; CEA: carcinoembryonic antigen; CA19-
9: carbohydrate antigen 19-9.

cytoplasm of cancer cells (Figure 2A). After analyzing the
expression of GPX4 in surgically resected specimens using
immunohistochemistry, we found that 63 out of 106 patients
(59.4%) were positive for GPX4 expression (Table I). There
was no correlation between GPX4 expression and each of the
clinicopathological factors examined (Table II).

Next, we investigated whether GPX4 expression played a
role as a prognostic factor for GC patients. Kaplan-Meier
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survival analysis showed that GC patients with GPX4-
positive tumors had significantly worse OS (p=0.007) and
lower disease-specific survival (DSS; p=0.011) than patients
with GPX4-negative tumors (Figure 2B). In the univariate
analysis of the Cox proportional hazards model for OS, age
=05 years, stage Il disease, CA19-9 =37 U/ml, and positive
expression of GPX4 were selected as significant risk factors.
Multivariate analysis of these factors indicated that age =65
years, stage III disease, and positive expression of GPX4
were independent prognostic factors for OS. In the univariate
analysis for DSS, stage III disease and positive GPX4
expression were also risk factors, and these factors were
independent prognostic factors for DSS in the multivariate
analysis (Table IIT). The results of these studies indicated that
GPX4 over-expression is a significant negative prognostic
factor for GC patients.

Discussion

Apoptosis was the first type of regulated programmed cell
death that was identified at the molecular level followed by
autophagy and necroptosis. In recent years, there has been a
growing interest in the importance of other regulated cell
death systems beyond apoptosis that can explain the
mechanisms of tumorigenesis and efficacy of anti-cancer
treatments (14, 15). Ferroptosis is a form of regulated cell
death characterized by the iron-dependent accumulation of
lethal levels of lipid hydroperoxides (16), which originate
from polyunsaturated fatty acids in plasma membranes and
result in the rupture of cellular membranes. Ferroptotic cell
death is caused by the production of both cytosolic and lipid
ROS and is independent of mitochondria but dependent on
NADPH oxidases (17). Unlike apoptosis and necroptosis,
cells dying by ferroptosis primarily exhibit shrunken and
damaged mitochondria with few other morphological
changes evident prior to death (18).

Recently, ferroptosis investigations have focused on the
mechanisms of tumor cell killing by ferroptosis-inducing
agents and the promotion of tumor progression by the
abnormal inhibition of ferroptosis. Yang et al. reported that
the small molecule erastin inhibited the import of cysteine
via the cystine/glutamate antiporter system xc~, which
resulted in glutathione depletion and inactivation of GPX4
(19). Furthermore, it was revealed that induction of
ferroptosis reduced the growth of subcutaneously
xenografted tumors derived from the human foreskin
fibroblast cell line BJeLR (5). Thus, the GPX4-
glutathione-cysteine axis and GPX4-associated lipid
peroxidation are known to be central regulators of
ferroptosis and may represent potential cancer therapeutic
targets. Lu et al. showed that migration and invasion by
clear cell renal cell carcinoma (ccRCC) cells was repressed
by the inhibition of GPX4 and subsequent upregulation of
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Table II. Univariate and multivariate analyses of prognostic factors associated with overall survival.

Univariate analysis

Multivariate analysis

HR 95%C1 p-Value HR 95%Cl1 p-Value
Age (<65 vs. =65) 2.651 1.284-5.473 0.008* 2.503 1.143-5.485 0.022*
Sex (Female vs. Male) 1.193 0.6099-2.335 0.61
BMI (<25 vs. =25) 0.5934 0.2352-1.497 0.27
Neoadjuvant chemotherapy (No vs. Yes) 2.045 0.7345-5.693 0.17
Adjuvant chemotherapy (No vs. Yes) 0.9482 0.5358-1.678 0.86
Stage (II vs. III) 2.098 1.193-3.691 0.01%* 1.881 1.032-3.427 0.039*
Histology (Well vs. Mod/poor) 1.003 0.5723-1.759 0.99
pT (-1I vs. II-IV) 0.9823 0.4765-2.025 0.96
pN (Negative vs. Positive) 1.495 0.7927-2.821 0.21
CEA (<5 vs. =5) 1.412 0.7005-2.847 0.33
CA19-9 (<37 vs. 237) 2.198 1.087-4.444 0.028* 1.447 0.687-3.047 0.33
GPX4 (Negative vs. Positive) 2.326 1.232-4.392 0.009%* 223 1.171-4.244 0.015%

HR: Hazard ratio; CI: confidence interval; BMI: body mass index; pN: pathological N classification; pT: pathological T classification; CEA:
carcinoembryonic antigen; CA19-9: carbohydrate antigen 19-9. *Statistically significant.

Table III. Univariate and multivariate analyses of prognostic factors associated with disease-specific survival.

Univariate analysis

Multivariate analysis

HR 95%Cl1 p-Value HR 95%Cl1 p-Value
Age (<65 vs. =65) 1.464 0.643-3.332 0.36
Sex (Female vs. Male) 2.854 0.8615-9.454 0.085
BMI (<25 vs. =25) 0.1906 0.0259-1.403 0.1
Neoadjuvant chemotherapy (No vs. Yes) 1.744 0.4134-7.358 0.45
Adjuvant chemotherapy (No vs. Yes) 1.591 0.7557-3.348 0.22
Stage (I vs. III) 2.553 1.215-5.368 0.013* 2476 1.177-5.208 0.017*
Histology (Well vs. Mod/poor) 0.7515 0.3518-1.605 0.46
pT (I-1I vs. II-IV) 0.8219 0.3331-2.028 0.67
pN (Negative vs. Positive) 1.282 0.903-1.82 0.16
CEA (<5 vs. =5) 1.62 0.6467-4.059 03
CA19-9 (<37 vs. 237) 2011 0.7505-5.389 0.16
GPX4 (Negative vs. Positive) 3.064 1.24-7.57 0.015% 2.981 1.206-7.369 0.018*

HR: Hazard ratio; CI: confidence interval; BMI: body mass index; pN: pathological N classification; pT: pathological T classification; CEA:

carcinoembryonic antigen; CA19-9: carbohydrate antigen 19-9. *Statistically significant.

ferroptosis (20). In vitro, it was reported that expression of
GPX4 increased the proliferation of oral cancer cells (21).
One study also reported that GPX4 was involved in ccRCC
and ovarian cancer cell morphology, and a GPX4-
dependent cancer cell state conferred sensitivity to
ferroptosis, which is potentially translatable toward novel
therapies that inhibit GPX4 (22). Another study reported
that miR-15a-3p suppressed colorectal cancer cell growth
and enhanced ferroptosis by inactivating GPX4 (23). These
data support the hypothesis that the regulation of
ferroptosis via GPX4 plays an important role in cancer
progression. Consistent with this hypothesis, our results
revealed that GPX4 silencing suppressed tumor

progression and promoted ROS production, which induced
ferroptosis in GC cell lines.

There are a few studies which attempted to prove the
correlation between the prognosis in patients with GC and
GPX4 (24, 25). However, the prognostic property was
inconsistently reported in each study and there is no
consensus on the role of GPX4 in gastric cancer progression
at the cellular level yet.

Various molecules have been discovered and studied that
clarify the mechanisms regulating ferroptosis and implicate
potential strategies for cancer treatment. For example, in
addition to GPX4, NRF2, p53, and ferroptosis suppressor
protein 1 (FSP1), also known as apoptosis inducing factor
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mitochondrial associated 2, have been studied as key
regulators of ferroptosis (26). NRF2 expression in GC was
reported to be associated with aggressive tumor behavior
(27). The tumor suppressor TP53 is the most frequently
mutated gene in human cancers, and it has been reported that
59% of GC patients have tumors with mutated TP53 (28).
Recently, FSP1 was reported as a key component of a non-
mitochondrial CoQ antioxidant system that acts in parallel
to the canonical glutathione-based GPX4 pathway (29). In
the present study, the expression of GPX4 in cancer cell lines
and tumor tissue from patients with GC and its regulatory
role in ferroptosis were confirmed. Taken together, these data
suggest that GC progression may involve the inhibition of
ferroptosis via p5S3, FSP1, and GPX4.

In the present study, we have confirmed GPX4 expression
in GC cell lines at both the protein and mRNA levels.
Furthermore, suppression of GPX4 expression inhibited cell
proliferation and induced ROS production in MKN-45 and
MKN-74 cell lines. Additionally, GPX4 silencing
significantly increased the expression of PTGS2 mRNA,
which is a marker of ferroptosis. RSL3 reduced cell viability
and increased lipid peroxidation in MKN-45 and MKN-74.
The silencing and pharmacological inhibition of GPX4
indicated that GPX4 plays a great role in GC cells via
ferroptosis suppression and can be a therapeutic target of
GC. Finally, we demonstrated that positive expression of
GPX4 protein in surgically resected tumor specimens from
patients with GC was an independent risk factor for
postoperative survival. These results suggest that GPX4 may
be one of the key molecules that promotes GC progression
through inhibition of ferroptosis. Thus, regulating ferroptosis
has become an emerging novel strategy for cancer treatment
and includes the development of ferroptosis-inducing
chemotherapeutic agents.
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