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Abstract. Ferroptosis, an iron‑dependent form of programmed 
cell death, is a promising target for cancer therapy. Peptidyl‑prolyl 
cis/trans isomerase 1 (PIN1), a member of the peptidyl‑prolyl 
cis/trans isomerase family, is often overexpressed in cancer and 
contributes to tumor cell proliferation, survival and metastasis. 
The present study investigated whether PIN1 regulates ferrop‑
tosis in gastric cancer (GC). GC cell models with either PIN1 
knockdown or overexpression were established and treated with 
the ferroptosis inducer erastin, followed by assessment of cell 
viability and proliferation rate using Cell Couting Kit‑8 and 
colony formation assays, detection of PIN1 and cytoplasmic 
polyadenylation element binding protein 1 (CPEB1) expression 
via western blotting and reverse transcription‑quantitative PCR, 
and evaluation of glutathione peroxidase 4 (GPX4) expression 
through immunofluorescence assay. Experimental results indi‑
cate that PIN1 depletion increases erastin‑induced ferroptosis, 
as evidenced by increased levels of reactive oxygen species, 

malondialdehyde and intracellular free iron. PIN1 overexpres‑
sion attenuates the erastin‑induced ferroptotic response, as 
evidenced by decreased levels of ferroptosis‑related biomarkers. 
Further analysis reveals that silencing PIN1 upregulates CPEB1, 
which, in turn, suppresses GPX4 expression. Simultaneous 
knockdown of CPEB1 reverses the ferroptosis‑enhancing 
effect of PIN1 depletion. These mechanistic findings suggest 
that PIN1 promotes GPX4 expression by repressing CPEB1, 
thus inhibiting Erastin‑induced ferroptotic cell death in GC. 
In vivo experiments further suggest that PIN1 knockdown 
significantly reduces the tumorigenic potential of GC cells. 
A novel PIN1‑CPEB1‑GPX4 axis was identified, in which PIN1 
downregulates CPEB1 to mediate ferroptosis resistance. This 
axis represents a potential therapeutic target, as PIN1 knockout 
demonstrates significant tumor suppression in animal models. 
The present study identifies a novel PIN1‑CPEB1‑GPX4 regu‑
latory axis that controls ferroptosis, suggesting its potential as a 
therapeutic target for advanced GC.

Introduction

Gastric cancer (GC), a malignancy originating from the gastric 
epithelium, ranks as the 5th most common cancer globally and 
remains one of the leading tumors of the digestive system (1). 
Surgery remains the primary treatment approach, often 
combined with chemotherapy or radiotherapy. While effective 
chemotherapy can reduce recurrence rates and improve 5‑year 
survival, the emergence of secondary drug resistance during 
long‑term treatment presents a key obstacle in managing 
advanced GC. Therefore, the development of combination 
therapeutic strategies and the identification of novel chemo‑
therapeutic targets to overcome chemoresistance have become 
urgent scientific priorities (2).

Ferroptosis is a regulated form of cell death characterized 
by iron‑dependent accumulation of lipid peroxides, with distinct 
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morphological features and molecular mechanisms that differ 
from those of apoptosis and necrosis (3). Since the identifica‑
tion of ferroptosis by Dixon et al (4) in 2012, ferroptosis has 
gained increasing attention in studies associated with cancer, 
neurodegenerative disorders and ischemic injury  (5,6). The 
rapid proliferation of tumor cells is frequently associated with 
disrupted lipid metabolism and iron homeostasis, making them 
particularly vulnerable to ferroptosis (7,8). Highly malignant or 
chemoradiotherapy‑resistant tumor cells often depend heavily on 
antioxidant defense systems, further increasing their sensitivity 
to ferroptotic cell death (9,10). Therefore, targeting ferroptosis 
presents a potential therapeutic strategy for cancer treatment.

Peptidyl‑prolyl cis/trans isomerase 1 (PIN1), a member of 
the PPIase family, regulates the function, activity and localiza‑
tion of target proteins by binding specifically to phosphorylated 
Ser/Thr motifs, thus inducing conformational changes (11). 
PIN1 is overexpressed in various tumor cell lines and is nega‑
tively associated with clinical prognosis (12). PIN1 has been 
implicated in chemoresistance across multiple types of cancer, 
including breast, liver and pancreatic cancer, with expression 
levels positively associated with the degree of drug resistance, 
highlighting its role as a key oncogenic factor (13,14). Previous 
studies have also associated PIN1 with ferroptosis. PIN1 
inhibits ferroptosis by upregulating glutathione peroxidase 4 
(GPX4), contributing to cisplatin resistance in cervical cancer 
cells, whereas PIN1 knockout reverses this resistance (15,16).

Cytoplasmic polyadenylation element‑binding protein 1 
(CPEB1), a member of the cpeb family, regulates essential 
cellular functions including proliferation, apoptosis, senes‑
cence and mitotic control, processes that carry out key roles 
in oncogenesis and tumor progression (17,18). In breast cancer, 
CPEB1 participates in the epithelial‑mesenchymal transi‑
tion (19), while in liver cancer, its downregulation contributes 
to increased chemoresistance and cellular stemness  (20). 
Previous work demonstrated that overexpression of CPEB1 
in GC cell lines HGC‑27 and AGS elevates erastin‑induced 
ferroptosis (21). PIN1 interacts with CPEB1 to catalyze the 
isomerization of specific phosphorylated residues, leading 
to ubiquitination‑mediated degradation of CPEB (22). It has 
further been shown that PIN1 overexpression significantly 
shortens the half‑life of CPEB1 in cells (23). However, the 
functional significance of this interaction in cancer biology, 
particularly in gastric cancer, remains unclear. PIN1 has been 
reported to suppress ferroptosis and promote chemoresistance, 
in part by upregulating GPX4 (15), whereas CPEB1 promotes 
ferroptosis by downregulating GPX4 expression in GC 
cells (21). These opposing effects raise an important question: 
Whether PIN1 inhibits ferroptosis in GC by targeting CPEB1 
for degradation, alleviating CPEB1‑mediated suppression of 
GPX4. Eucidating this potential PIN1‑CPEB1‑GPX4 axis is 
essential for understanding ferroptosis resistance in GC.

The present study aims to investigate the regulatory role of 
PIN1 in ferroptosis in gastric cancer, focusing on elucidating the 
underlying mechanism by which PIN1 suppresses ferroptotic 
cell death through CPEB1‑dependent upregulation of GPX4.

Materials and methods

Chemical reagents. Ferrostatin‑1 (Fer‑1; cat. no. HY‑100579) 
was obtained from MedChemExpress and dissolved in DMSO 

to prepare a 10 mM stock solution. Erastin, a classic ferrop‑
tosis inducer (cat. no. SC0224; Beyotime Biotechnology) was 
prepared as a 20 mM stock solution in DMSO.

Cell culture. The GC cell line HGC‑27 was purchased from 
Beyotime Biotechnology, while the GC cell line AGS and the 
gastric epithelial cell line GES‑1 were provided by Suzhou 
Haixing Biosciences Co., Ltd. AGS cells were cultured in 
Ham's F‑12K medium (Thermo Fisher Scientific, Inc.) supple‑
mented with 10% fetal bovine serum (FBS; Anhui Gezhe 
Biotechnology Co., Ltd.). HGC‑27 and GES‑1 cells were 
cultured in RPMI‑1640 medium (Thermo Fisher Scientific, 
Inc.) with 10% FBS from the same supplier. All cell lines were 
authenticated and tested negative for mycoplasma contamina‑
tion. All cell lines were maintained under standard culture 
conditions (37˚C; 5% CO2; humidified atmosphere). Cells were 
treated with 10 µM Erastin or 1 µM Fer‑1 at 37˚C for 24 h.

Cell viability assay and colony formation assay. Cellular 
viability was evaluated using the Cell Counting Kit‑8 (CCK‑8; 
cat. no.  C0041; Beyotime Biotechnology). GC cells were 
seeded in 96‑well plates at a density of 5x103 cells per well 
and exposed to 10 µM erastin at 37˚C for 24 h, after which the 
CCK‑8 assay was performed according to the manufacturer's 
protocol with a 2‑h incubation at 37˚C.

For the colony formation assay, transfected HGC‑27 and 
AGS cells were seeded at 1x103 cells per well in 6‑well plates 
and incubated overnight at 37˚C. The erastin‑treated group 
was exposed to a final concentration of 10 µM Erastin at 37˚C 
for 24 h. The culture medium was changed every 3 days until 
visible colonies appeared. After a 14‑day incubation period, 
the cells were fixed with 4% paraformaldehyde at room 
temperature for 15 min and stained with 0.1% crystal violet at 
room temperature for 30 min. Colonies containing ≥50 cells 
were counted manually under a light microscope.

Small interfering (si)RNA transfection. Knockdown of PIN1 
and CPEB1 was performed by transfection of specific small 
interfering RNAs (siRNAs) at a final concentration of 50 nM 
using Lipofectamine® 3000 reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
instructions. After incubation at 37˚C for 4 h, the transfection 
medium was replaced with fresh complete medium, and cells 
were cultured for an additional 48 h before subsequent experi‑
ments. The sequences of the siRNA duplexes (5' to 3') used are 
listed in Table I. All siRNAs were synthesized by Beyotime 
Biotechnology.

Plasmid transfection. Overexpression of PIN1 and CPEB1 
was achieved by transfection of plasmid vectors. The PIN1 
overexpression plasmid (pcDNA3.1‑PIN1) was obtained as a 
glycerol stock from Vertex Pharmaceuticals (Europe) Limited. 
The CPEB1 overexpression plasmid (pcDNA3.1‑CPEB1) 
was obtained as a glycerol stock from Haixing Biosciences. 
Both plasmids were constructed using the pcDNA3.1(+) 
vector backbone. Plasmids were extracted and purified prior 
to transfection. Cells were seeded in 6‑well plates and trans‑
fected with 2 µg of plasmid DNA at 70‑80% confluence using 
Lipofectamine® 3000 reagent (Invitrogen; Thermo Fisher 
Scientific Inc.) according to the manufacturer's instructions. 
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After incubation at 37˚C for 4 h, the transfection medium 
was replaced with fresh complete medium. An empty 
pcDNA3.1(+) vector was used as the negative control. At 48 h 
post‑transfection, successful overexpression was confirmed by 
western blotting (Fig. S1). For co‑overexpression experiments, 
cells were co‑transfected with equal amounts (2 µg each) 
of pcDNA3.1‑PIN1 and pcDNA3.1‑CPEB1 using the same 
protocol.

Reverse transcription‑quantitative PCR (RT‑qPCR) 
analysis. Total RNA was extracted from HGC‑27 and AGS 
GC cells following siRNA‑mediated PIN1 knockdown and 
plasmid‑based overexpression, after 24‑h treatment with 
10 µM Erastin, to validate the regulatory effects of PIN1 
on CPEB1 expression and erastin‑induced ferroptosis. Total 
RNA was extracted using the Total RNA Extraction Kit (cat. 
no. M5101; Suzhou Xinsaimei Biotechnology Co., Ltd.). RT 
was performed using theFirst Strand cDNA Synthesis Kit (cat. 
no. D7168M; Beyotime Biotechnology). qPCR was conducted 
using commercially designed and validated primer pairs 
(Beyotime Biotechnology), cDNA templates and BeyoFast™ 
SYBR Green qPCR Mix (2x; Low ROX; cat. no.  D7262; 
Beyotime Biotechnology). RT‑qPCR was performed on an 
Applied Biosystems 7500 Real‑Time PCR System (Thermo 
Fisher Scientific, Inc.). The thermal cycling conditions were 
as follows: 95˚C for 2 min, followed by 40 cycles of 95˚C 
for 15 sec and 60˚C for 25 sec. Relative mRNA levels were 
calculated using the 2-ΔΔCq method (24). All primer pairs were 
purchased from Beyotime Biotechnology. All primer pairs 
were purchased from Beyotime Biotechnology. The NCBI 
mRNA IDs and primer sequences are listed in Table II.

Western blotting. Proteins were extracted from GC 
cells following siRNA‑mediated PIN1 knockdown and 
plasmid‑based overexpression, after 24‑h treatment with 
10 µM erastin, to validate the regulatory effects of PIN1 on 

CPEB1 expression and erastin‑induced ferroptosis. Cellular 
proteins were extracted from GC cells using Beyotime lysis 
buffer (Beyotime Biotechnology) and protein concentra‑
tion was determined using the BCA assay kit (Beyotime 
Biotechnology). Equal amounts of protein (30  µg) were 
separated on 12% SDS‑PAGE gels and transferred to PVDF 
membranes (Biosharp Life Sciences) via electroblotting. 
Membranes were blocked for 1 h at room temperature with 
5% skimmed milk and then incubated overnight at 4˚C with 
the following primary antibodies: CPEB1 (1:2,000; cat. 
no. 13274‑1‑AP; Proteintech Group, Inc.), PIN1 (1:5,000; cat 
no. 10495‑1‑AP; Proteintech Group, Inc.), GPX4 (1:500; cat. 
no. AF7020; Beyotime Biotechnology) and GAPDH (1:10,000; 
cat. no. AG0122; Beyotime Biotechnology). Membranes were 
then incubated with horseradish peroxidase (HRP)‑conjugated 
secondary antibodies (1:1,000; cat. no. AG8064; Beyotime 
Biotechnology) for 1 h at room temperature. Protein bands were 
visualized using an ECL substrate (cat. no. P0018S; Beyotime 
Biotechnology) and imaged with a ChemiDoc XRS+ system 
(Bio‑Rad Laboratories, Inc.). Quantification was performed 
using ImageJ software (version 1.53a; National Institutes of 
Health) with normalization to GAPDH.

Detection of lipid reactive oxygen species (ROS), malondial‑
dehyde (MDA) and ferrous iron (Fe2+). Lipid ROS levels in 
GC cells and tumor tissues were measured using the ROS 
Assay Kit (cat. no. S0033S; Beyotime Biotechnology). After 
Erastin treatment for 24 h, cells were incubated with 5 µM 
DCFH‑DA at 37˚C for 30  min, followed by fluorescence 
microscopy observation. For MDA and Fe2+ quantification, 
2x107 cells per group were lysed after erastin treatment for 
24 h. MDA content and Fe2+ levels were quantified using the 
MDA Assay Kit (cat. no. S0131S; Beyotime Biotechnology) 
and the Iron Colorimetric Assay Kit (cat. no. E1046; Beijing 
Applygen Technologies Inc.), respectively, according to the 
manufacturers' instructions.

Table I. Small interfering RNA sequences used in the present study.

Target	 Sence sequence (5'‑3')	 Antisense sequence (5'‑3')

PIN1	 CAGCAGCAGUGGUGGCAAATT 	UUU GCCACCACUGCUGCUGTT 
CPEB1	 GGGUAUUAGCCGACAGUAATT	UU ACUGUCGGCUAAUACCCTT
Negative control	UU CUCCGAACGUGUCACGUTT	 ACGUGACACGUUCGGAGAATT

PIN1, peptidyl‑prolyl cis/trans isomerase 1; CPEB1, cytoplasmic polyadenylation element‑binding protein 1.

Table II. Reverse transcription primer sequences.

Gene	 NCBI mRNA ID	 Forward primer sequence (5'‑3')	 Reverse primer sequence (5'‑3')

GAPDH	 NM_002046.7	 GAGAAGGCTGGGGCTCATTT	 TGCTGATGATCTTGAGGCTGT
PIN1	 NM_006221.4	 CCGCAGCTCAGGCCG	 CTGCCCGTTTTTGCCACC
CPEB1	 NM_030594.5	 TCGGTGCTCTGCATGGAATG	 AGTCACACGACCAGAACCAAT

PIN1, peptidyl‑prolyl cis/trans isomerase 1; CPEB1, cytoplasmic polyadenylation element‑binding protein 1.

https://www.spandidos-publications.com/10.3892/or.2026.9156
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Co‑immunoprecipitation (Co‑IP) and western blot analysis. 
Protein‑protein interactions were analyzed by Co‑IP using a 
Protein A magnetic bead‑based immunoprecipitation kit (cat. 
no. G2209‑50Tl; Wuhan Servicebio Technology Co., Ltd.) 
according to the manufacturer's instructions. HGC‑27 cells 
were harvested by trypsin digestion and lysed in RIPA lysis 
buffer (cat. no. P0013C; Beyotime Biotechnology) supple‑
mented with a protease inhibitor cocktail. After centrifugation 
at 12,000 x g for 15 min at 4˚C, the supernatant was collected 
and protein concentration was determined. For each IP reac‑
tion, 500 µg of protein lysate were incubated overnight at 4˚C 
with an anti‑CPEB1 antibody (1:150; cat. no. 13274‑1‑AP; 
Proteintech Group, Inc.) or control mouse IgG (cat. no. A7028; 
Beyotime Biotechnology). Protein A magnetic beads were 
then added and incubated for 2 h at room temperature. After 
three washes with 1x TBS buffer, bound proteins were eluted 
by boiling in 1X SDS loading buffer for 5 min and subjected to 
western blot analysis using the same procedure as aforemen‑
tioned with antibodies against PIN1 and CPEB1.

Xenograft tumor model in nude mice. All animal procedures were 
approved by the Institutional Animal Care and Use Committee 
(IACUC) of Mudanjiang Medical University, Mudanjiang, China 
(approval no. IACUC‑20240719‑079). A total of 18 healthy male 
nude mice (5 weeks old, weighing 18‑20 g) were obtained from 
Beijing Vital River Laboratory Animal Technology Co., Ltd. and 
randomly assigned to three groups (n=6 per group): Group A, 
knockout negative control (koNC) + Vehicle; Group B, koNC + 
Erastin and Group C, koPIN1 + Vehicle.

The mice were housed in a controlled environment 
with a 12‑h light/dark cycle, a temperature of 22±1˚C and 
humidity maintained at 45‑55%, with ad libitum access to 
food and water. Their health and behavior were assessed daily. 
Before implantation, PIN1 knockout in the HGC‑27 cells 
was confirmed by western blot analysis. Logarithmic‑phase 
PIN1‑knockout GC cells or control cells (5x106) were then 
subcutaneously injected. When the tumor volume reached 
100 mm3, Group B was treated with daily intraperitoneal 
injections of erastin (60 mg/kg). Tumor size was monitored by 
measuring the tumor diameter (D) with digital calipers every 
3 days. The humane endpoint was defined as a tumor diameter 
>15 mm, tumor volume >800 mm³, tumor ulceration or body 
weight loss >20%. No animals reached these endpoints during 
the study. Tumor volume (V) was calculated using the formula 
for a sphere: V=4/3x π x (D/2)3. The maximum tumor diam‑
eter and volume observed during the study were 10.8 mm and 
~650 mm3, respectively, which were well within the humane 
endpoints of the approved protocol. The experiment lasted 
15 days. At the study's conclusion, mice were euthanized by 
cervical dislocation following deep anesthesia induced by 
inhalation of 3% isoflurane (air as carrier gas). Mortality was 
confirmed by the absence of respiration, heartbeat and corneal 
reflex. Tumor tissues were then collected for analysis.

Immunohistochemistry. A total of 27 patients with gastric 
cancer (18 men and 9 women; median age 68 years, range 
37‑89 years) who underwent radical gastrectomy were included 
in the present study. All surgical specimens were collected 
between March, 2023 and December, 2023, in accordance with 
the approved ethics protocol (approval no. 2023‑MYGZR01). 

Their paraffin‑embedded tumor tissues and matched adjacent 
normal tissues were used for immunohistochemical analysis.

Immunohistochemical staining was conducted on 27 pairs 
of pathologically confirmed paraffin‑embedded GC tissues 
and matched adjacent normal tissues. Tissue sections were 
deparaffinized in xylene (three changes, 5 min each) and rehy‑
drated through a graded ethanol series (100, 95, 85 and 75%, 
5 min each) to distilled water. Antigen retrieval was performed 
in citrate buffer (pH 6.0) by microwave heating at 95‑100˚C for 
30 min, followed by washing with PBS. Endogenous peroxi‑
dase activity was blocked with 3% hydrogen peroxide at room 
temperature for 10 min. Sections were then blocked with 5% 
goat serum at room temperature for 1 h to reduce non‑specific 
binding. After blocking, sections were then incubated with a 
primary antibody against PIN1 (1:200; cat no. 10495‑1‑AP, 
Proteintech Group, Inc.) at 4˚C overnight, followed by an 
HRP‑conjugated secondary antibody for 1 h at room tempera‑
ture. The signal was visualized using a 3,3'‑diaminobenzidine 
substrate kit (cat no. G1212; Wuhan Servicebio Technology 
Co., Ltd.) and nuclei were counterstained with hematoxylin at 
room temperature for 2 min.

Quantitative analysis of PIN1 expression was performed 
using image analysis software (version 1.53a; National 
Institutes of Health). The staining intensity was assessed by 
calculating the H‑score, defined as: H‑Score=[1 x (Area_
weak/Total_area) + 2x (Area_moderate/Total_area) + 3x 
(Area_strong/Total_area)] x100.

Bioinformatics analysis. Bioinformatic analyses of GC and 
adjacent normal tissues were conducted using the GSE220917 
dataset (accession no. GSE220917) from the Gene Expression 
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) 
and The Cancer Genome Atlas Stomach Adenocarcinoma 
(TCGA‑STAD) dataset from TCGA. All statistical analyses 
were performed in R (version 4.2.0; R Core Team). For the 
GSE220917 RNA‑sequencing (RNA‑seq) data, read counts 
were normalized using the DESeq2 package and differen‑
tially expressed genes were identified with DESeq2 (v1.36) 
using |log2(Fold Change)|>1 and false discovery rate (FDR) 
<0.05. Pearson correlation analysis (P<0.05) was used to 
assess the correlation between PIN1 and CPEB1 expression. 
Kaplan‑Meier survival curves were generated with the R 
survival package (v3.3.3) and group differences were evalu‑
ated using the Log‑rank test. Gene Set Enrichment Analysis 
(GSEA v4.3.2) was conducted using the MSigDB C5 (GO gene 
sets) database. Pathways with FDR <0.25 and P<0.05 were 
considered significantly enriched.

Receiver operating characteristic (ROC) curve analysis 
was performed using TCGA‑STAD data. ROC curves for 
PIN1 and CPEB1 were generated from their gene expression 
levels, and the area under the curve (AUC) was calculated to 
assess their diagnostic performance.

Statistical analysis. Data are presented as the mean ± SD from 
at least three independent experiments. Statistical analyses 
were performed using GraphPad Prism 8 (Dotmatics). 
Differences between two paired groups were evaluated 
using a paired Student's t‑test. Comparisons between two 
unpaired groups were assessed using an unpaired Student's 
t‑test. Comparisons among multiple groups were performed 
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using one‑way ANOVA followed by Tukey's post hoc test. 
Categorical data (such as the association between PIN1 
expression and clinicopathological features) were analyzed 
using Fisher's exact test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

PIN1 is highly expressed in GC cells and tissues. To investigate 
the regulatory role of PIN1 in GC development, bioinformatics 
analysis was performed using the GSE220917 dataset from the 

Figure 1. Expression of PIN1 and CPEB1 in GC. (A) Bioinformatics analysis of PIN1 and CPEB1 mRNA levels in GC and matched adjacent normal tissues. 
(B) Correlation analysis of PIN1 and CPEB1 mRNA expression in GC tissues (R=‑0.668, P=0.0027). (C) Western blot analysis of PIN1 and CPEB1 protein 
levels in the normal gastric epithelial cell line GES‑1 and GC cell lines HGC‑27 and AGS. (D) Receiver operating characteristic curves for PIN1 and CPEB1 
based on the TCGA‑STAD dataset. (E) Kaplan‑Meier survival analysis of patients with GC stratified by PIN1 expression levels (P=0.013). Data are expressed 
as mean ± SD (n=3). ***P<0.001, ****P<0.0001. PIN1, peptidyl‑prolyl cis/trans isomerase 1; CPEB1, cytoplasmic polyadenylation element‑binding protein 1; 
GC, gastric cancer; AUC, area under the curve.

https://www.spandidos-publications.com/10.3892/or.2026.9156
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GEO database. Comparative evaluation of PIN1 and CPEB1 
expression between malignant gastric tissues and matched 
adjacent normal specimens revealed significantly increased 
levels of PIN1 and decreased levels of CPEB1 in tumor samples 
(Fig. 1A). Correlation analysis further demonstrated a negative 
association between PIN1 and CPEB1 mRNA expression in 
GC tissues (Fig. 1B).

The findings were further validated through in vitro experi‑
ments. Western blot analysis revealed significantly elevated 
PIN1 protein levels in GC cell lines (HGC‑27 and AGS) 
compared with the normal gastric epithelial cell line GES‑1, 
accompanied by an inverse relationship with CPEB1 expres‑
sion (Fig. 1C).

To assess the ability of PIN1 and CPEB1 to distinguish GC 
samples from controls, ROC curve analysis was performed 

using the TCGA‑STAD dataset. The AUC was 0.731 for PIN1 
and 0.856 for CPEB1 (Fig. 1D). Further evaluation at optimal 
cut‑off values showed that both genes exhibited robust diag‑
nostic accuracy, as summarized in Table III. With both AUC 
values >0.7, these results indicate a good diagnostic perfor‑
mance for both genes in discriminating GC from normal 
tissues. Kaplan‑Meier survival analysis showed that patients 
with high PIN1 expression had significantly reduced overall 
survival (Fig. 1E). These results underscore the pivotal role of 
PIN1 in the progression of GC.

Clinical association of PIN1 overexpression with aggressive 
features in patients with GC. To further evaluate the clinical 
relevance of PIN1, immunohistochemistry was performed on 
27 paired GC tissues and matched adjacent normal tissues. 

Table III. PIN1 H‑score in paired gastric cancer and normal tissues.

Group	 n	H ‑score, Mean ± SD	 P‑value

Tumor tissue	 27	 37.73±23.41	 <0.001
Adjacent normal tissue	 27	 21.60±11.87	 ‑

P‑value was derived from a paired t‑test (t=3.914; df=26). PIN1, peptidyl‑prolyl cis/trans isomerase 1.

Figure 2. Expression of PIN1 in GC tissues and its clinical relevance. (A) Representative immunohistochemical staining images of PIN1 in GC and adjacent 
normal tissues. (B) Scatter plot comparing PIN1 H‑scores in 27 paired GC tissues and adjacent normal tissues (paired t‑test). Patients (%) with (C) lymphovas‑
cular invasion (P=0.0073) and (D) perineural invasion (P=0.0461) in the low and high ∆PIN1 groups (Fisher's exact test). ∆PIN1 is defined as the difference in 
PIN1 H‑score between tumor and adjacent tissue. Data are presented as mean ± SD. *P<0.05; **P<0.01; ***P<0.001. PIN1, peptidyl‑prolyl cis/trans isomerase 1; 
GC, gastric cancer.
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Quantitative H‑score analysis showed that PIN1 expression 
was significantly increased in GC tissues when compared 
with corresponding normal tissues (Fig.  2A  and  B; 
Table IV). To assess tumor‑specific overexpression, ΔPIN1 
was calculated as the difference between tumor and adjacent 
tissue H‑scores, and patients were stratified into high‑ and 
low‑ΔPIN1 groups based on the median value. High ΔPIN1 
was significantly associated with lymphovascular invasion 
and perineural invasion (Fig. 2C and D; Table V). These 
results indicate that PIN1 overexpression may be associated 
with increased local invasiveness and aggressive patho‑
logical behaviors in GC.

PIN1 inhibits erastin‑induced ferroptosis in GC cells. To 
elucidate the functional role of PIN1 in gastric carcinogenesis, 
GSEA was performed, focusing on the five most significantly 
enriched pathways. The analysis revealed associations between 
PIN1 and the ‘sequestering of metal ion’ and ‘negative regula‑
tion of execution phase of apoptosis’ pathways (Fig. 3A). Given 
that ferroptosis is an iron‑dependent form of programmed cell 
death, these findings suggest that PIN1 may play a regulatory 
role in tumor cell ferroptosis.

PIN1‑knockdown and overexpression cell lines were 
established using HGC‑27 and AGS cells. Successful transfec‑
tion was confirmed by western blotting (Fig. 3B and C) and 
RT‑qPCR (Fig. 3D and E). Cell viability assays (CCK‑8) and 
colony formation assays showed that erastin induced cell death 
in GC cells, which was reversed by the ferroptosis inhibitor 
Fer‑1. PIN1 knockdown increased Erastin‑induced ferrop‑
tosis, whereas PIN1 overexpression attenuated this effect 
(Fig. 4A‑D). These findings suggest that PIN1 may suppress 
erastin‑induced ferroptosis in GC cells.

Further analysis of ferroptosis‑related markers showed that 
erastin treatment increased MDA and Fe2+ levels in GC cells 
compared with the untreated control group. PIN1 knockdown 
further elevated intracellular MDA and Fe2+ levels, whereas 
PIN1 overexpression reduced their accumulation (Fig. 4E‑H). 
DCFH‑DA fluorescence probe assays indicated that PIN1 
knockdown upregulated ROS levels, while PIN1 overexpres‑
sion suppressed ROS production (Fig. 4I and J). These results 
demonstrate that PIN1 may modulate erastin‑induced ferrop‑
tosis in GC cells, acting as an inhibitory factor. Modulating 
PIN1 expression, whether by knockdown or overexpression, 
even in the absence of erastin, was sufficient to alter key 
ferroptosis markers, further supporting its role as a negative 
regulator of ferroptotic cell death in GC.

PIN1 downregulates CPEB1 expression in GC cells. To 
examine whether PIN1 regulates CPEB1 expression in GC 
cells, cell lines with siPIN1, siPIN1 + siCPEB1, ovPIN1 and 
ovPIN1 + ovCPEB1 were generated. RT‑qPCR (Fig. 5A‑D) and 
western blotting (Fig. 5I and J) revealed that PIN1 knockdown 
led to increased CPEB1 protein expression levels, whereas 
PIN1 overexpression resulted in decreased CPEB1 expression 
levels, indicating that PIN1 may negatively regulate CPEB1 
in GC cells. Immunofluorescence analysis and quantitative 
measurement of GPX4 expression levels showed that PIN1 
upregulates GPX4, whereas CPEB1 overexpression counteracts 

Table IV. PIN1 expression and clinicopathological features in gastric cancer.

Characteristics	 Total	 PIN1 high expression, n (%)	 P‑value	 Odds ratio (95% CI)

Age				  
  <65 years	 7	 5 (71.4)	 0.371	 ‑
  ≥65 years	 16	 7 (43.8)		
Sex				  
  Men	 16	 8 (50.0)	 1.000	 ‑
  Women	 7	 4 (57.1)		
Vascular tumor thrombus				  
  Absent	 6	 1 (16.7)	 0.069	 9.17 (0.86‑97.60)
  Present	 17	 11 (64.7)		
Neural invasion				  
  Absent	 7	 1 (14.3)	 0.027	 13.20 (1.24‑140.50)
  Present	 16	 11 (68.8)		
Lymph node metastasis				  
  Absent	 6	 1 (16.7)	 0.069	 9.17 (0.86‑97.60)
  Present	 17	 11 (64.7)		

Table V. Diagnostic performance of PIN1 and CPEB1 based 
on ROC curve analysis.

Gene	 AUC	 Accuracy	 Sensitivity	 Specificity

PIN1	 0.731	 0.779	 0.809	 0.765
CPEB1	 0.856	 0.834	 0.834	 0.800

AUC, area under the curve; ROC, receiver operating characteristic; 
PIN1, peptidyl‑prolyl cis/trans isomerase 1; CPEB1, cytoplasmic 
polyadenylation element‑binding protein 1.

https://www.spandidos-publications.com/10.3892/or.2026.9156
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this effect (Fig. 5E‑H). These findings suggest that PIN1 may 
promote GPX4 expression in GC cells by suppressing CPEB1.

PIN1 regulates ferroptosis in GC cells by inhibiting CPEB1. 
To determine whether PIN1 modulates ferroptosis through 
CPEB1, HGC‑27 cells with concurrent knockdown of PIN1 
and CPEB1 were treated with erastin. Ferroptosis‑related 
markers were then analyzed. Compared with the siPIN1 + 
erastin group, the siPIN1 + siCPEB1 + erastin group showed 
reduced intracellular levels of MDA and Fe2+ (Fig. 6E and G), 
along with reduced ROS levels (Fig. 6I).

To further investigate how PIN1 regulates CPEB1, AGS cell 
lines overexpressing either PIN1 or CPEB1 were established. 
After exposing the cells to erastin, cell viability was assessed 
using CCK‑8 assays and proliferative potential was evaluated 
through colony formation assays. The results showed that the 
ovPIN1 + ovCPEB1 + erastin group showed decreased cell 
survival and proliferation compared with the ovPIN1 + erastin 
group (Fig. 6B and D). Analysis of ferroptosis‑related markers 
revealed elevated levels of ROS, MDA and Fe2+ in the ovPIN1 + 
ovCPEB1 + erastin group compared with the ovPIN1 + erastin 
group (Fig. 6F, H and G). These findings indicate that PIN1 
regulates ferroptosis in GC cells by inhibiting CPEB1.

PIN1 interacts with CPEB1 and regulates its proteasome-
dependent turnover. To elucidate the molecular basis for 
PIN1‑mediated regulation of CPEB1, the present study first 
confirmed the expression of both proteins in the HGC‑27 
cells used for interaction experiments (Fig. 7A). Endogenous 
interaction was then examined by Co‑IP. PIN1 was specifi‑
cally co‑precipitated using a CPEB1 antibody, while only a 
background signal was detected with the IgG control (Fig. 7B), 
demonstrating a direct interaction between PIN1 and CPEB1 
in GC cells.

Next, the present study assessed whether CPEB1 stability 
is regulated by the ubiquitin‑proteasome system. Treatment 
with the proteasome inhibitor MG132 resulted in a significant, 
time‑dependent accumulation of CPEB1 protein compared 
with untreated controls (Fig. 7C), indicating that CPEB1 levels 
are tightly controlled by proteasomal degradation.

PIN1 knockdown inhibits tumor growth in GC xenografts. 
To assess the role of PIN1 in regulating ferroptosis in vivo, 
a xenograft tumor model was created using HGC‑27 cells in 
nude mice. Western blot analysis confirmed PIN1 knockout in 
the cells before implantation (Fig. 8A). The mice were grouped 
into koNC, koNC + erastin and koPIN1 categories. Erastin 

Figure 3. Regulatory role of PIN1 in ferroptosis of GC cells. (A) Gene set enrichment analysis. (B) Representative western blotting images and semi‑quan‑
titative analysis of PIN1 expression in PIN1‑knockdown HGC‑27 cells. (C) Representative western blotting images and semi‑quantitative analysis of PIN1 
expression in PIN1‑overexpressionAGS cells. Reverse transcription‑quantitative PCR analysis of PIN1 expression levels in (D) PIN1‑knockdown HGC‑27 
and (E) PIN1‑overexpression AGS cells. Data are expressed as mean ± SD (n=3). **P<0.01; ***P<0.001. PIN1, peptidyl‑prolyl cis/trans isomerase 1; GC, gastric 
cancer; si, small interfering; ov, overexpression.



ONCOLOGY REPORTS  56:  151,  2026 9

Figure 4. Regulation of erastin‑induced ferroptosis by PIN1. Cell viability of (A) HGC‑27 and (B) AGS GC cells. Colony formation assay in (C) HGC‑27 and 
(D) AGS GC cells. Ferrous ion (Fe²+) levels in (E) HGC‑27 and (F) AGS cells. MDA levels in (G) HGC‑27 and (H) AGS cells. Reactive oxygen species detec‑
tion using 2',7'‑dichlorodihydrofluorescein diacetate (DCFH‑DA) fluorescence microscopy in (I) HGC‑27 and (J) AGS cells. Data are presented as mean ± SD 
(n=3). *P<0.05; **P<0.01; ***P<0.001. PIN1, peptidyl‑prolyl cis/trans isomerase 1; GC, gastric cancer; si, small interfering; ov, overexpression; NC, negative 
control; MDA, malondialdehyde.

https://www.spandidos-publications.com/10.3892/or.2026.9156
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(60 mg/kg) was administered intraperitoneally once daily 
after tumors reached 100 mm3. After 15 days of treatment, 

both erastin treatment and PIN1 knockout resulted in signifi‑
cant reductions in tumor burden, as evidenced by decreases 

Figure 5. Downregulation of CPEB1 by PIN1 in GC cells. (A and B) RT‑qPCR of (A) PIN1 and (B) CPEB1 in PIN1 and CPEB1 knockdown HGC‑27 cells. 
RT‑qPCR analysis of (C) PIN1 and (D) CPEB1 in PIN1 and CPEB1 overexpressed AGS cells. (E) Immunofluorescence staining for GPX4 in HGC‑27 cells. 
(F) Immunofluorescence staining for GPX4 in AGS cells. (G) Quantitative analysis of GPX4 immunofluorescence intensity in HGC‑27 cells. (H) Quantitative 
analysis of GPX4 immunofluorescence intensity in AGS cells. Scale bar, 50 µm. (I) Western blot analysis of PIN1 and CPEB1 knockdown in HGC‑27 cells. 
(J) Western blot analysis of PIN1 and CPEB1 overexpression in AGS cells. Data are presented as mean ± SD (n=3). *P<0.05; **P<0.01; ***P<0.001. PIN1, 
peptidyl‑prolyl cis/trans isomerase 1; GC, gastric cancer; si, small interefering; ov, overexpression; CPEB1, cytoplasmic polyadenylation element‑binding 
protein 1; NC, negative control; RT‑qPCR, reverse transcription‑quantitative PCR analysis; GPX4, glutathione peroxidase 4.
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Figure 6. Regulation of ferroptosis in GC cells by PIN1 through CPEB1. Cell viability was assessed by Cell Counting Kit‑8 assay in co‑transfected (A) HGC‑27 
and (B) AGS cells. Colony formation assay for proliferation in co‑transfected (C) HGC‑27 and (D) AGS cells. MDA levels in co‑transfected (E) HGC‑27 and 
(F) AGS cells. Ferrous ion (Fe²+) levels in co‑transfected (G) HGC‑27 and (H) AGS cells. Reactive oxygen species detected by 2',7'‑dichlorodihydrofluorescein 
diacetate fluorescence intensity in (I) HGC‑27 and (J) AGS cells. Data are presented as mean ± SD (n=3). **P<0.01; ***P<0.001. PIN1, peptidyl‑prolyl cis/trans 
isomerase 1; GC, gastric cancer; si, small interfering; ov, overexpression; CPEB1, cytoplasmic polyadenylation element‑binding protein 1; NC, negative 
control; MDA, malondialdehyde.
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in tumor volume and mass compared with the control groups 
(Fig.  8B‑D). H&E staining revealed pathological mitotic 
figures in tumor cells (Fig. 8E).

To investigate whether ferroptosis suppresses the in vivo 
tumorigenic potential of GC cells, ferroptosis‑related markers, 
including reactive ROS, MDA and Fe2+, were analyzed in 
tumor tissues from the koNC + Erastin and koPIN1 groups 
using assay kits. The results revealed a significant increase 
in all three markers in both groups (Fig. 8I‑K). Western blot 
analysis indicated that erastin treatment significantly reduced 
GPX4 protein levels, whereas PIN1 knockout increased 
CPEB1 expression and decreased GPX4 levels (Fig.  8H). 
These findings confirm that both PIN1 knockout and erastin 
treatment may induce ferroptosis and inhibit GC tumor 
growth in vivo.

Discussion

Ferroptosis is a distinct form of non‑apoptotic cell death char‑
acterized by iron‑dependent lipid peroxidation, driven by the 
catalytic activity of divalent iron or lipoxygenases, ultimately 
resulting in cellular damage and death (4). Due to elevated 
iron requirements, tumor cells are particularly vulnerable to 
ferroptosis under conditions of increased iron availability. As 
a result, induction of ferroptosis has emerged as a promising 
strategy to limit cancer progression and improve therapeutic 
outcomes (25). The present study shows that, in GC cells, PIN1 

regulates ferroptosis by suppressing CPEB1, thus modulating 
GPX4 expression and increasing sensitivity to erastin‑induced 
ferroptosis.

PIN1 is a prolyl isomerase that regulates the activity of 
multiple signaling proteins by catalyzing cis‑trans isomeriza‑
tion of proline residues within phosphorylated motifs. Elevated 
PIN1 expression has been reported in numerous malignancies, 
where it functions as a key oncogenic factor (26). Although 
PIN1 has been associated with the regulation of ferroptosis 
in cervical cancer, the underlying molecular mechanisms 
remain unclear  (15). In the present study, GC cell models 
with PIN1 knockdown or overexpression were established to 
investigate its role in ferroptosis. PIN1 deficiency increased 
erastin‑induced ferroptosis, an effect reversed by treatment 
with Fer‑1. Furthermore, even in the absence of ferroptosis 
inducers, PIN1 knockdown led to increased levels of ferrop‑
tosis‑associated markers, including ROS, MDA and Fe2+. 
In vivo, a subcutaneous xenograft model using HGC‑27 cells 
demonstrated that both PIN1 knockdown and erastin treatment 
suppressed tumor growth, supporting the pro‑ferroptotic and 
tumor‑suppressive effects of PIN1 depletion.

Previous work has identified CPEB1 as a regulator of ferrop‑
tosis in GC, showing that CPEB1 enhances erastin‑induced 
ferroptosis by downregulating GPX4 via Twist1 inhibition (27). 
Building on previous evidence that PIN1 binds to CPEB1 
and promotes its ubiquitin‑proteasome degradation (22,23), 
the interaction and regulatory mechanism were confirmed 

Figure 7. PIN1 interacts with CPEB1 and regulates its proteasomal turnover. (A) Input controls for CPEB1, PIN1 and β‑actin in HGC‑27 cell lysates. 
(B) Co‑immunoprecipitation analysis of the endogenous interaction between PIN1 and CPEB1 in HGC‑27 cells. (C) Western blot analysis of CPEB1 protein 
expression levels in HGC‑27 cells treated with the proteasome inhibitor MG132 for the indicated durations. Data are presented as mean ± SD (n=3). *P<0.05; 
**P<0.01; ***P<0.001. PIN1, peptidyl‑prolyl cis/trans isomerase 1; GC, gastric cancer; si, small interfering; ov, overexpression; CPEB1, cytoplasmic polyadenyl‑
ation element‑binding protein 1; NC, negative control; MDA, malondialdehyde.
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Figure 8. Anti‑tumor effects of PIN1 knockdown in a xenograft model. (A) Western blot analysis of PIN1 knockout in HGC‑27 cells prior to implantation. 
(B) Representative images of excised tumors. (C) Tumor volume. (D) Tumor weight. (E) H&E staining of tumor sections. Scale bar, 100 µm. (F and G) Revers
e‑transcription‑quantitative PCR analysis of (F) PIN1 and (G) CPEB1 mRNA expression levels. (H) Western blot analysis of PIN1, GPX4 and CPEB1 protein 
levels. Levels of (I) malondialdehyde (MDA) (J) ferrous ion (Fe2+) and (K) reactive oxygen species in tumor tissues. Data are presented as mean ± SD (n=5). 
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. PIN1, peptidyl‑prolyl cis/trans isomerase 1; GC, gastric cancer; si, small interfering; ov, overexpression; CPEB1, 
cytoplasmic polyadenylation element‑binding protein 1; NC, negative control; MDA, malondialdehyde; GPX4, glutathione peroxidase 4; ko, knockout.
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for the first time in gastric cancer cells in the present study, 
to the best of our knowledge. The data confirm endogenous 
interaction between PIN1 and CPEB1 and show that CPEB1 
protein stability is regulated by the proteasomal pathway in GC 
cells. These results provide a mechanistic basis for the inverse 
relationship observed between PIN1 and CPEB1 protein levels 
in the functional models.

Based on this, the functional consequence of this axis in 
ferroptosis was investigated. Silencing CPEB1 in PIN1‑deficient 
cells partially reversed ferroptosis and restored GPX4 expres‑
sion. CPEB1 overexpression in PIN1‑overexpressing cells 
attenuated the anti‑ferroptotic effects of PIN1. These results 
support a model wherein PIN1 modulates ferroptosis in GC 
cells by interacting with and promoting the turnover of CPEB1, 
regulating the CPEB1‑GPX4 axis.

Although direct ubiquitination assays were not performed, 
cellular data indicate that PIN1 primarily regulates CPEB1 at 
the protein level, with minimal alterations in mRNA expres‑
sion, consistent with a mechanism involving PIN1‑mediated 
ubiquitin‑proteasome degradation. In animal models, PIN1 
knockout led to reduced CPEB1 mRNA levels despite 
increased protein expression. This apparent difference may 
point to an additional layer of regulation involving mRNA 
stability. PIN1 has been reported to regulate RNA‑binding 
proteins such as AUF1 (28) and AUF1 has been shown to 
promote the decay of CPEB1 transcripts in neuronal cells (29). 
These results suggest that PIN1 regulates CPEB1 through dual 
mechanisms, including post‑translational control and indirect 
modulation of mRNA stability, underscoring the complexity 
of this regulatory network. This observation also suggests 
that, in addition to ubiquitination, PIN1 may affect CPEB1 
expression through indirect mechanisms, such as modulation 
of transcription factor activity, mRNA turnover or epigenetic 
control. Furthermore, PIN1 is known to contribute to tumor 
microenvironment remodeling and metabolic reprogram‑
ming. The observed tissue‑specific regulatory discrepancies 
may reflect intricate signaling interactions within the tumor 
microenvironment, although the precise mechanisms remain 
to be fully elucidated (30).

Clinical data from 27 patients with GC confirmed PIN1 
overexpression, with a high ΔPIN1 score significantly 
correlating with aggressive pathological features, including 
lymphovascular invasion and perineural invasion. These find‑
ings suggest a key role for PIN1 in promoting local invasion 
in GC. This observation aligns with findings in T‑cell acute 
lymphoblastic leukemia, where PIN1 enhances invasiveness 
by activating NOTCH3 (31); however, the specific downstream 
signaling mechanisms in GC remain unclear. The diagnostic 
performance of PIN1 and CPEB1 further supports the clinical 
relevance of this regulatory axis.

The present study has certain limitations that should be 
considered when interpreting the findings. Although the 
PIN1‑CPEB1 interaction and proteasome‑dependent regula‑
tion of CPEB1 were confirmed, direct evidence that PIN1 
promotes polyubiquitination of CPEB1 in GC cells remains 
to be established using dedicated ubiquitination assays. Such 
experiments would strengthen the mechanistic definition of 
the post‑translational regulatory pathway. With respect to the 
in vivo tumor‑suppressive effect of PIN1 knockout, the present 
study did not determine whether this phenotype is solely due to 

restored CPEB1 activity, as rescue experiments re‑expressing 
CPEB1 in PIN1‑deficient tumors were not performed. Finally, 
the clinical associations observed in this single‑center cohort 
of 27 patients require validation in larger, multi‑center studies 
to ensure robustness and generalizability.

In conclusion, these findings define a regulatory axis in 
GC in which PIN1 interacts with CPEB1 and promotes its 
proteasome‑dependent turnover. This regulation alleviates 
CPEB1‑mediated suppression of GPX4, limiting ferroptosis 
and supporting tumor survival. The experimentally validated 
PIN1‑CPEB1‑GPX4 axis provides a mechanistic foundation 
for exploring PIN1 as a therapeutic target to sensitize GC to 
ferroptosis‑inducing therapies. From mechanistic insight to 
clinical validation, the consistent overexpression of PIN1 and 
its association with invasive pathological phenotypes highlight 
its value as a potential therapeutic target. Therefore, the present 
findings, including the anti‑tumor effect of PIN1 knockout 
in vivo, support exploring PIN1 as a therapeutic target. The 
combination of PIN1‑targeted agents with ferroptosis inducers 
represents a potential strategy for GC and warrants further 
preclinical investigation. It should be noted that the current 
in vivo effect was based on genetic ablation; thus, the efficacy 
of pharmacological PIN1 inhibition in GC requires further 
evaluation using specific inhibitors.
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