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Abstract: Background: The emergence of immune resistance and a lack of effective therapeutic targets have be-
come significant challenges in immunotherapy, highlighting the urgent need for new molecular markers and treat-
ment targets. Moreover, the significance and mechanisms of PGRN (Progranulin) in gastric cancer remain am-
biguous. Objective: To identify differentially expressed proteins in gastric cancer and elucidate the function and 
mechanism of PGRN. Methods: The data-independent acquisition proteomics was used to identify the differentially 
expressed proteins in gastric adenocarcinoma and the corresponding paraneoplastic tissues, providing a compre-
hensive dataset of gastric cancer-related proteins. The function and mechanism of PGRN in gastric cancer were 
further explored using a series of experiments, including RT-qPCR (Real Time-Quantitative Polymerase Chain Reac-
tion), cell transfection, cell viability assays, cell scratch, immunohistochemistry and Transwell assays, Western blot, 
and a mouse tumor-bearing model. These investigations were combined with bioinformatics analyses to examine 
the relationship between PGRN expression and clinical-pathological characteristics, confirming its high expression 
of PGRN in gastric cancer tissues. Results: We identified a large number of differentially expressed proteins be-
tween gastric cancer and adjacent tissues and conducted an initial functional analysis. Further studies on PGRN 
showed that it was associated with gastric cancer prognosis and lymph node metastasis. The inhibition of PGRN 
expression led to reduced cell viability, migration, and invasion, with corresponding changes in related genes and 
proteins. In a mouse tumor-bearing model, the tumor growth of the subcutaneously transplanted tumors in nude 
mice was reduced after the inhibition of PGRN expression. An in-depth functional analysis of PGRN was performed 
using bioinformatics to predict protein interactions, miRNA regulation, and relationships with multiple immune cell 
types. Enrichment analysis indicated that PGRN is involved in multiple signaling pathways, with the MAPK (Mitogen-
Activated Protein Kinase) pathway selected for validation. In AGS and HGC27 cells, PGRN inhibition led to increased 
expression of phosphorylated p38 (p-p38) in the MAPK pathway, suggesting that PGRN may promote gastric cancer 
development by regulating p-p38. Conclusions: This study identified significant differences in protein expression 
between gastric adenocarcinoma and adjacent tissues, with PGRN emerging as a key protein influencing gastric 
cancer proliferation, migration, and invasion. These findings suggest that PGRN could serve as a potential thera-
peutic target for gastric cancer.
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Introduction

Gastric cancer is a prevalent malignancy, rank-
ing fifth in incidence and fourth in mortality 
worldwide [1]. In China, it ranks third in both 

incidence and mortality [2]. Despite some 
improvements, the 5-year overall age-standard-
ized relative survival rate for gastric cancer 
remains low at 42.9%, with the long-term sur-
vival rate is as low as 10% [3]. With advance-
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ments in immunotherapy, the diagnosis and 
treatment of gastric cancer have moved toward 
precision medicine. However, there remain 
challenges, such as limited treatment strate-
gies, unclear mechanisms of action, and the 
emergence of immune drug resistance. There- 
fore, identifying novel therapeutic targets and 
molecular markers is urgently needed to ex- 
pand treatment strategies, investigate mecha-
nisms, and improve patient prognosis.

As proteomics and bioinformatics continue to 
advance, their roles in studying cancer develop-
ment and regulation has been increasingly rec-
ognized. Emerging techniques, such as data-
independent acquisition (DIA) quantitative pro- 
teomics are increasingly being used to screen 
and identify differentially expressed proteins 
between tumor and adjacent tissues and cells. 
Several studies have identified meaningful dif-
ferentially expressed molecules in various can-
cers, such as prostate, liver, colorectal, and 
pancreatic cancers [4-7]. Some of these mole-
cules are closely associated with tumor inva-
sion and metastasis, making them promis- 
ing therapeutic targets. Therefore, proteomics 
holds great potential for discovering new bio-
markers and therapeutic targets in cancer 
research.

Although some progress has been made in the 
application of proteomics to gastric cancer 
research [8-10], key molecules that can serve 
as clinical tumor markers in novel therapeutic 
strategies remain limited. Additionally, the func-
tions and mechanisms of action of these mole-
cules are still unclear. We screened the top 100 
proteins with up-regulated expression in cancer 
tissues. Through bioinformatics analysis and 
literature review, we identified PGRN (Progra- 
nulin) as a molecule with limited studies in gas-
tric cancer but significant potential research 
value. As a result, PGRN was selected for fur-
ther investigation.

Progranulin, a protein encoded by the GRN 
(granulin) gene, serves multiple functions as a 
neurotrophic factor, tumor growth factor, and 
anti-inflammatory cytokine. It is implicated in 
the development of various cancers, including 
cervical, rectal, bladder and bile duct cancers, 
through various mechanisms of action [11-15]. 
For example, the PGRN/EphA2 (Ephrin type-A 
receptor 2) axis has been identified as a novel 
oncogenic pathway in bladder cancer, offering 

potential for the discovery of novel therapeutic 
targets [11]. In pancreatic ductal adenocarci-
noma, PGRN mediates the immune escape of 
tumors by regulating MHCI (Major histocompat-
ibility complex class I) expression [12]; while in 
colorectal cancer, PGRN promotes tumor prolif-
eration and angiogenesis through the TNFR2/
Akt (Tumor necrosis factor receptor-2/Protein 
kinase B) and ERK (Extracellular regulated pro-
tein kinases) signaling pathways [14]. Previous 
studies have confirmed the correlation between 
PGRN and Helicobacter pylori [16, 17], sug-
gesting that PGRN may be a potential marker of 
gastric cancer [18]. However, its precise mech-
anism in gastric cancer remains unclear. 

In this study, we employed quantitative pro-
teomics techniques to screen for differentially 
expressed proteins, identifying PGRN as a key 
differentially expressed protein in gastric can-
cer. We performed an in-depth analysis and 
validation of the function and significance of 
PGRN using bioinformatics studies in conjuga-
tion with in vivo and ex vivo experiments. These 
studies hold great promise for identifying po- 
tential biomarkers and therapeutic targets and 
elucidating associated mechanisms in gastric 
cancer.

Materials and methods

Collection of clinical tissue samples

Five patients with gastric cancer who under-
went radical surgery at the Department of 
Surgery, Fourth Hospital of Hebei Medical Un- 
iversity between September 2021 and Sep- 
tember 2022 were selected for this study. In- 
clusion criteria: adenocarcinoma confirmed by 
postoperative pathology, no previous treatment 
before surgery, and no other concomitant can-
cer. From each patient, tumor tissues (speci-
men C) and corresponding paraneoplastic tis-
sues (specimen N) of the same size were 
collectd after isolation. These tissues were 
placed in labeled cryotubes and initially stored 
in a liquid nitrogen tank before being transfer- 
red to a -80°C freezer. The tumor tissue sam-
ples were verified to contain more than 90% 
tumor cells before initiating further experimen- 
ts. This study was approved by the Institutional 
Review Board of the Fourth Hospital of Hebei 
Medical University (approval no.: 2019ME0039), 
and all patients provided written informed 
consent.
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Protein extraction

The normal and cancer tissues were placed 
into a tissue extractor (Jingxin, China) and 
mixed with 2 mL of PBS (0.01 M) containing a 
protease inhibitor cocktail (Roche, Germany) 
for rapid impact grinding. After the tissues were 
fully crushed, the mixture was centrifuged in a 
15 mL centrifuge tube at 12,000×g and 4°C for 
10 min. The resulting supernatant was trans-
ferred to a new 15 mL centrifuge tube, and an 
equal volume of pre-cooled Tris-saturated phe-
nol was added. The mixture was shaken vigor-
ously and centrifuged at 4°C for 10 min, sepa-
rating the solution into layers. The upper layer 
was discarded, leaving the proten layer. An 
equal volume of pre-cooled Tris-HCl (pH = 8.0) 
was added to the remaining mixture, shaken 
and mixed thoroughly, and then centrifuged 
(12,000×g, 4°C) for 10 min. The upper Tris-HCl 
layer was discarded, and the operation was re- 
peated again. Five times the volume of ammo-
nium acetate (0.1 M) methanol solution was 
then added to the mixture, shaken, and mixed 
well, and left to precipitate at a low tempera-
ture for 12 h. Following precipitation, the sam-
ple was centrifuged at 12,000×g at 4°C for 10 
min, and the supernatant was discarded. One 
milliliter of pre-cooled methanol was added to 
the protein at the bottom of the tube, shaken 
and mixed thoroughly, and then centrifuged at 
12,000×g at 4°C for 10 min. After discarding 
the liquid, the protein pellet was lyophilized and 
stored at -80°C until further use.

Trypsin digestion

The protein samples awaiting treatment were 
quantitatively analyzed using a BCA (Bicinchon- 
inic acid) protein analysis kit (Jining, China), and 
the total amount of protein in each tube was 
adjusted to 100 μg. Dithiothreitol was added to 
each sampel to a final concentration of 0.01 M, 
followed by incubation at 37°C for 1 h. IAA 
(Iodoacetamide) was added to each tube to a 
final concentration of 0.02 M, and the samples 
were incubated in the dark at room tempera-
ture for 30 min. Next, sequence-grade trypsin 
(Promega, USA) was added (1:50 w/w) to each 
tube for enzymatic digestion at 37°C for 12 h, 
with an additional trypsin supplement at the 
6-hour mark. The enzymatically-digested pep-
tides were preliminarily purified using a C18 
solid phase extraction column (Waters, USA). 
The peptide concentration was determined 

using the BCA protein analysis kit (Jining, 
China), and the enzymatic efficiency was moni-
tored using a mass spectrometer (Q Exactive 
HF, Thermo Fisher Scientific, USA).

Quantitative proteomic analysis

We utilized the DIA method for quantitative pro-
teomic analysis of normal and tumor tissues. 
The iRT reagent (Biognosys, Switzerland) was 
added to each peptide sample, which was then 
re-suspended in 10 μL LC/MS (Liquid Chro- 
matography Mass Spectrometry) water con-
taining 0.1% FA. Quantitative proteomic analy-
sis was performed using an LC/MS consisting 
of an ultimate 3000 RS LC nano and Q Exactive 
HF mass spectrometer (Thermo Fisher, USA). 
The peptides were separated on a C18 reverse-
phase (RP) column (1.8 μm particle size, 75 μm 
× 250 mm, Waters, USA). The linear Acetonitrile 
gradient was as follows: elution with 8-15% 
Acetonitrile (containing 0.1% formic acid) for 50 
min, followed by elution with 15-40% Ace- 
tonitrile for 70 min; the flow rate was set to 0.3 
μL/min. The samples were electrosprayed into 
the Q Exactive HF mass spectrometer (voltage 
set at 2 kV and heat capillary temperature set 
at 290°C). Other parameters were set as fol-
lows: (1) Full MS range: 350-1200 m/z, resolu-
tion: 60,000, and AGC (Automatic Gain Control) 
set to 3 × 106; the MS/MS resolution was 
30,000, and AGC was set to 1 × 106; (2) IT 
(injection time) was set to 50 ms; (3) 27% HCD 
(Higher-energy collisional dissociation) collision 
energy; (4) The DIA method was set as follows: 
the primary spectrum scanning was 350-1250 
m/z, followed by 20 DIA secondary fragmenta-
tions, and each window was set at 10 m/z; (5) 
The raw data were analyzed using Spectronaut 
software version 15.0 (Biognosys, Switzerland) 
with default settings. The database of human 
proteins derived from Swissport (downloaded 
on January 2, 2020, containing 50,442 se- 
quences) was utilized for protein identification. 
The selected search parameters were as fol-
lows: (1) Trypsin with two missed cleavages; (2) 
Variable modification was set as N-terminal 
acetylation and methionine oxidation; (3) Fixed 
modifier was set for reduction alkylation of 
cysteine. 

Bioinformatics analysis

We performed bioinformatics analysis using 
various online tools. Venn diagrams were gen-
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erated using the Bioinformatics & Evolutionary 
Genomics software (http://bioinformatics.psb.
ugent.be/webtools/Venn/). Additionally, we us- 
ed the Panther online software (http://pant-
herdb.org/) for GO (Gene Ontology) annota- 
tion analysis and omicsolution online soft- 
ware (https://www.omicsolution.org/wkomics/
main/) for volcano drawing. Furthermore, the 
online software KOBAS (KEGG Orthology Based 
Annotation System) (http://kobas.cbi.pku.edu.
cn/genelist/) was utilized for KEGG (Kyoto En- 
cyclopedia of Genes and Genomes) pathway 
analysis. PGRN, identified from the protein 
screen, was then analyzed using bioinformat-
ics. GEPIA2 (Gene Expression Profiling Inter- 
active Analysis 2) (http://gepia2.cancer-pku.cn) 
was applied to compare differential expression 
between TCGA (The Cancer Genome Atlas) can-
cer data and GTEx (Genotype Tissue Expression) 
normal data. The STRING database (https://
www.string-db.org/) was utilized for PPI (Pro- 
tein-Protein Interaction Networks) analysis. 
GEPIA2 was used for survival analysis, and 
Metascape (https://metascape.org) was used 
for the enrichment analysis of the PPI netwo- 
rk genes. Finally, TIMER (Tumor Immune Esti- 
mation Resource) (http://timer.cistrome.org/) 
was used for the analysis of immune infiltrating 
cells and their associated gene expression.

Culture and passage of cell lines

Human gastric cancer cell lines HGC27, AGS, 
MKN74, and MKN45 and the gastric epithelial 
cell line GES-1 were obtained from the NICR 
(National Infrastructure of Cell Line Resource) 
platform of the National BMCR (Biomedical Cell 
Resource). These cell lines were cultured and 
passaged in our laboratory. All cell lines were 
maintained in RPMI-1640 medium containing 
10% fetal bovine serum, 100 U/mL penicillin, 
and 0.1 mg/mL streptomycin at 37°C and 5% 
CO2 in a sterile incubator. The cells were moni-
tored daily for growth and contamination; the 
culture media was changed once every two 
days. The cells were passaged by digestion 
with 0.25% trypsin, and only cells in the loga-
rithmic growth phase were used for experi-
ments. The RPMI-1640 culture medium, tryp-
sin, fetal bovine serum (Gibco, USA), PBS 
(phosphate buffer saline), and penicillin/strep-
tomycin (Sigma, USA) were used in the cell cul-
ture procedures.

Cell transfection and treatment

Single-cell suspensions were prepared from 
each group at a concentration of 1 × 106 cells/
mL and inoculated in 6-well plates, followed by 
culture until the cells were completely conflu-
ent. siRNA (Small interfering RNA) (negative 
control siRNA and PGRN siRNA) (RiboPharm, 
Guangzhou, China) was introduced into the 
cells using LipofectamineTM 2000 (11668019, 
Thermo Fisher Scientific) according to the man-
ufacturer’s instructions. PGRN-shRNAs and 
PGRN-shRNAs were purchased from Gene- 
Pharma Company (Shanghai, China) for knock-
down of PGRN. Then, plasmids psPAX2, pM- 
D2G, and pcDNA3.1/PGRN were cotransfected 
into 293T cells to generate lentivirus. The lenti-
virus was harvested after 48 h of transfection. 
The virus was then co-cultured with target cells, 
and 48 hours after infection, puromycin was 
added to select successfully transfected cells. 
Cell death was monitored, and Western blotting 
was used to test the knockdown efficiency of 
different sequences. Cells with effective knock-
down were selected for subsequent in vivo 
experiments. PGRN sequence: PGRN KO1: 
CCAGTGCCCTGATAGTCAGTTCGAA, PGRN KO2: 
TGACACGCAGAAGGGTACCTGTGAA, PGRN KO3: 
TGATCCAGAGTAAGTGCCTCTCCAA. SB203580 
(S8307, Sigma) was diluted to 10 μg/mL, and 
cells in the logarithmic growth phase were 
seeded into 96-well plates at 5 × 103 per well. 
10 μL of diluted SB203580 was added to each 
well in the treatment group while the control 
group received the same volume of DMSO. 
Each group was set up in triplicate wells. After 
continuous culture for 24 hours, the cells were 
used for subsequent experiments.

Immunohistochemistry

The tumor and paraneoplastic tissues were 
fixed, dehydrated, and embedded in paraffin. 
The tissues were then sectioned, deparaffin- 
ized in xylene, and rehydrated using an ethanol 
gradient. Heat-induced epitope retrieval was 
performed using a microwave oven, followed by 
treatment with hydrogen peroxide for 20 min to 
block endogenous peroxidase activity. Non-
specific antigens were blocked by incubating 
the sections with serum. The sections were 
then incubated with a primary antibody (anti-
PGRN, AF2420, R&D Systems) in a humidified 
chamber overnight at 4°C, followed by incuba-
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tion with a secondary antibody (ab6741, Ab- 
cam) for 30 min. Finally, the sections were 
stained using a DAB kit, counterstained with 
hematoxylin, dehydrated, and mounted with 
neutral gum, as previously described [19]. The 
intensity score of cell staining at high magnifi-
cation × percentage of stained cells was used 
as the immunohistochemical scoring criterion. 
A total score ≤ 3 was defined as a low expres-
sion, and a total score ≥ 4 was defined as a 
high expression.

Western blotting

The total protein from each group of cells was 
collected and extracted following standard pro-
tocols. The total protein concentration was 
determined using the BCA protein assay kit 
(23225, Thermo Fisher Scientific). The proteins 
were separated using 10% SDS-PAGE gel elec-
trophoresis and transferred onto a PVDF mem-
brane (IPVH00010, Millipore). All antibodies 
were diluted to 1:2000 in antibody dilution buf-
fer before use. The membrane was blocked for 
30 min with TBS containing 5% skim milk pow-
der. The corresponding primary antibody was 
added, and the membrane was incubated at 
4°C overnight. Next day, the membrane was 
washed three times with TBS-T and then incu-
bated with the secondary antibody at room 
temperature for 1 h. After washing the mem-
brane three times with TBS-T, the membrane 
was imaged using an Odyssey two-color infra-
red fluorescence imaging system. Glyceral- 
dehyde-3-phosphate dehydrogenase (GAPDH) 
was used as an internal control, the relative 
expression levels of the target genes were de- 
termined by measuring the grayscale values of 
the protein bands. The primary antibodies used 
were anti-PGRN (AF2420, AF2557, R&D Sys- 
tems), and all other primary and secondary 
antibodies were obtained from Abcam.

RNA extraction and RT-qPCR

Total RNA was extracted from tissues or cells 
using TRIzol (15596018, Thermo Fisher Sci- 
entific). RNA purity and concentration were de- 
termined using a spectrophotometer. The cDNA 
was synthesized using the RevertAid First 
Strand cDNA synthesis kit containing DNase I 
(K16215, Thermo Fisher Scientific) according 
to the manufacturer’s instructions. Corres- 
ponding primers (synthesized by Sangon Bio- 
tech, Shanghai, China) and SYBRTM Green PCR 
Premix (A25742, Thermo Fisher Scientific) were 

added to the single-strand cDNA, and qPCR 
amplification was performed using a StepOne 
real-time fluorescence quantitative PCR sys-
tem (4376357, Thermo Fisher Scientific) follow-
ing the manufacturer’s instructions. The rela-
tive expression levels of the detected genes 
were calculated using the 2-∆∆Ct method, with 
GAPDH (Glyceraldehyde-3-phosphate dehydro-
genase) as the internal reference gene.

Cell Counting Kit-8 viability assay

The cells were prepared as single-cell suspen-
sions and inoculated into a 96-well plate at a 
density of approximately 5 × 103 cells per well. 
The plate was then placed in a 37°C, 5% CO2 
incubator for 48 h. After cell adhesion, 10 μL of 
CCK-8 (Cell Counting Kit-8) reagent (K1018, 
APExBIO) was added to each well, and the 
plates were incubated for an additional 4 h. The 
OD (Optical density) at 450 nm of each well was 
measured using a microplate reader, and the 
cell growth curves were plotted.

Cell scratch assay

Straight lines were drawn 1 cm apart at the bot-
tom of a 6-well plate using a marker and a 
straightedge. Then, each group of cells was 
prepared as a single-cell suspension and inoc-
ulated into the 6-well plate. The cells were cul-
tured until they formed a confluent monolayer, 
and a sterile 1-mL pipette tip was used to 
scratch the cell monolayer along the marked 
lines. The suspended cells were washed away 
with PBS, followed by replacing the culture 
medium with a serum-free medium. The heal-
ing of the scratch was observed after 0 and 24 
h using a microscope, and the degree of heal-
ing was recorded by imaging.

Transwell chamber invasion assay

A sterile 24-well plate was used to hold a 
Transwell chamber, and 60 μL of Matrigel was 
diluted to 1 mg/mL using serum-free medium 
(356234, BD, USA) and added to the upper 
chamber. The Matrigel was placed in a 37°C 
incubator for solidification. Next, 100 μL of the 
single-cell suspension prepared from each 
group of cells was inoculated into each upper 
chamber, and 600 μL of culture medium con-
taining 10% fetal bovine serum was added to 
the lower chamber. The cells were then cultured 
for an additional 48 h. The cells that did not 
cross the membrane were removed, and the 
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invading cells were fixed and stained with 0.1% 
crystal violetTop of Form.

Establishment of a tumor-bearing model for 
gastric cancer

Male BALB/c nude mice, approximately 4-5 
weeks of age, were randomly divided into  
two groups. Single-cell suspensions (5 × 106 

cells/100 μL) were prepared from control and 
transfected cell lines. Subsequently, 200 μL of 
each suspension was subcutaneously injected 
into the right axilla of the mice in each group. 
After the formation of subcutaneous tumors, 
the long diameter (a) and short diameter (b) of 
the tumors were measured every three days 
using a vernier caliper, and the volume of the 
transplanted tumor was calculated using the 
formula (V (mm3) = 0.5 × a × b2). On day 24, 
mice were euthanized by cervical dislocation 
with anesthesia (all mice weighed less than 
200 g), and tumor tissues were taken en bloc 
and weighed. The expression of relevant pro-
teins was determined using western blot analy-
sis. This experiment was approved by the 
Institutional Animal Care and Use Committee of 
the Fourth Hospital of Hebei Medical University 
(approval no.: 2022256). 

Statistical analysis

IBM SPSS Statistics 25.0 was utilized for statis-
tical analysis, GraphPad Prism 8 was used for 
data visualization, and Adobe Photoshop was 
used for image quantification. For data con-
forming to normal distribution, t-tests were us- 
ed to compare the means of two samples, with 
standard t-test used for homoscedastic data 
and approximate t-test used for heteroscedas-
tic data. The Wilcoxon test was used to com-
pare the means of two samples that did not 
conform to the normal distribution. ANOVA 
(Analysis of variance) was employed for com-
parisons among multiple groups with homosce-
dastic data conforming to the normal distribu-
tion, and the LSD (least significant difference) 
method was used for pairwise comparisons 
between multiple groups. The Kruskal-Wallis H 
test was used for heteroscedastic data and 
data that did not conform to the normal distri-
bution. The chi-square test was used to analyze 
the relationship between PGRN expression lev-
els and clinical and pathological characteris-
tics. The Kaplan-Meier method was used to 
plot survival curves, and the log-rank method 
was used for the comparison of survival data. A 

p-value < 0.05 was considered statistically sig-
nificant. All experiments were repeated at least 
three times.

Data availability

The original mass spectrometry proteomics 
data has been uploaded and deposited in the 
ProteomeXchange Consortium (http://proteo-
mecentral.proteomexchange.org) via the iProX 
partner repository with the dataset identifier 
PXD035058.

Results

Identification and quantification of proteins 
and preliminary analysis

DIA quantitative proteomics was utilized to 
quantitatively analyze five normal tissue sam-
ples and five tumor tissue samples. The experi-
mental methods and procedures are illustrated 
in Figure 1A. The quantitative results of five 
gastric cancer tissues showed that 3,697, 
4,521, 3,674, 3,270, and 4,514 proteins were 
identified in GYB-C-19, LCX-C-39, LJG-C-38, 
WGL-C-49, and WZY-C-6, respectively. The 
intersection proteins across these five groups 
of data totaled 2,648 (Figure 1B). Additionally, 
4,517, 3,090, 3,711, 4,133, and 3,816 pro-
teins were identified in the corresponding nor-
mal tissues (GB-N-19, LCX-N-39, LJG-N-38, 
WGL-N-49, and WZY-N-6), with 2,630 intersec-
tion proteins across the five groups (Figure 1C). 
A comparison of unique and overlapping pro-
teins between the tumor (C) and normal (N) 
groups was conducted (Figure 1D). Among the 
intersection proteins, those with expression 
levels that changed by ≥ 2 folds or ≤ 0.5 folds 
were defined as differentially expressed pro-
teins. The differential proteins were visualized 
using a volcano plot (Figure 1E).

KEGG annotation analysis on the differentially 
expressed proteins revealed that the upregu-
lated proteins were enriched in 272 pathways 
(including 54 pathways with a p-value of < 
0.05), and the downregulated proteins were 
enriched in 285 pathways (including 38 path-
ways with a p-value of < 0.05). Detailed KEGG 
analysis of upregulated and downregulated pro-
teins is shown in Figure 1F and 1G. Additionally, 
GO annotation analysis categorized the differ-
entially expressed proteins into three major 
categories: molecular function, biological pro-
cess and cell component. The results of up-
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Figure 1. Identification and quantification of proteins and preliminary analysis. A. Quantitative proteomic analysis 
of five paraneoplastic and five tumor tissue samples using the DIA (Data-independent acquisition) quantitative pro-
teomics method. The figure illustrates the experimental workflow. B. In the five tumor tissue samples, 3,697, 4,521, 
3,674, 3,270, and 4,514 proteins were identified, with 2,648 proteins at the intersection of these five datasets. C. In 
the five paraneoplastic tissue samples, 4,517, 3,090, 3,711, 4,133, and 3,816 proteins were identified, with 2,630 
proteins at the intersection of these five datasets. D. 5,198 proteins were identified in tumor tissues, and 4,853 
proteins were identified in paraneoplastic tissues, with 4,744 proteins intersecting between the two groups. E. Dif-
ferentially expressed proteins were defined as proteins with a fold change of expression ≥ 2 or ≤ 0.5. The volcano 
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regulated and down-regulated proteins are 
shown in Figure S1A and S1B.

Analysis of the relationship between PGRN 
expression and prognostic, clinical, and patho-
logical features

We initially measured the expression levels of 
PGRN and CDK1 (Cyclin Dependent Kinase 1) 
in 30 pairs of samples using WB. The results 
showed that the expression levels of these mol-
ecules were higher in gastric cancer tissues 
than in paraneoplastic tissues (Figure 2A). 
Moreover, the expression levels of PGRN and 
CDK1 were lower in GES-1 cells than those in 
gastric cancer cell lines. Among the cell lines, 
PGRN expression was highest in HGC27, fol-
lowed by AGS, MKN45, MKN74, and GES-1 
(Figure 2B). 

Bioinformatics analysis revealed that PGRN 
was highly expressed in gastric cancer tissues, 
with a log2 > 1.7216 and P < 0.05 (Figure 2C). 
Moreover, the survival analysis indicated that 
elevated PGRN expression was correlated with 
poorer disease-free survival of patients (Figure 
2D). We employed immunohistochemistry to 
investigate the relationship between PGRN 
expression (cytoplasmic staining) and clinical 
and pathological features of different types of 
gastric cancer (Figure 2E). Furthermore, PGRN 
expression (cytoplasmic staining) was associ-
ated with clinical and pathological features, 
particularly lymph node metastasis (Table 1).

Selection of gastric cancer cell lines with high 
PGRN expression for inhibition studies using 
siRNA

The gastric cancer cell lines AGS and HGC27, 
with a high PGRN expression, were selected for 
further studies. The CCK-8 assay showed a sig-
nificant decrease in cell viability following PGRN 
inhibition in AGS and HGC27 cells (Figure 3A). 
The cell scratch and Transwell invasion assays 
demonstrated a significant reduction in the 
invasion and migration abilities of AGS and 
HGC27 cells after PGRN inhibition (P < 0.01) 
(Figure 3B). These results suggest that PGRN 
can promote the viability, invasion and migra-
tion of gastric cancer cells.

Furthermore, inhibiting PGRN expression in 
AGS and HGC27 cells led to significant altera-
tions in the expression of genes and proteins 
associated with proliferation, invasion, and mi- 
gration. The expression of CDK1, MMP (Matrix 
metallopeptidase)-2, MMP-9, and vimentin was 
significantly decreased, whereas the expres-
sion of p21 and E-cadherin was significantly 
increased (all P < 0.01) (Figure 3C, 3D). These 
findings demonstrate that PGRN is closely 
related to cell proliferation, invasion and mi- 
gration.

Bioinformatics analysis for functional enrich-
ment of PGRN and experimental validation

We conducted a PPI network analysis of PGRN 
using the three-step neighbor method, which 
revealed interactions with CTSD, PSAP, HSPG2, 
CCNT1, SORT1, NGF, EPH, and HSPA4 (Figure 
4A). Additionally, we predicted miRNA regula-
tion of PGRN and identified binding sites  
for hsa-miR-2467-3p and hsa-miR-140-3p.1 
(Figure 4B). Enrichment analysis of the genes 
in the PPI network showed their involvement in 
the intrinsic apoptotic signaling pathway, regu-
lation of proteolysis, and positive regulation of 
protein phosphorylation in the GO analysis. 
Furthermore, there was a correlation with sev-
eral signaling pathways, such as apoptosis, 
TNF, MAPK, and RIG-I-like, in the KEGG enrich-
ment analysis (Figure 4C). We also analyzed 
the correlation between PGRN expression and 
immune cell abundance, showing a positive 
correlation between PGRN expression and the 
abundance of CD8+ T cells, Treg cells, M0 mac-
rophages, and myeloid dendritic cells (Figure 
4D). Additionally, a positive correlation between 
PGRN expression and PD-1 immune checkpoint 
gene expression was observed (Figure 4E). The 
KEGG enrichment analysis revealed that the 
MAPK signaling pathway was among the func-
tionally enriched signaling pathways of PGRN. 
Upon inhibiting PGRN expression in AGS and 
HGC27 cells, there was no significant change in 
the expression of ERK1/2, phosphorylated 
ERK1/2 (p-ERK1/2), or P38-MAPK in the MAPK 
signaling pathway. However, the expression of 
phosphorylated P38 (p-P38) increased signifi-
cantly (Figure 4F, 4G). Immunohistochemistry 
analysis showed that p-P38 expression was 

plot includes 693 upregulated proteins and 1,006 downregulated proteins that were identified. F. The metabolic 
pathway was found to have the smallest p-value among the upregulated proteins, and other proteins involved in 
various signaling pathways are also depicted. G. The spliceosome pathway was found to have the smallest p-value 
among the downregulated proteins, and other proteins involved in various signaling pathways are also shown.
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significantly lower in gastric cancer tissues 
than in paraneoplastic tissues (200×) (Figure 
4H).

Inhibition of PGRN expression and its effects 
on subcutaneously transplanted tumor growth 
in nude mice

The average weight of the transplanted tumors 
in the PGRN-shRNA transfected group was sig-
nificantly lower than that of the tumors in the 

empty vector-transfected group (P < 0.05). The 
tumor growth curve showed a marked delay 
(Figure 5B, 5C), and the eventual subcutane-
ous tumors were noticeably smaller (Figure 
5A). The determination of related protein ex- 
pression in both groups using WB showed that 
MMP-2, MMP-9, and vimentin expression was 
decreased, whereas P21 and E-cadherin ex- 
pression was increased in the PGRN-shRNA 
transfected group compared with those in the 

Figure 2. Relationship between PGRN (Progranulin) expression and prognostic, clinical, and pathological features. 
A. Western blotting results indicated that the expression levels of PGRN and CDK1 (Cyclin Dependent Kinase 1) 
were higher in gastric cancer tissues than in paraneoplastic tissues (n = 30). B. PGRN and CDK1 expression was 
lower in GES-1 cells than in any of the gastric cancer cell lines, with the cell lines in decreasing order of PGRN  
expression being HGC27, AGS, MKN45, MKN74, and GES-1 (n = 6). C. Analysis of differentially expressed proteins 
indicated that PGRN was highly expressed in gastric cancer tissues (P < 0.05). D. Survival analysis showed that 
PGRN expression correlated with the disease-free survival of patients (P < 0.05). E. Immunohistochemistry showed 
that PGRN expression was significantly higher in gastric cancer tissues than in paraneoplastic tissues (400×) (n = 
30). 
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empty vector-transfected group (all P < 0.001) 
(Figure 5D). These results suggest that inhibit-
ing PGRN expression in gastric cancer cells can 
hinder growth of xenografts.

SB203580 alleviated the effects of inhibiting 
PGRN expression on cell activity, migration, 
invasion, and related gene and protein expres-
sion by inhibiting p-P38 in MAPK

SB203580, a selective inhibitor of MAPK path-
way, was used to investigate the role of p-P38 
proten in PGRN regulation. The expression of 
p-P38 in the PGRN-siRNA group was signifi-
cantly higher than that in the control group, and 
the expression of p-P38 in the SB203580 com-
bined with PGRN-siRNA group was lower than 
that in the PGRN-siRNA group (Figure 6A).

The CCK-8 assay, the scratch test and the tran-
swell chamber invasion assay showed that the 
cell viabilty, migration and invasion in the 
SB203580 combined with PGRN-siRNA group 
was notably higher than those in the PGRN-
siRNA group but lower than those in the control 
group (all P < 0.05) (Figure 6B-D). The proteins 
related to cell proliferation, invasion and migra-
tion changed correspondingly (Figure 6E). 
These results indicate that the effects of PGRN 
on the proliferation, invasion and migration of 
gastric cancer cells are closely related to the 
MAPK pathway.

Discussion

Gastric cancer is one of the most prevalent  
gastrointestinal malignancies worldwide, with a 

Table 1. Relationship between Progranulin expression and clinicopathological features in gastric 
cancer tissues (n = 30)

Characteristics Number (n)
Expression of Progranulin

Χ2 P
Low (5) High (25)

Gender
    Male 21 3 18 0.286 0.593
    Female 9 2 7
Age
    ≥ 60 18 4 14 1.001 0.317
    < 60 12 1 11
Tumor location
    Upper 17 2 15 0.679 0.410
    Lower 13 3 10
Tumor diameter
    ≥ 5 cm 11 1 10 0.718 0.397
    < 5 cm 19 4 15
Tumor invasion depth
    In the serous 14 2 12 0.107 0.743
    Serous outside 16 3 13
Tumor differentiation degree
    Well and mid differentiated 18 4 14 1.001 0.317
    Poorly differentiated 12 1 11
Lymph node metastasis
    Positive 22 1 21 8.727 0.003*
    Negative 8 4 4
Vascular tumors thrombus
    Positive 21 2 19 2.571 0.109
    Negative 9 3 6
Distant metastasis
    With 4 1 3 0.231 0.631
    Without 26 4 22
*: P < 0.05.
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Figure 3. Relationship between PGRN expression and cell viability, migration, and invasion. (A) CCK-8 results showed 
that cell viability was significantly reduced after inhibition of PGRN expression in AGS and HGC27 cells (P < 0.05). 
(B) Scratch and Transwell invasion assays showed that the invasion and migration of cells were significantly reduced 
after inhibition of PGRN expression in AGS and HGC27 cells (200×) (P < 0.01). (C) RT-qPCR and (D) western blotting 
showed that genes and proteins associated with proliferation, invasion, and migration were significantly altered in 
AGS and HGC27 cells after PGRN inhibition (P < 0.01). All experiments were repeated three times.
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generally poor prognosis. The molecular mech-
anisms udnerlying gastric cancer progression 
remain unclear. Recent progress in mechanis-
tic studies has shown great potential for trans-
lation into clinical diagnosis and treatment. DIA 
proteomics is a newly developed global mass 
spectrometry (MS)-based proteomics strategy 
that offers broad protein coverage, high repro-
ducibility, and high sensitivity, allowing for bet-
ter protein quantification [20]. DIA and HPLC-
MS were used for quantitative proteomic an- 
alysis of gastric adenocarcinoma tissues and 
corresponding accessory tumor tissues, form-
ing a rich protein expression dataset for gastric 
cancer studies. Following preliminary function-
al and pathway analyses, Progranulin (PGRN) 

was identified as a key protein for further in- 
vestigation.

PGRN is a multifunctional protein implicated in 
the development and progression of various 
tumors through multiple mechanisms of action 
[11-15, 21]. It has been associated with the 
prognosis of multiple tumors [22-24] and is 
considered a potential biomarker and thera-
peutic target [25, 26]. Previous studies have 
confirmed the correlation between PGRN and 
Helicobacter pylori infection [17, 27], suggest-
ing that PGRN may be a potential marker of 
gastric cancer [18]. However, the mechanism of 
PGRN in gastric cancer is still unclear. Thus, we 
conducted an in-depth study on the function 

Figure 4. Functional analysis and mechanism of action of PGRN. A. PPI network of PGRN (three-step neighbor 
method). B. Prediction of miRNA regulation of PGRN. C. Enrichment analysis of genes in the PPI network by GO and 
KEGG analyses. D. Analysis of correlation between PGRN expression and immune cell abundance. E. Analysis of the 
correlation between PGRN expression and immune checkpoint gene expression. F, G. RT-qPCR and WB showed that 
the expression of ERK1/2, p-ERK1/2, or P38-MAPK in the MAPK signaling pathway was not significantly changed 
after inhibiting the expression of PGRN in AGS and HGC27 cells; however, the expression of p-P38 was significantly 
increased (P < 0.001). H. Immunohistochemistry detection of p-P38 expression in tissues showed that p-P38 ex-
pression was significantly lower in gastric cancer tissues than in paraneoplastic tissues (200×). All experiments 
were repeated three times.
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and significance of PGRN in gastric cancer, 
which has been rarely reported in previous 
studies.

We initially conducted database analysis and 
showed that PGRN was highly expressed in 
gastric cancer tissues, a finding further corrob-
orated by experimental results. Survival analy-
sis demonstrated that PGRN expression levels 
were correlated with the disease-free survival 
rate of patients. Additionally, we determined 
the relationship between PGRN expression 
(cytoplasmic staining) and clinical and patho-
logical features of gastric cancer using immu-
nohistochemistry, showing that higher PGRN 
expression is significantly associated with 
lymph node metastasis. These results suggest 
that PGRN could serve as a biomarker for gas-
tric cancer, which is consistent with findings 
from breast cancer studies. In breast cancer, 
subgroups with high PGRN expression and sor-
tilin were significantly associated with breast 
cancer-specific mortality, tumor size, grade, 
and lymph node positivity, suggesting their use 
as prognostic biomarkers [28]. In our study, 

inhibition of PGRN expression resulted in sig-
nificantly decreased cell viability, invasion and 
migration, along with significant alterations in 
the expression of associated genes and pro-
teins. This is consistent with previous studies 
on bladder [11] and thyroid cancer [29]. 
Therefore, PGRN is closely associated with the 
proliferation and invasive metastasis of gastric 
cancer.

Apart from determining the specific mechanism 
of PGRN’s role in gastric cancer, we further con-
ducted data mining using bioinformatics. PGRN 
interacts with various proteins, among which 
NGF, SORT1, and EPH are associated with the 
development of gastric cancer [30-32]. Next, 
PGRN was predicted to have a regulatory rela-
tionship with hsa-miR-2467-3p and hsa-miR-
140-3p. Notably, Hsa-miR-140-3p is known to 
regulate the progression of gastric cancer [33]. 
Enrichment analysis of the genes in the PPI net-
work further revealed associations with multi-
ple signaling pathways, such as MAPK. These 
data mining results offer valuable insights to 
guide future studies.

Figure 5. Effect of PGRN expression on subcutaneously transplanted tumor growth in nude mice. A. The transplant-
ed tumors in the PGRN-shRNA transfected group was smaller than those in the empty vector-transfected group. B, C. 
The average weight of transplanted tumors in the PGRN-shRNA transfected group was significantly lower than that 
in the empty vector-transfected group, and the growth curve showed a delay (P < 0.01). D. Western blotting analysis 
of related proteins in both groups showed that the protein expression of MMP-2, MMP-9, and vimentin decreased, 
whereas P21 and E-cadherin expression increased in the PGRN-shRNA transfected group compared with those in 
the empty vector-transfected group (all P < 0.001) (n = 3). These results confirm that inhibiting PGRN expression 
can suppress tumor formation in gastric cancer cells in vivo.
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Further analysis revealed a positive correlation 
between PGRN expression and the infiltration 
of several key immune cell types, as well as the 
expression of PD-1 and CTLA4. These findings 
align with previous studies, showing that PGRN 
promotes tumor immune evasion by upregulat-
ing PD-L1 expression in TAM (Tumor-associated 
macrophages) and faciliating CD8+ T cell rejec-
tion [34]. This result suggests that the develop-
ment and progression of gastric cancer may 
also be associated with PGRN-mediated im- 
mune pathways. Functionally, PGRN was found 
to be enriched in the MAPK signaling pathway. 
We verified that inhibiting PGRN expression in 
gastric cancer cells did not significantly alter 
the expression of ERK1/2, phosphorylated 
ERK1/2 (p-ERK1/2), or P38-MAPK but in- 
creased p-P38 (phosphorylated P38) expres-
sion in the MAPK signaling pathway. Our experi-
ments demonstrate that PGRN regulates the 
expression of p-P38 in the MAPK pathway, 
influencing the activity, invasion, and migration 
of gastric cancer cells. Furthermore, in a tumor 
bearing model of gastric cancer cells, we found 
that the tumor growth was significantly slowed 
after PGRN expression was inhibited, and the 
expression of invasion and migration related 
proteins changed correspondingly. Although 
additional in-depth studies and examination of 
PGRN levels in peripheral blood are necessary, 
the results of this study indicate that PGRN 
holds promise as a novel therapeutic target for 
the treatment of gastric cancer.

Conclusions

This study identified significant differences in 
protein expression between gastric adenocarci-
noma tissues and adjacent paraneoplastic tis-
sues. Among the differentially expressed pro-
teins, PGRN emerged as a major differentially 
expressed protein involved in the proliferation, 
migration, and invasion of gastric cancer, indi-
cating that it could serve as a potential novel 
therapeutic target for gastric cancer.
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Figure S1. GO annotation analysis of differentially expressed proteins.


