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Single-cell and spatial transcriptomic @
analysis reveals PAX5’s role and regulatory
mechanisms in gastric adenocarcinoma

lymph node metastasis
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Abstract

Background Lymph node metastasis (LMN) is a key factor in the poor clinical prognosis of patients with gastric
adenocarcinoma (GAC), but the underlying cellular regulatory networks and molecular mechanisms are not fully
understood.

Methods A combined approach of single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics (ST) was
employed to characterize the cellular landscape of the GAC lymph node metastasis microenvironment. Critical
regulatory genes were screened. Their roles and underlying molecular mechanisms were then confirmed via in vitro
and in vivo functional assays.

Results Eight core cell types were identified by scRNA-seq, with proliferative cell clusters further subdivided into six
proliferative subpopulations, including proliferative B cells. ST revealed the presence of tertiary lymphoid structures
(TLS) formed by T/B cell aggregates within tumor regions of each lesion. Proliferative B cells exhibited dynamic
functional transitions. During the primary lesion (PL) stage, their function was primarily associated with regulating
apoptosis. In the metastatic primary lesion (MPL) stage, this shifted to participating in T cell/NK cell activation. In

the metastatic lymph node (MLN) stage, an immune evasion network was constructed through pathways such

as mediating Th2-biased immune responses and uncontrolled somatic diversification of immune receptors. Lasso
regression combined with a random forest model confirmed PAX5 as a highly significant regulatory gene for
predicting the functional characteristics of proliferative B cells. Its expression levels progressively increased with tumor
metastasis (MLN >MPL>PL, p<0.0001). In vivo and in vitro studies confirmed PAX5's pro-tumorigenic role, promoting
proliferation by activating PI3K/AKT1 signaling and upregulating VEGF-C.
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Conclusions The systematic characterization of proliferative B cell functional dynamics, from anti-tumor immunity to
immune evasion, was achieved. PAX5 was confirmed as a critical regulator of proliferative B cell function, mediating

tumor progression through the VEGF-C/PI3K/AKT1 pathway.

Keywords Gastric adenocarcinoma, Lymph node metastasis, PAX5, Single-cell RNA sequencing, Spatial

transcriptomics, PI3K/AKT1

Introduction

Gastric adenocarcinoma (GAC), as the most common
histological subtype of gastric malignancies (account-
ing for approximately 95%), has become one of the most
lethal cancers globally due to its strong invasiveness,
proneness to treatment resistance, and high metastatic
potential [1, 2]. Statistics show that GAC accounts for
5.6% of newly diagnosed cancer cases and 7.7% of can-
cer deaths worldwide [3]. Lymph node metastasis (LNM)
represents a critical juncture in the progression of GAC
and is closely associated with patient prognosis. Once
it occurs, the survival rate of patients decreases signifi-
cantly, and the difficulty of treatment surges dramatically
[4]. Therefore, an in-depth exploration of the cellular and
molecular mechanisms underlying the progression from
the early onset to metastasis of GAC is of paramount
importance for the development of effective treatment
strategies.

The tumor microenvironment (TME) plays a piv-
otal role in tumorigenesis, progression, and metastasis,
comprising a diverse array of cell types including tumor,
immune, stromal, and endothelial cells. Their dynamic
interactions form a complex network that regulates
tumor biology [5]. Tumor cells can activate specific sig-
naling pathways to enhance their metastatic potential,
concurrently influencing the LNM [6]. For instance,
molecular markers such as LYVE-1, Proxl, and podo-
planin, expressed by lymphatic endothelial cells, undergo
alterations within the TME, which facilitates the initial
lymphatic uptake of tumor cells and their subsequent
transport to lymph nodes [7]. Moreover, tumor cells may
remodel the structure and permeability of lymph node
vasculature to acquire increased nutrients and oxygen
to support their growth. Specifically, the VEGF-C-medi-
ated signaling pathway can promote lymphangiogenesis
in lymph nodes, thereby augmenting opportunities for
tumor cell metastasis to these sites [8, 9].

The emergence of single-cell RNA sequencing (scRNA-
seq) technology has enabled the assessment of thousands
of cells at single-cell resolution, facilitating the elucida-
tion of subtle differences in tumor cell heterogeneity and
the complexities of TME [10]. Utilizing this approach,
studies have revealed that the GAC microenvironment
comprises various stromal cell types, including fibro-
blasts, neurons, endothelial cells, and immune cells [11].
Concurrently, spatial transcriptomics (ST) technology
provides comprehensive spatial gene expression maps

at the tissue section level [12]. When integrated with
scRNA-seq, ST facilitates the characterization of cellular
alterations within tissue architecture and helps to eluci-
date the functional relationships between distinct cell
clusters and histological structures [13].

Based on these observations, this study aims to inte-
grate scRNA-seq and ST to comprehensively analyze
the cellular landscape of the GAC lymph node metasta-
sis microenvironment and uncover potential underlying
mechanisms driving tumor progression. Systematically
analyzing surgically resected samples from GAC patients,
we anticipate identifying cell types and key genes closely
associated with LNM, thereby providing novel insights
and biomarkers for precision treatment and prognosis
assessment of GAC. Furthermore, this study will utilize
cellular and in vivo animal models to validate the func-
tional roles and mechanisms of action of these key genes,
forming a strong foundation for a deeper understanding
of the molecular mechanisms underlying GAC lymph
node metastasis.

Methods

Ethical approval

This study has obtained approval from the Experimen-
tal Animal Welfare and Ethics Committee of the Sec-
ond Affiliated Hospital of Kunming Medical University
(Approval No.: kyfey2025041) and the Medical Ethics
Committee of the Second Affiliated Hospital of Kun-
ming Medical University (Review Date: August 22, 2022;
Approval Date: August 30, 2022; Approval No.: Shen-PJ-
Ke-2022-159). All experimental procedures in this study
were conducted in accordance with the principles of the
Declaration of Helsinki. Written informed consent was
obtained from all participants prior to sample collection.

scRNA-seq and data processing

scRNA-seq data (GSE234129) were retrieved from the
Gene Expression Omnibus (GEO, https://www.ncbi.nl
m.nih.gov/geo/). This study’s analysis covers all sample
types within the GSE234129 dataset. Single-cell dataset
objects were constructed using the Seurat software pack-
age (v5.3.0), upon which subsequent quality control and
downstream analyses were carried out. First, the gene-
barcode matrix was imported into the R programming
language, with the Seurat software package (v5.3.0) serv-
ing as the core analytical tool. A series of analyses includ-
ing quality control, data normalization, data scaling,
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dimensionality reduction, cell clustering and visualiza-
tion were sequentially performed. To eliminate the inter-
ference of technical factors such as sequencing depth
differences and cell cycle heterogeneity, and to avoid
the generation of false-positive signals of biological dif-
ferences, a standardized analytical strategy was adopted
subsequently. The workflows of the NormalizeData and
ScaleData functions built in the Seurat software were uti-
lized to sequentially implement data normalization and
scaling. Further, data correction was conducted using the
Harmony algorithm.

The detailed procedures are described as follows: Prin-
cipal component analysis (PCA) was performed on the
scaled data via the RunPCA function, and the top 50
principal components were extracted to capture core
biological information. Subsequently, the IntegrateLay-
ers function was invoked to run the Harmony algorithm
based on the aforementioned 50 principal components
for sample integration, generating a corrected Harmony
dimensionality reduction matrix, which was employed
for subsequent cell clustering and visualization analyses.
On the basis of the integrated Harmony dimensional-
ity reduction data, unsupervised cell clustering analysis
was performed. The FindNeighbors function was used to
construct a shared nearest neighbor (SNN) graph based
on the top 30 Harmony dimensions, thereby accurately
capturing the potential biological associations among
cells. Then, the FindClusters function was adopted, com-
bined with a modularity optimization clustering algo-
rithm based on the SNN graph, to perform unsupervised
clustering of cell populations and achieve objective cell
grouping. Finally, uniform manifold approximation and
projection (UMAP) dimensionality reduction analysis
was implemented via the RunUMARP function based on
the same top 30 Harmony dimensions, which projected
high-dimensional single-cell data into a two-dimensional
space and accomplished the visualization of cell cluster-
ing results.

Patient samples

5 patients diagnosed with GAC by experienced patholo-
gists and radiologists were enrolled in this study. A total
of 8 fresh biopsy samples were obtained, including 2 Pri-
mary lesions (PL), 3 metastatic Primary lesions (MPL),
and 3 metastatic lymph nodes. These samples were des-
ignated as PL-1. PL-2. MPL-1. MPL-2 . MPL-3,
MLN-1. MLN-2 and MLN-3, respectively, and used
for ST sequencing and subsequent analysis. LNM was
confirmed by pathological assessment via intraopera-
tive cytological examination and postoperative paraffin-
embedded sections. Patient demographics and tumor
clinicopathological characteristics are detailed in Supple-
mentary Material 1.
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Human tissue preparation

Following tumor tissue isolation from eight fresh biopsy
samples, blood and connective tissue were immedi-
ately removed, and the tissue was rapidly frozen on dry
ice. The tumor tissue was then cross-sectionally cut and
embedded in optimal cutting temperature (OCT) com-
pound for ST analysis.

ST and data processing

The spatial transcriptome sequencing procedures were
mainly carried out by Chongqing Biomedicine Biotech
Co., Ltd. Specifically, the Visium Spatial Gene Expres-
sion technology was employed to analyze the tissue sec-
tions. Firstly, the frozen sections were cut to a thickness
of 10 um and mounted on the GEX array, and then the
mounted sections were placed on the thermal cycler
adapter. Subsequently, the sections were fixed with meth-
anol at -20 °C for 30 min and stained with hematoxylin
and eosin (H&E) (Eosin, Dako CS701; Hematoxylin,
Dako $3309; Bluing Buffer, Dako CS702). The bright-field
images were acquired with a Leica DMI8 whole-slide
scanner at a 10x resolution. Then, according to the pro-
tocol provided by 10x Genomics (https://10xgenomics.c
om/), the Visium Tissue Optimization and Spatial Gene
Expression experiments were performed with H&E as the
counterstain. The tissue sections were processed using
the Visium Spatial Gene Expression Slides and Kit (10x
Genomics, PN-1000184). A leak-proof well was con-
structed using the slide box, and 70 pL of permeabiliza-
tion enzyme was added and incubated at 37 °C for 12 min
for optimal permeabilization. After permeabilization, the
sections were washed with 100 pL of SSC, and 75 pL of
reverse transcription master mix was added to synthesize
c¢DNA. Upon the completion of the first-strand synthe-
sis, the RT master mix in the well was removed, 75 pL
of 0.08 M KOH was added and incubated at room tem-
perature for 5 min, followed by washing with 100 pL of
EB buffer. Thereafter, 75 pL of the second-strand mix was
added to each well for the second-strand synthesis, and
the cDNA was amplified on the S1000 Touch Thermal
Cycler (Bio-Rad). Finally, the Visium Spatial Library was
constructed using the Visium Spatial Library Construc-
tion Kit (10x Genomics, PN-1000184) and sequenced on
the Illumina NovaSeq 6000 sequencer with a sequencing
depth of at least 100,000 reads per spot and a paired-end
150 bp (PE150) reading strategy. The STUltility spatial
transcriptome analysis toolkit was used to preprocess the
measured expression profile data and the corresponding
HE-stained images, and the connective tissue area, mus-
cle area, and tumor area were annotated on the samples
based on the histological location and boundaries. After
the completion of quality control and data normalization
operations, PCA was performed on the highly variable
genes (HVG), and 30 dimensions were selected by default
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for clustering. The spatial transcriptome sequencing data
of each sample were integrated using the sctransform
method of Seurat v5 software, and the clustering results
were visualized by the UMAP method.

Construction of marker gene set for tumor epithelial cells
A tumor epithelial cell-specific marker gene set was con-
structed, which includes epithelial cell core markers pre-
viously validated in the literature: EPCAM (epithelial cell
adhesion molecule), KRT8 (keratin 8), CEACAMS6 (car-
cinoembryonic antigen-related cell adhesion molecule 6),
CDHI1 (cadherin 1), REG4 (regenerating family member
4), and CLDN4 (claudin 4). Based on this gene set, gene
set enrichment scores were calculated for each sequenc-
ing spot in the spatial transcriptomic data using the Add-
ModuleScore function of Seurat v5 software.

Cell type deconvolution analysis

The Robust Cell Type Decomposition (RCTD) algorithm
was employed to perform cell type deconvolution for
spatial transcriptome spots, with paired scRNA-seq data
serving as the reference. First, a reference dataset was
constructed based on the raw count matrix and cell type
annotations derived from scRNA-seq data. Subsequently,
the gene expression profiles and spatial coordinates
within the tissue-covered regions of spatial transcrip-
tome samples were extracted, and the full doublet mode
(doublet mode = ‘full’) of RCTD was executed to infer
the relative abundances (Weights) of distinct cell types
at each spatial spot. Finally, the cell type with the highest
weight at each spot was defined as its dominant type, and
all deconvolution results were integrated into the Seurat
object for subsequent spatial visualization and microen-
vironment analysis.

Gene ontology (GO) functional enrichment analysis

GO functional enrichment analysis was performed using
the R package clusterProfiler. Enrichment analyses were
conducted from three dimensions, including Biological
Process (BP), Cellular Component (CC), and Molecu-
lar Function (MF). The threshold for significant enrich-
ment was set as P-value<0.05 and false discovery rate
(FDR) <0.1. Finally, the core functional terms of prolifera-
tive B cells were obtained.

Screening of key genes

Gene expression data of proliferative B cells were col-
lected. A LASSO regression model was constructed using
the R package “glmnet” The optimal penalty parameter A
was determined via 10-fold cross-validation. Genes with
non-zero coefficients were screened out based on this
model, and the number of retained genes in prolifera-
tive B cells was recorded. Using the gene expression data
after screening, a random forest model was built with
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the R package “randomForest” The importance score of
each gene was calculated using either the mean decrease
in Gini impurity or the mean decrease in accuracy. Based
on the prediction results of the random forest model, the
receiver operating characteristic (ROC) curve was plot-
ted using the “pROC” package in R software (Version
4.0.1; R Core Team; Official website: http://www.r-proje
ct.org).

Analysis of PAX5 expression at the spatial transcriptomic
level

Normalized expression values of the PAX5 gene cor-
responding to spots in the PL, MPL, and MLN regions
were extracted from spatial transcriptomic annotation
results using the STUtility package (v1.1.0). Low-quality
spots within each region were excluded. The median
expression level, quartiles, and range of PAX5 in each
sample group were calculated using the R package dplyr.
This was performed to clarify the characteristics of inter-
group expression differences. The Kruskal-Wallis H rank
sum test, a non-parametric test method, was employed to
compare the overall differences in PAX5 expression lev-
els among the three groups. Dunn’s method was used for
multiple intergroup comparisons to control Type I error.
Violin plots were generated using the R package ggplot2
to visualize the results.

Cell culture

Frozen SGC-7901 cells (FHO0264, FuHeng BioLogy,
Shanghai, China) were retrieved from liquid nitrogen
or a -80 °C freezer and rapidly thawed by agitation in a
37 °C water bath. The thawed cell suspension was trans-
ferred to a centrifuge tube containing 5 mL of complete
culture medium and centrifuged at 1000 rpm for 5 min.
The supernatant was discarded, and the cells were resus-
pended in 4—6 mL of complete culture medium. The cell
suspension was then seeded into a T25 flask or 6 cm cul-
ture dish and incubated overnight. The culture medium
was changed, and cell density was assessed the follow-
ing day. When cell density reached 80%-90%, cells were
passaged. The culture supernatant was removed, and the
cells were rinsed with calcium- and magnesium-free PBS
once or twice. Subsequently, 1-2 mL of trypsin-EDTA
solution (0.25% Trypsin-0.53mM EDTA) was added
to the flask, and the cells were incubated at 37 °C for
3-5 min, with cell detachment monitored microscopi-
cally. Once most cells had rounded up and detached, the
flask was removed, tapped gently, and 5 mL or more of
complete culture medium containing 10% serum was
added to halt digestion. The cells were gently pipetted to
detach completely, transferred to a centrifuge tube, and
centrifuged at 1000 rpm for 5-8 min. The supernatant
was discarded, and the cells were resuspended in 1-2
mL of complete culture medium. The cell suspension was
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then split at a 1:2 ratio into new culture dishes or flasks,
and 5-6 mL of complete culture medium was added.

Transfection of SGC-7901 cells

The oe-NC, oe-PAX5, sh-NC, and sh-PAX5 plasmids
were generated by General Biosystems (Anhui) Co., Ltd.
SGC-7901 cells were seeded in 10 cm culture dishes
at a density of 5x1076 cells per dish. For each trans-
fection, 10 ug of the appropriate plasmid (oe-NC, oe-
PAX5, sh-NC, or sh-PAX5) was dissolved in 490 pL of
Opti-MEM™ (31985070, Gibco, California, USA), gently
mixed, and incubated at room temperature for 5 min.
Concurrently, 30 pL of transfection reagent (16447100,
Thermo, Waltham, Massachusetts, USA) was dissolved
in 470 pL of Opti-MEM™, gently mixed, and incubated
at room temperature for 5 min. The transfection reagent
mixture was then added to the corresponding plasmid
solution, thoroughly mixed, and incubated at room tem-
perature for 15 min to form transfection complexes. Fol-
lowing three cycles of pipetting with a 1 mL pipette tip,
the transfection complexes were evenly added to the cul-
ture dishes, mixed using a crosshatch pattern, and incu-
bated. After 6 h, the medium was replaced with fresh
complete culture medium, and cells were harvested after
48 h. Finally, cells were categorized into the oe-NC, oe-
PAX5, sh-NC, and sh-PAX5 groups.

Cell viability assay

Cell viability was assessed using the Cell Counting Kit-8
(CCK-8) assay kit, according to the manufacturer’s
instructions (C0038, Beyotime, Shanghai, China). Absor-
bance was measured at 450 nm using a microplate reader
(CMax Plus, Molecular Devices, Sunnyvale, California,
USA), and cell viability was calculated for each group as
directed.

Cell migration assay

First, parallel horizontal lines were marked on the under-
side of 6-well plates, spaced 1 cm apart and traversing
each well, with three lines per well. Cells in logarithmic
growth were then selected. Approximately 1 mL of 0.25%
trypsin solution was added to a T25 flask, swirled to coat
the cells, and incubated at 37 °C for ~2 min. Once cells
had rounded up or begun to detach, the flask was gently
agitated to detach all cells, and 2 mL of complete culture
medium was added. After gentle trituration and the addi-
tion of RPMI-1640 complete culture medium (L210K],
BaseMedia, Shanghai, China), the cell suspension was
adjusted to a density of 5x 1075 cells/well, seeded into
6-well plates, and incubated at 37 °C in a 5% CO2 atmo-
sphere. Upon reaching 90% confluence, the original
medium was aspirated, the cells were rinsed three times
with PBS, and then 1 mL of PBS was added to each well.
A scratch was then made across the well using a 10 pL
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pipette tip, followed by two washes with PBS to remove
detached cells. The initial scratch was imaged at 0 h
using a microscope, and the cells were treated accord-
ing to their respective groups and incubated at 37 °C in
a 5% CO2 environment. After 24 h, cell migration was
assessed by imaging under a microscope (CKX3-SLP,
OLYMPUS, Tokyo, Japan). Migration distances were
measured with Image]J (Fiji, National Institutes of Health,
America; download site: https://imagej.net/ij/download.h
tml), and migration rates were calculated using the form
ula: migration rate = (initial scratch area - final scratch
area) / initial scratch area x 100%.

Cell invasion assay

Matrigel (3422, Corning, New York, USA) was placed at
4 °C overnight (24 h) to liquefy. Subsequently, serum-free
culture medium and Matrigel were mixed thoroughly at
a 5:1 ratio. Following mixing, 100 pL of the mixture was
added to the upper chamber of Transwell inserts (354234,
Corning, New York, USA) to allow the Matrigel to solid-
ify. Cells were then adjusted to a density of 5x 1075 cells/
mL and added to the solidified Matrigel after a wash with
serum-free medium. The lower chamber was filled with
500 pL of conditioned medium supplemented with 20%
FBS, and the cells were incubated for 24 h at 37 °C in a 5%
CO2 atmosphere. After incubation, the Transwell inserts
were removed, the medium in the wells was discarded,
and the cells were washed twice with calcium-free PBS.
The cells were then fixed with 4% paraformaldehyde for
20 min, washed with PBS, and stained with 0.1% crys-
tal violet solution (G1062, Solarbio, Beijing, China) for
20 min. Finally, cells were counted in randomly selected
fields using a microscope, and the average.

Immunofluorescence staining

Fixed cell slides were washed three times with PBS. Slides
were then blocked with goat serum for 1 h at room tem-
perature and subsequently incubated overnight at 4 °C
with Rabbit Anti-PAX5 antibody (bsm-60221R, Bioss,
Beijing, China) at a 1:100 dilution. Following three
washes with PBS, the slides were incubated with a sec-
ondary antibody (GB22403, Servicebio, Wuhan, China)
at a 1:200 dilution for 1.5 h in the dark at room tem-
perature. After incubation, the slides were washed three
times for 5 min each with PBS. DAPI (C1005, Beyotime,
Shanghai, China) was added for a 5-minute incubation in
the dark, followed by washes with PBS to remove excess
DAPI. Finally, the slides were mounted with an antifade
mounting medium (P0126, Beyotime, Shanghai, China).
Images were acquired using a microscope (MF53, Mshot,
Guangzhou, China). DAPI-stained nuclei appeared blue,
and FITC signals appeared green.
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Real-time quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from samples using the TRIzol
method, and RNA concentrations were quantified using
spectrophotometry. RNA was reverse transcribed to
c¢DNA using the Goldenstar™ RT6 ¢cDNA Synthesis Kit
Ver.2 (TSK302M, Tsingke, Beijing, China), and qPCR was
performed using 2 x T5 Fast qPCR Mix (SYBR Green
I) (TSE202, Tsingke, Beijing, China). GAPDH was used
as an endogenous control, and relative gene expression
was calculated using the 2~ AAC method. Specific gene
primer sequences are shown in Table 1.

Western blotting

Total protein was extracted from cells using RIPA
lysis buffer supplemented with PMSF (ST507, Beyo-
time, Shanghai, China) and a protease inhibitor cock-
tail (P1045, Beyotime, Shanghai, China). Five hundred
micrograms of total protein were mixed with 5x SDS
loading buffer (8015011, DAKEWE, Shenzhen, China) at
a 4:1 ratio and heated at 100 °C for 6 min. Sixty micro-
grams of denatured protein were loaded. Electrophoresis
was performed with an initial run at 80 V through the
stacking gel, followed by 120 V until the bromophenol
blue reached the bottom of the gel. A sponge pad, filter
paper, the gel, and PVDF membrane were layered, and
transfer buffer was introduced. Protein was transferred
at a constant current of 250 mA, with the transfer time
determined by the molecular weight of the target pro-
tein. Following transfer, the membrane was removed,
and both sides were marked. The membrane was washed
with TBST for 1 min. Then, the membrane was blocked
with 5% skim milk (P0216, Beyotime, Shanghai, China)
for 1 h, and subsequently washed three times with TBST
for 5 min each. The primary antibody was diluted 1:1000
and incubated at 4 °C overnight. The secondary antibody
(AS014, Abclonal, Wuhan, China) was diluted 1:2000 and
incubated at room temperature for 1 h. After all incuba-
tions, the membrane was covered with a mixture of ECL
substrate (34580, Thermo, Waltham, Massachusetts,
USA) and allowed to react for 1 min before detection

Table 1 Primer sequences used in gPCR

Primer name(s) Sequences

PAX5-F CTTGCTCATCAAGGTGTCAGGC
PAX5-R TGGCGACCTTTGGTTTGGATCC
VEGF-C-F GCCAATCACACTTCCTGCCGAT
VEGF-C-R AGGTCTTGTTCGCTGCCTGACA
PI3K-F TCAGCAGCCAGCTCTGATAAT
PI3K-R TACCAAAAAGGTCCCGTCTG
AKT1-F TGGACTACCTGCACTCGGAGAA
AKT1-R GTGCCGCAAAAGGTCTTCATGG
GAPDH-F GTCTCCTCTGACTTCAACAGCG
GAPDH-R ACCACCCTGTTGCTGTAGCCAA
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using a nucleic acid protein gel imaging system (Universal
Hood II, Bio-Rad, California, USA). Protein band images
were then analyzed using Image] software (version 1.8.0;
download site: https://imagej.en.softonic.com/downl
oad). Antibody details are as follows: PAX5 (A12048,
ABclonal, Wuhan, China), VEGF-C (A2556, ABclonal,
Wuhan, China), AKT1 (A17909, ABclonal, Wuhan,
China), PI3K (A19742, ABclonal, Wuhan, China), MMP2
(A19080, ABclonal, Wuhan, China), and Ki-67 (A16919,
ABclonal, Wuhan, China). GAPDH (GAPDH, ABclonal,
Wouhan, China) served as an endogenous control protein.

Co-culture of transfected SGC-7901 and HLEC cells

The oe-PAX5 and sh-PAX5 plasmids were generated by
General Biosystems (Anhui) Co., Ltd, and SGC-7901 cells
were transfected as previously described. A co-culture
system was established using Transwell inserts to simu-
late the in vivo environment. SGC7901 cells were placed
in the upper chamber (cell concentration: 1 x 10”5 cells/
mL), while HLEC cells (FH1250, FuHeng BioLogy, Shang-
hai, China) were placed in the lower chamber, pre-coated
with Matrigel (cell concentration: 5x 1074 cells/mL).
Co-culture was performed under the same conditions to
facilitate cell-cell interaction. Control HLEC cells were
cultured alone. Finally, cultured cells were divided into
Control, oe-NC, oe-PAX5, sh-NC, and sh-PAX5 groups.

Tube formation assay

Following 48 h of co-culture, endothelial cell node num-
bers and total length of major master segments were
quantified in randomly selected fields using a 100x
microscope (BLD-200, KEXIN, Shanghai, China) and
analyzed with Image] software (version 1.8.0; download
site: https://imagej.en.softonic.com/download).

Animal modeling

Female BALB/c-nu (SPF) nude mice, 4—6 weeks old and
weighing 15-18 g, were obtained from Chongqing Ensi-
weier Biotechnology Co., Ltd. All mice were housed
under specific pathogen-free conditions: temperature
of 23+2 °C, humidity of 35-60%, and a 12 h light/dark
cycle. Mice had ad libitum access to food and water
and were acclimatized for one week at 23-25 °C before
the start of the experiment. SGC-7901 cells (concentra-
tion: 5x 1077/mL) were drawn into a disposable syringe,
and 200 pL of cell suspension was injected subcutane-
ously into the bilateral axillary and flank regions of nude
mice. These mice were designated as the first generation
of tumor-bearing nude mice and used for subsequent
xenografting. Subcutaneous injections were repeated
weekly until tumors developed. Subcutaneous tumors
from stably tumorigenic sixth-generation tumor-bearing
nude mice were used as the tumor source. Approximately
two weeks following tumor tissue implantation, when
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subcutaneous tumors reached a volume of 50-100 mm*3
(approx. 5 mm in diameter), shRNA mixture was injected
peritumorally (5 mm away from the tumor) and intra-
tumorally (multiple sites injected slowly). Each mouse
received 25 pL of the shRNA/oligofectamine mixture
at a dose of 1.00E +09 pfu/mL, with injections repeated
every four days for a 4-week tumor treatment study, after
which the mice were euthanized and in situ tumor speci-
mens collected.

Hematoxylin-eosin (HE) staining

Paraffin sections were prepared from in situ tumor speci-
mens. Following deparaffinization and rehydration, sec-
tions were stained with hematoxylin solution (G1004,
Servicebio, Wuhan, China) for 5 min, rinsed with dis-
tilled water, and subsequently stained with eosin solu-
tion (G1002, Servicebio, Wuhan, China) for 2 min. The
sections were then dehydrated using a graded series of
ethanol, cleared with xylene for 5 min, and mounted with
neutral resin (10004160, Sinopharm, Beijing, China).
Images were acquired with an Mshot MF53 microscope
(Guangzhou Mshot Photoelectric Technology CO., Ltd.).

Immunohistochemistry (IHC)

Antigen retrieval was performed on deparaffinized and
rehydrated paraffin sections by heat-induced epitope
retrieval for 30 min. Specimens were treated with 3%
hydrogen peroxide and then washed three times with
PBS for 5 min each. Specimens were blocked with goat
serum (C0265, Beyotime, Shanghai, China) for 1 h. This
was followed by incubation with primary antibody over-
night at 4 °C. Subsequently, specimens were incubated
with the secondary antibody at a 1:200 dilution for 1.5 h
at room temperature. Following incubation, DAB (ZLI-
9019, ZSGB-BIO, Beijing, China) was used for color
development in the dark for 1 min. To provide coun-
terstaining, specimens were stained with hematoxylin
(G1004, Servicebio, Wuhan, China) for 1 min and then
differentiated with 1% hydrochloric acid in ethanol for
2 s. After differentiation, specimens were rinsed with
tap water to restore the blue color. Sections were then
dehydrated with 95% ethanol for two minutes, followed
by a second dehydration with fresh 95% ethanol for two
minutes. The sections were then cleared with xylene for
5 min, followed by a second clearing with fresh xylene for
5 min. Finally, sections were mounted with neutral resin
(10004160, Sinopharm, Beijing, China). Images were then
acquired under a microscope (MF53, Mshot, Guangzhou,
China). Cell nuclei appeared blue, while positive staining
was indicated by a brown-yellow color. Antibody details
are as follows: Anti -Ki67 Mouse mAb (GB121141-
100, Servicebio, Wuhan, China), Anti -MMP2 Rabbit
pAb (GB11130-100, Servicebio, Wuhan, China), PAX5
Recombinant Rabbit mAb (bsm-60221R, Bioss, Beijing,
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China), Goat Anti-Rabbit HRP IgG H&L (HRP) (511203,
ZEN-BIOSCIENCE, Chengdu, China), and Goat Anti-
Mouse HRP IgG H&L (HRP) (511103, ZEN-BIOSCI-
ENCE, Chengdu, China).

Statistical analysis

Experimental data were analyzed using GraphPad Prism
version 8.0.1 (GraphPad Software, USA, download site: h
ttps://www.graphpad-prism.cn). Assembly of the figures
was conducted using Adobe Illustrator 2021 software.
Data are presented as mean + standard error of the mean
(SEM). Comparisons between groups were performed
using one-way ANOVA and t-tests. All experiments were
performed in at least triplicate. Statistical significance
was defined as P<0.05.

Results

Single-cell atlas of lymph node cells in GAC

To systematically characterize the cellular composition
and structural features of GAC lymph nodes, scRNA-seq
technology on the 10x Genomics platform was employed
(Fig. 1A). scRNA-seq data were rigorously filtered to
exclude damaged cells, dead cells, and suspected dou-
blets. After quality control, a total of 19,488 cells were
retained for subsequent analyses. Cells in this dataset
were colored according to their annotated cell types.
Through this approach, eight distinct cell types were
identified (Fig. 1B), including T cells (n = 9329), natural
killer (NK) cells (n = 2,968), B cells (n = 876), plasma cells
(n = 1,225), myeloid cells (n = 3,792), dendritic cells (1 =
470), stromal cells (n = 411), and a unique proliferative
cell cluster (n = 417). It is worth noting that the dataset
was derived from lymphoid tissues associated with gas-
tric adenocarcinoma and, as confirmed by original litera-
ture and official annotations, was verified to contain only
immune cells and stromal cells with the absence of tumor
cells [14].

Meanwhile, the characteristic genes corresponding
to the aforementioned 8 cell types were screened out
in the present study, and it was revealed by the results
that each cell type exhibited a distinct gene expression
profile (Fig. 1C, D). Specifically, genes such as CXCL13
and FOXP3 were highly expressed in T cells; KLRF1 was
identified as the signature gene of NK cells; TCL1A was
highly expressed in B cells; genes including IGLV3-25
and IGKV2-30 were found to be enriched in plasma cells;
F13A1 was highly expressed in myeloid cells; CD1CD was
recognized as the marker gene of dendritic cells; genes
such as PTGDS and DMKN were highly expressed in
stromal cells; proliferation-related genes (e.g., HMGB2,
STMN1) were highly expressed in this proliferative cell
cluster, which was also observed to form an indepen-
dent cluster in the UMAP dimensionality reduction plot
(Fig. 1E).
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Further analysis of this proliferative cell cluster was
performed via subcluster clustering (Fig. 1F-G). It was
found that this proliferative cluster was not composed of
a single cell type but consisted of multiple distinct pro-
liferative subpopulations. These subpopulations included
proliferative CD4 T cells (n=62), proliferative NK cells
(n=58), proliferative CD8 T cells (n=123), proliferative
dendritic cells (n=82), proliferative B cells (n=64), and
proliferative plasma cells (n =28).

GO functional enrichment analysis and identification of
key genes in proliferative B cells

Genes including ‘EPCAM, ‘KRT8, ‘CEACAMS6; ‘CDHI,
‘REG4; and ‘CLDN4’ were used as the marker gene set
for tumor epithelial cells. Each spot in the spatial tran-
scriptomic data was scored to identify tumor regions.
Subsequently, the eight cell types identified by scRNA-
seq were deconvoluted onto the spatial transcriptomic
map of GAC tissue samples. A comprehensive cell abun-
dance distribution map was obtained (Supplementary
Material 2). Results showed that regions with aggregated
T cells and B cells were observed in the tumor area of
each sample, forming tertiary lymphoid structures (TLS).
Meanwhile, the proliferative subpopulations identified
by scRNA-seq were deconvoluted back into the spatial
transcriptomic data. It was found that proliferative B cells
were also aggregated in the TLS (Supplementary Material
3).

Based on the aforementioned findings, the spatial
architecture and maturity of TLSs within the tumor
microenvironment of gastric adenocarcinoma patients
were further characterized via module score analysis:
TLS signature scores for all spatial spots were calculated
through the integration of canonical TLS signature gene
sets, and the spatial colocalization relationships between
this score and proliferative B cells, proliferative T cells
as well as plasma cells were systematically evaluated.
Quantitative correlation analysis revealed that the high-
est Pearson correlation coefficient was observed between
proliferative B cells and the functional TLS signature
score (Fig. 2A). Further validation was conducted using
spatial signature profiles (Supplementary Material 4),
demonstrating that, in contrast to diffusely distributed
proliferative T cells, proliferative B cells were strictly
confined to the core regions with high TLS scores, which
indicates that they can serve as the most specific spatial
indicators for functional TLSs.

Furthermore, GO functional enrichment analysis was
performed on proliferative B cells (Figs. 2B-D). At the PL
stage (Fig. 2B), proliferative B cells were mainly enriched
in “apoptosis-related processes” (e.g., Apoptotic DNA
fragmentation, DNA catabolic process) and “regula-
tion of osteoclast differentiation” This suggested that
proliferative B cells at this stage might participate in the
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early clearance of tumor cells by regulating cell apopto-
sis, or indirectly modulate tumor invasiveness by affect-
ing osteoclast differentiation. At the MPL stage (Fig. 2C),
their functions shifted to immune regulation processes
such as “T cell differentiation” and “Natural killer cell
activation”. This indicated that with tumor progression,
proliferative B cells gradually transitioned from direct
cytotoxic effects to the regulation of adaptive immunity.
They enhanced anti-tumor immune responses by pro-
moting the activation of effector T cells and NK cells.
At the MLN stage (Fig. 2D), an immune escape network
was established through multiple abnormal functional
changes. At the BP level, interleukin 4 production medi-
ated T helper 2 (Th2)-type immune deviation. This was
accompanied by the dysregulation of “Regulation of
immune effector process” and “Somatic diversification
of immune receptors’, abnormal activation of “Negative
regulation of lymphocyte migration” and “Complement
dependent cytotoxicity” At the MF level, pro-tumor
pathways and epigenetic reprogramming were regulated
through “Tumor necrosis factor receptor binding” and
other mechanisms. Combined with metabolic adapta-
tion mediated by “G protein coupled purinergic nucleo-
tide receptor activity’, pro-tumor signals were amplified.
At the CC level, the formation of a pro-tumor positive
feedback loop was supported by competitive inhibition of
the “T cell receptor complex” and long-range communi-
cation via “Blood microparticle’; relying on the “Plasma
membrane signaling receptor complex”. Eventually, pro-
liferative B cells were transformed into key effector cells
driving immune suppression and metastasis.

Further LASSO regression analysis was conducted on
the proliferative B cell population (Figs. 2E-F). Results
showed that approximately 5 genes were screened out
from proliferative B cells. Subsequently, a random forest
model was constructed for proliferative B cells (Figs. 3G-
I). Results indicated that PAX5 was a highly significant
gene for predicting proliferative B cell-related character-
istics. Although the AUC of this model was 0.736, which
required further optimization to improve accuracy, it still
possessed research value. Meanwhile, the expression and
distribution of PAX5 in tissue sections of PL, metastatic
MPL, and MLN were detected (Figs. 2J-K). The highest
PAX5 expression level was observed in MLN, followed
by MPL, and the lowest in PL. Significant differences
in PAX5 expression levels were found among the three
groups of samples (P <0.0001).

PAX5 promotes GAC malignancy by upregulating VEGF-C
and the PI3K/AKT1 signaling pathway

To elucidate the functional role of PAX5, we generated
oe-PAX5 and sh-PAX5 plasmids and transfected them
into SGC-7901 cells. Cell proliferation assays revealed
that PAX5 overexpression significantly enhanced
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SGC-7901 cell viability (Fig. 3A, P<0.0001), while PAX5  migration (P<0.01) and invasion (P<0.001), whereas
silencing markedly decreased cell viability (P<0.0001). PAXS5 silencing reduced these abilities (P<0.01). Immu-
Cell migration and invasion assays (Fig. 3B-C, E) dem-  nofluorescence analysis (Fig. 3D-F) confirmed that PAX5
onstrated that PAX5 overexpression promoted cell overexpression increased intracellular PAX5 fluorescence
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Fig. 3 PAXS5 suppresses invasion and migration of GAC lymph node metastatic cells. A: CCK-8 assay measuring the viability of GAC lymph node metastatic
cells. Band E: Scratch assay demonstrating cell migration; scale bar =100 um. Cand F: Transwell assay assessing cell invasion; scale bar = 100 um. D and F:
Immunofluorescence analysis of PAX5 expression; scale bar =50 um. G: Quantitative PCR (qPCR) analysis of mRNA expression levels of PAXS, VEGF-C, PIK3,
and AKT1. H: Western blot analysis of protein expression levels of PAX5, VEGF-C, AKT1, PI3K, MMP2, and Ki-67. “ns” indicates “not significant”; * indicates

P<0.05; ** indicates P<0.01; *** indicates P< 0.001; **** indicates P<0.0001

intensity (P<0.01), while PAX5 silencing reduced the
intensity (P<0.001), validating effective PAX5 modu-
lation by plasmid transfection. To further investigate
the molecular mechanism underlying PAX5 action, we
analyzed the expression levels of PAX5, VEGE-C, PI3K,
AKT1, and proteins associated with cell proliferation
and metastasis in SGC-7901 cells. Our findings (Fig. 3G-
H) showed that PAX5 overexpression upregulated the
mRNA and protein levels of PAX5, VEGF-C, PI3K, and
AKT1 (all P<0.05), while PAX5 silencing downregulated
these factors (all P<0.01). Moreover, PAX5 overexpres-
sion increased protein levels of MMP2 and Ki-67 (all
P<0.05), and PAX5 silencing decreased these protein
levels (all P<0.001). These results suggest that PAX5 pro-
motes tumor cell proliferation and metastasis by modu-
lating the VEGF-C and PI3K/AKT1 signaling pathways.

PAX5 enhances tumor angiogenesis

To mimic the in vivo environment and examine the role
of PAX5 in tumor cell-vascular endothelial cell inter-
actions and angiogenesis, we performed in vitro co-
culture assays, combining SGC-7901 cells transfected
with oe-PAX5 or sh-PAX5 plasmids with HLEC cells.
Results showed that PAX5 overexpression significantly
increased the number of nodes and total length of major
segments in HLEC cells (Fig. 4A, P<0.01 and P<0.05,
respectively), whereas PAX5 silencing markedly reduced
these parameters (P<0.0001). Concurrently, we assessed
mRNA levels of PAXS5, VEGF-C, PIK3, and AKTI in
HLEC cells (Fig. 4B). These results revealed that PAX5
overexpression upregulated the expression of these genes
(all P<0.01), while PAX5 silencing downregulated their
expression (all P<0.0001). These findings suggest that
PAX5 promotes tumor growth, potentially through the
modulation of angiogenesis via the VEGF-C and PI3K/
AKT1 signaling pathways.

PAX5 positively regulates its expression and the PI3K/AKT1
pathway in vivo

To further validate the role of PAX5 in vivo, we devel-
oped a subcutaneous tumor-bearing mouse model. HE
staining of mouse tumor tissues revealed distinct mor-
phological differences across treatment groups (Fig. 5A):
oe-NC tumors displayed a scattered distribution of
tumor cells, numerous bleeding points, sparse vacuolar
structures, minimal cytoplasmic dissolution, and some
nuclear condensation, fragmentation, and dissolution;
oe-PAX5 tumors exhibited more prominent nucleolar

hypertrophy, hemorrhage, and nuclear division, along
with irregular cell morphology, variable cell sizes, tight
cell packing, intense staining, coarse granular chroma-
tin, and uneven chromatin distribution. sh-NC tumors
presented a more dispersed tumor cell distribution with
multiple bleeding points, minimal cytoplasmic dissolu-
tion, and some nuclear condensation, fragmentation, and
dissolution. sh-PAX5 tumors displayed a scattered tumor
cell distribution with reduced cell density, extensive hem-
orrhage, cytoplasmic dissolution, vacuolar structures,
and extensive nuclear condensation, fragmentation, and
dissolution. Immunohistochemical analysis (Fig. 5B) fur-
ther demonstrated that PAX5 overexpression resulted
in increased expression of PAX5, Ki-67, and MMP2
in mouse tumors (P<0.01), whereas PAX5 silencing
reduced their expression (P<0.05). This reinforces the
in vivo role of PAX5 in promoting tumor cell prolifera-
tion, consistent with the morphological features of active
proliferation observed in the oe-PAX5 group in H&E
staining. Furthermore, qQPCR and WB analyses (Fig. 5C-
D) showed that PAX5 overexpression upregulated the
mRNA and protein levels of PAX5, PI3K, AKT1, and
VEGEF-C (P<0.05), and conversely, PAX5 silencing down-
regulated these factors (P<0.05). These data indicate that
PAXS5 positively regulates the expression of itself, and of
genes and proteins associated with the PI3K/AKT1 sig-
naling pathway (PI3K, AKT1), and positively modulates
the expression of the angiogenesis-related factor, VEGF-
C, in vivo.

Discussion

This study, integrating scRNA-seq, ST, cell biology, and
in vivo animal models, elucidates the complexity of the
GAC lymph node metastasis microenvironment and
highlights the critical role of PAX5 in tumor cell prolif-
eration, migration, invasion, and angiogenesis.

Lymph nodes, critical metastatic sites and immune
hubs, possess complex cellularity influencing tumor pro-
gression and treatment respons [15]. In GAC lymph node
samples, single-cell sequencing identified eight principal
cell types. These encompassed T cells, NK cells, B cells,
plasma cells, myeloid cells, stromal cells, and prolifera-
tive cell clusters, forming the core cellular framework of
the GAC lymph node immune microenvironment. This
composition is highly consistent with established gastric
cancer immune microenvironment profiles [2].

Immune cell proliferation in the tumor microenviron-
ment reflects immune response status, but prior studies
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overlooked the heterogeneity of proliferative cell popula-
tions [16]. For the first time, a proliferative cluster, com-
prising six immune cell subpopulations (proliferative
CD4 + T cells, CD8 + T cells, NK cells, B cells, plasma
cells, and dendritic cells), was identified in GAC lymph
nodes. This cluster exhibited high expression of prolif-
eration markers like HMGB2 and STMNI1. Widespread
immune cell proliferation was observed in GAC lymph
nodes, indicative of a dynamic tumor-immune bal-
ance. While immune cells proliferate to combat tumors,
tumors may exploit this by inducing aberrant prolifera-
tion and functional remodeling for immune evasion or
suppression [17].

Spatial transcriptomics analysis revealed TLS formation
and proliferative B cell aggregation, a central discovery of
this study. TLS are spontaneous lymphoid aggregates in
the tumor microenvironment. Their presence correlates
with improved patient prognosis by recruiting and acti-
vating immune cells to bolster local anti-tumor immu-
nity [18]. Through spatial transcriptomic deconvolution
analysis, it was first confirmed in this study that T cells
and B cells exhibit a clustered distribution in the tumor
regions of gastric adenocarcinoma (GAC) lymph nodes,
where typical tertiary lymphoid structures (TLS) are
formed. Furthermore, proliferative B cells are specifically
enriched within these TLS—this finding reveals the core
functional role of TLS in the immune microenvironment

of GAC lymph nodes. Regarded as “immune response
hubs” in the tumor microenvironment, TLS mediates
the establishment of local anti-tumor immune responses.
This is achieved through recruiting immune cells, pro-
moting antigen presentation, and facilitating lymphocyte
activation [19]. In the present study, the enrichment of
proliferative B cells within TLS was suggested to indicate
that the proliferation and differentiation of B cells may
rely on the cytokine microenvironment and intercellular
crosstalk provided by TLS. Within TLS, synergistic inter-
actions between B cells and CD4* follicular helper (Tfh)
cells drive germinal center reactions, through which
high-affinity antibody-secreting plasma cells are gener-
ated. Meanwhile, B cells directly enhance CD8* T cell
cytotoxic responses via antigen presentation and cyto-
kine secretion [20]. This finding provides direct cytologi-
cal evidence for the anti-tumor immune function of TLS
in GAC lymph nodes.

B cells, as key mediators linking innate and adaptive
immunity, are closely associated with tumor progression
through their functional differentiation [21]. In the pres-
ent study, GO functional enrichment analysis confirmed
that proliferative B cells—critical connectors between
innate and adaptive immunity—exhibit significant func-
tional heterogeneity across different progression stages of
GAC, including PL, MPL, and MLN. This heterogeneity
reflects their characteristics of dynamic remodeling in
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the tumor immune microenvironment. At the PL stage, B
cells focus on apoptosis regulation and osteoclast differ-
entiation control, participating in early tumor clearance
and invasion restriction. At the MPL stage, their function
shifts to regulating the activation of immune cells such
as T cells and NK cells, thereby enhancing anti-tumor
immune responses. At the MLN stage, B cells establish
an immune escape network through Th2-type immune
deviation, dysregulation of immune effector processes,
inhibition of lymphocyte migration, and abnormal acti-
vation of the complement pathway. Combined with the
regulation of pro-tumor pathways, metabolic adapta-
tion, and misleading intercellular signal transmission,
they ultimately transform into key effector cells that drive
immune suppression and tumor metastasis. A review by
Wang et al. [22] clarified that B cells exhibit remarkable
functional plasticity in the TME. For instance, anti-tumor
immunity can be mediated by B cells through antibody
secretion or activation of complement-dependent cyto-
toxicity (CDC) [23]. Additionally, B cells secrete effector
cytokines (e.g., IFN-y). These cytokines may skew T cell
responses toward Thl or Th2 phenotypes, or promote
T cell responses by acting as antigen-presenting cells,
thereby exerting negative regulatory effects on tumors
[24].

PAX5, a core transcription factor regulating B cell
development and function, plays an irreplaceable role in
B cell proliferation, differentiation, and immunoglobulin
gene rearrangement [25, 26]. Through Lasso regression
and random forest model analysis in this study, PAX5
was identified as a highly significant gene predicting the
characteristics of proliferative B cells. Its expression level
was the highest in MLNs and the lowest in PLs, with
extremely significant differences among the three groups.
This finding suggests that PAX5 may be involved in the
functional regulation of proliferative B cells and the
lymph node metastasis process of GAC.

To delineate the specific role of PAX5 in GAC, we
demonstrated through in vitro cell assays that PAX5
promotes the proliferation, migration, and invasion of
GAC cells. These results align with previous findings
linking PAX5 protein expression to neuroblastoma cell
proliferation and its involvement in human growth hor-
mone-induced breast cancer cell proliferation [27, 28].
Moreover, studies have established PAX5 as a regulator
in several non-hematopoietic tissues and cancers, includ-
ing malignant neuroblastoma and pediatric brain tumors,
with its expression consistently promoting cell prolif-
eration [29] These findings collectively support a similar
pro-tumorigenic role for PAX5 in GAC. Additionally, we
observed that PAX5 upregulates VEGF-C expression,
thereby fostering tumor angiogenesis. VEGF-C, a critical
mediator of neovascularization, is instrumental in tumor
growth and metastasis [30]. Several studies have reported

Page 15 of 17

elevated VEGEF-C expression across various malignan-
cies, driving lymphangiogenesis within TME [31, 32]. For
instance, in gastric cancer, a positive correlation has been
identified between lymphatic vessel invasion, lymph node
status, and tissue expression of VEGF-C, with VEGF-C
mRNA levels in tumor tissue exceeding those in normal
mucosa [33, 34]. These independent findings corroborate
the findings of our study, suggesting that PAX5 facilitates
GAC angiogenesis through VEGF-C modulation, thereby
contributing to tumor progression.

The PISK/AKTT1 signaling pathway is a central pathway
in numerous cancers, regulating cell survival, metasta-
sis, and metabolism [35, 36]. For example, activation of
this pathway promotes proliferation and migration of
glioma and gastric cancer cells [37, 38]. Dysregulation of
the PI3K/AKT1 pathway can result from various mecha-
nisms, including mutations in genes such as PIK3CA,
PTEN, AKT, TSC1, and mTOR [39]. Our findings dem-
onstrate that PAX5 significantly upregulates the expres-
sion of both PIK3 and AKT genes and proteins, thereby
activating the PI3K/AKT1 pathway and consequently
promoting proliferation and invasion of GAC cells. This
suggests that PAX5’s modulation of the PI3K/AKT1
pathway is a crucial mechanism underlying its pro-
tumorigenic effects. Within TME, increased angiogenesis
provides tumor cells with enhanced access to nutrients
and oxygen, thereby fueling tumor progression. The
PI3K/AKT1 signaling pathway also plays a role in angio-
genesis and the recruitment of inflammatory mediators.
Evidence suggests that the PI3K/Akt pathway promotes
TNF-induced endothelial cell migration and regulates
tumor angiogenesis; matrix metalloproteinases (MMPs)
and cyclooxygenase 2 (COX-2) similarly influence tumor
vascularization [40]. Furthermore, VEGF activates the
PI3K/Akt pathway through the formation of a VEGEF/
VEGEFR-2 dimer, thus mediating both tumor metasta-
sis and angiogenesis [41]. In breast cancer, the PI3K/
Akt signaling pathway mediates IGF-1-induced VEGE-C
upregulation, leading to lymphatic metastasis [42]. Our
subsequent in vitro co-culture assays further demon-
strated that PAX5 overexpression upregulates the expres-
sion of VEGF-C and the PI3K/AKT]1 signaling pathway,
enhancing HLEC cell tube formation. This indicates
that the PI3K/AKT1 signaling pathway participates in
PAX5-induced VEGFR-C upregulation during GAC lym-
phatic metastasis, ultimately contributing to metastatic
progression.

Finally, we developed a subcutaneous tumor-bearing
mouse model. The in vivo findings further validated that
PAX5 promotes tumor growth, positively regulates itself
and the PI3K/AKT1 signaling pathway, and positively
modulates the expression of the angiogenesis-related fac-
tor VEGE-C. These in vivo results align with the in vitro
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cell assay findings, strongly supporting the critical role of
PAXS5 in GAC lymph node metastasis.

However, the number of proliferative immune cells
identified in this study was relatively small, and the reli-
ability of the obtained results remains to be further veri-
fied. Due to the potential randomness and bias that may
exist in small-sample cell populations, the applicabil-
ity and robustness of the derived gene signatures in dif-
ferent samples or cohorts cannot be fully guaranteed,
which is an unavoidable research limitation of this study.
Notably, the original study of the GSE234129 dataset
obtained a much larger scale of cell samples by integrat-
ing five single-cell RNA sequencing datasets, which pro-
vides sufficient support for the single-cell level analysis
of proliferative immune cells. In light of the constructive
suggestions from the reviewers, to further improve the
robustness of the relevant analyses in this study, more
public datasets will be incorporated in our subsequent
research to further improve the verification of the gene
signatures of proliferative immune cells. Meanwhile, spe-
cial focus will be placed on combining spatial transcrip-
tome data to deepen the correlation analysis between the
spatial distribution and function of proliferative immune
cells, thereby further enhancing the scientificity and rigor
of the research conclusions.

Conclusion

In this study, combined scRNA-seq and ST technologies
were employed to systematically analyze the lymph node
metastatic microenvironment of GAC. Eight cell types
and six distinct proliferative subpopulations were iden-
tified. The functional dynamic characteristics of prolif-
erative B cells transitioning from anti-tumor immunity to
an immune escape phenotype were unveiled, and PAX5
was screened as a key gene. A series of experiments
confirmed that PAX5 could promote the proliferation,
migration, invasion and angiogenesis of GAC cells. Its
mechanism of action is closely associated with the regu-
lation of VEGEF-C and PI3K/AKT1 signaling pathways. In
the future, further exploration of the regulatory network
of PAX5 will be conducted. Its potential as a diagnostic
marker or prognostic indicator will be evaluated, aiming
to provide more effective therapeutic strategies for GAC.
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