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Prediction and verification of the prognostic biomarker SLC2A2
and its association with immune infiltration in gastric cancer
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Abstract. Gastric cancer (GC) is the fifth most common cause
of cancer-associated deaths; however, its treatment options are
limited. Despite clinical improvements, chemotherapy resis-
tance and metastasis are major challenges in improving the
prognosis and quality of life of patients with GC. Therefore,
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effective prognostic biomarkers and targets associated with
immunological interventions need to be identified. Solute
carrier family 2 member 2 (SLC2A2) may serve a role in
tumor development and invasion. The present study aimed
to evaluate SLC2A2 as a prospective prognostic marker and
chemotherapeutic target for GC. SLC2A2 expression in several
types of cancer and GC was analyzed using online databases,
and the effects of SLC2A2 expression on survival prognosis in
GC were investigated. Clinicopathological parameters were
examined to explore the association between SLC2A2 expres-
sion and overall survival (OS). Associations between SLC2A2
expression and immune infiltration, immune checkpoints and
IC,, were estimated using quantification of the tumor immune
contexture from human RNA-seq data, the Tumor Immune
Estimation Resource 2.0 database and the Genomics of Drug
Sensitivity in Cancer database. Differential SLC2A2 expres-
sion and the predictive value were validated using the Human
Protein Atlas, Gene Expression Omnibus, immunohistochem-
istry and reverse transcription-quantitative PCR. SLC2A2
expression was downregulated in most types of tumor but
upregulated in GC. Functional enrichment analysis revealed
an association between SLC2A2 expression and lipid metabo-
lism and the tumor immune microenvironment. According
to Gene Ontology term functional enrichment analysis,
SLC2A2-related differentially expressed genes were enriched
predominantly in ‘chylomicron assembly’, ‘plasma lipopro-
tein particle assembly’, ‘high-density lipoprotein particle’,
‘chylomicron’, ‘triglyceride-rich plasma lipoprotein particle’,
‘very-low-density lipoprotein particle’. ‘intermembrane lipid
transfer activity’, ‘lipoprotein particle receptor binding’,
‘cholesterol transporter activity’ and ‘intermembrane choles-
terol transfer activity’. In addition, ‘cholesterol metabolism’,
and ‘fat digestion and absorption’ were significantly enriched
in the Kyoto Encyclopedia of Genes and Genomes pathway
analysis. Patients with GC with high SLC2A2 expression had
higher levels of neutrophil and M2 macrophage infiltration and
asignificant inverse correlation was observed between SLC2A2
expression and MYC targets, tumor mutation burden, micro-
satellite instability and immune checkpoints. Furthermore,
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patients with high SLC2A2 expression had worse prognosis,
including OS, disease-specific survival and progression-free
interval. Multivariate regression analysis demonstrated that
SLC2A2 could independently prognosticate GC and the
nomogram model showed favorable performance for survival
prediction. SLC2A2 may be a prospective prognostic marker
for GC. The prediction model may improve the prognosis of
patients with GC in clinical practice, and SLC2A2 may serve
as a novel therapeutic target to provide immunotherapy plans
for GC.

Introduction

Gastric cancer (GC) is the fifth most common cause of
cancer-associated deaths worldwide, with limited treat-
ment options (1,2). However, most patients with GC exhibit
insidious onset and no obvious symptoms in the early stage,
which leads to the clinical diagnosis of GC in the advanced
stage (3). In 2020, >1 million new cases of stomach cancer and
~770,000 deaths from stomach cancer were reported, with about
half of all new cases and related deaths occurring in China (4).
According to previous studies, early detection of GC leads to
favorable prognosis, whereas advanced stages of GC have
worse prognoses, with survival rates of <20% (3-5). Targeted
and novel immune-based therapies have become more acces-
sible, improving the survival and prognosis of patients with
GC (6,7). There is a need to identify effective immunological
intervention-associated prognostic biomarkers and targets (8).

Solute carrier family 2 member 2 (SLC2A2), also known
as glucose transporter type 2 (GLUT2), belongs to the GLUT
family and is primarily responsible for transporting glucose into
cells (9,10). According to previous research, tumor cells transport
glucose to intracellular stores to meet their high metabolic energy
demands via the SLC2A protein, suggesting that the expression
of different SLC2A subtypes may be associated with invasive-
ness and progression of tumors (10). High SLC2A2 expression
is positively associated with a higher overall survival (OS) rate
in liver and breast cancer and other malignant tumors (10,11).
However, to the best of our knowledge, the association between
SLC2A2 expression and GC prognosis is unknown.

In the present study, Kaplan-Meier curves were used to
investigate the association between survival prognosis and
SLC2A2 expression in GC, and the association between SLC2A2
expression and MYC targets, tumor mutation burden (TMB),
microsatellite instability (MSI), immune infiltration, immune
checkpoints and IC,, was explored to assess the relationship
between SLC2A2 expression and immunotherapy effect. Finally,
the association between SLC2A2 expression and clinical
features was investigated and a predictive nomogram model was
established and verified to assess the OS rate of GC. The objec-
tive of the present study was to evaluate whether SLC2A2 could
be used as a prognostic biomarker and a novel immunotherapy
target for GC to improve the early diagnosis rate of GC and
provide a novel regimen for immunotherapy of GC.

Materials and methods
Data collection and preprocessing. A standardized pan-cancer

dataset that combined The Cancer Genome Atlas (TCGA) and
Genotype-Tissue Expression (GTEx) data was downloaded

from the University of California, Santa Cruz genome browser
(xenabrowser.net/). Data on RNA sequencing and corre-
sponding clinical features of stomach adenocarcinoma were
obtained from TCGA (portal.gdc.cancer.gov/). All transcripts
per million values were generated from fragments per kilo-
base million data and unified into log-transformed data (12).
The present study adhered to GTEx (https:/commonfund.nih.
gov/GTEx) and TCGA publication guidelines (http://cancerge-
nome.nih.gov/publications/publicationguidelines).

Differential SLC2A2 expression in cancer and GC. Using the
Wilcoxon rank-sum test, SLC2A2 expression was compared
between cancer and normal tissues (healthy individuals, and
adjacent tissues from the same or different patients) based
on data downloaded from TCGA and GTEx. To identify
differentially expressed genes (DEGs) in GC, SLC2A2
median expression in stomach adenocarcinoma samples
was used as a cut-off value to divide patients into the low
and high SLC2A2 groups. A correlation heat map was
constructed to display the association between SLC2A2 and
the top 12 significant DEGs using R software (version 3.6.3;
https://www.r-project.org/). DESeq2 was used to analyze data
using R software (version 3.6.3; https://www.r-project.org/).
An adjusted P-value (P.adj)<0.05 and llog fold-change (FC)I>2
were considered to indicate statistically significant DEGs.

Functional analysis of SLC2A2 in GC. To illustrate
DEG-associated biological functions, the ‘clusterProfiler’
(version3.14.3; https:/guangchuangyu.github.io/software/clus-
terProfiler) package was used for Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analyses. Gene symbols were transformed into EntrezID
to obtain GO and KEGG functional annotations using org.
Hs.eg.db (version 3.12.0; https://www.bioconductor.org/pack-
ages/org.Hs.eg.db). GO enrichment analysis was divided
into three categories: Biological processes (BPs), molecular
functions (MFs) and cellular components (CCs). Gene set
enrichment analysis (GSEA; http://www.broadinstitute.
org/gsea) was conducted to examine the differential pathways
and biological functions associated with SLC2A2 expres-
sion, including GO enrichment analysis, Reactome pathway
analysis and Wiki pathways analysis based on the C2 collec-
tion from the Molecular Signatures Database (https://www.
gsea-msigdb.org/gsea/msigdb). A false discovery rate g-value
<0.25 and P.adj <0.05 were used to determine statistical
significance.

Immune infiltration, copy number alteration and gene muta-
tion analysis of SLC2A2 in GC. The infiltration of immune
cells was analyzed using quantification of the tumor immune
contexture from human RNA-seq data (QUANTISEQ from
the ‘Immunedeconv’ R package; version 2.0.3, icbi.i-med.
ac.at/software/quantiseq/doc/). The Pearson correlation coeffi-
cient was calculated to explore the correlation between immune
cell infiltration and SLC2A2 expression (13). To explore the
correlation between the expression levels of SLC2A2 and
different immune infiltrating cells in GC, the Tumor Immune
Estimation Resource 2.0 database (http:/timer.cistrome.org/)
was used to analyze the association between SLC2A2 and
immune infiltration levels, and a Cox proportional hazard
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model was constructed. The copy number alterations of
SLC2A2 in GC and the gene mutation status of SLC2A2 in GC
were investigated using cBioPortal (version 5.4.7; https://www.
cbioportal.org/).

Immune checkpoint, MYC targets, TMB, MSI and chemother-
apeutic response analysis of SLC2A2 in GC. Further analysis
was conducted to assess the association between SLC2A2
expression and six major immune checkpoints, namely
glucocorticoid-induced tumor necrosis factor-related [GITR;
TNFR superfamily 18 (TNFRSF18)] protein, programmed
cell death ligand 1 (PD-L1; CD274), programmed cell death 1
(PDCD1), cytotoxic T-lymphocyte associated protein 4
(CTLAA4), sialic acid binding Ig-like lectin 15 (SIGLECIS5)
and signal regulatory protein a (SIRPa). MYC targets,
TMB and MSI were examined to assess the effective-
ness of immunotherapy using ‘ggstatsplot’ (version 4.0.2;
https://github.com/IndrajeetPatil/ggstatsplot) and ‘GSVA’
(version 1.34.0; https://www.bioconductor.org/pack-
ages/release/bioc/vignettes/GSVA/inst/doc/GSVA .html). The
Spearman's correlation coefficient was calculated to explore
the correlation between MYC targets/TMB/MSI score
and SLC2A2 expression. To predict the chemotherapeutic
response associated with SLC2A2 expression, the ICs, score
was analyzed based on Genomics of Drug Sensitivity in
Cancer (release-8.2; https:/www.cancerrxgene.org/) (14). The
‘pPRRophetic’ package (version 0.5; https://github.com/paul-
geeleher/pRRophetic) was used for prediction and the ICj,
score was calculated using ridge regression.

Survival prognosis analysis of SLC2A2. Based on the
clinical data from TCGA (https://tcga-data.nci.nih.gov/tcga/),
Kaplan-Meier curves were used to investigate the association
between survival prognosis and SLC2A2 expression in GC using
the ‘survival’ package (version 3.2-10; https://cran.r-project.
org/package=survival). OS, disease-specific survival (DSS)
and progression-free interval (PFI) of the patients divided into
low and high SLC2A2 expression groups based on the median
of SLC2A2 expression as the cutoff were compared. SLC2A2
expression and corresponding clinical variables were evaluated
using univariate and multivariate Cox regression analysis to
determine independent prognostic factors for survival. Clinical
information such as age, sex, TNM stage and the RO grade
for complete resection of residual tumor was incorporated. To
elucidate the prognostic effect of SLC2A2 in GC, subgroup
analysis was conducted. The Sankey diagram, prognostic
nomogram and corresponding calibration plots were gener-
ated using ‘survival’ (version 3.2-10; https://cran.r-project.
org/package=survival) and ‘RMS’ (version 6.2-0;
https://cran.r-project.org/web/packages/rms/index.html) pack-
ages to predict the OS at 1, 4 and 6 years. Discrimination was
quantified using the concordance index and the accuracy of
the nomogram was evaluated by comparing observed rates and
nomogram-predicted probabilities.

Validation of differential SLC2A2 expression and predictive
values.To validate SLC2A2 expression and its predictive value,
SLC2A2 expression in normal gastric tissue from healthy
individuals and GC tissues was compared using the Human
Protein Atlas (HPA) database (proteinatlas.org/). A total of two

microarray datasets, GSE38749 and GSE84437, were down-
loaded from the Gene Expression Omnibus (GEO) database
(ncbi.nlm.nih.gov/geo/) to analyze the association between
expression levels of SLC2A2 and clinical characteristics in
GC, including survival status, age, T stage and N stage (15,16).
Kaplan-Meier plotter (2022 version; kmplot.com/analysis/)
was then used to verify whether SLC2A2 affects GC prog-
nosis. The log-rank P-value and hazard ratio (HR) with 95%
confidence intervals were calculated. An automatic cut-off
value for high or low SLC2A2 expression was determined
by the Kaplan-Meier plotter, and the GC mRNA dataset and
corresponding clinical information analyzed by Kaplan-Meier
plotter came from three databases, including TCGA, GEO and
European Genome-phenome Archive.

Immunohistochemistry (IHC). A GC tissue microarray (TMA;
cat. no. D046St01) was purchased from Xi'an Bioaitech Co.,
Ltd. The GC tissues were fixed in 4% paraformaldehyde (room
temperature; <24 h), immobilized in paraffin and sectioned at
4 uym. The TMA contained 46 samples, including 40 samples
of GC and 6 mild gastritis samples from gastric mucosa adja-
cent to cancer. IHC of the TMA was carried out according to
standard procedures (17). Briefly, the IHC application solution
kit (cat. no. 13079S; Cell Signaling Technology, Inc.) was used
for staining. After being heated to 60°C for 1 h, the TMA was
deparaffinized in turpentine oil type biological tablet trans-
parent agent three times for 10 min each, then dipped in 99.5%
anhydrous ethanol (C2H60; cat. no. C15188908; Macklin Inc.)
and 95% ethanol (C2H60; cat. no. C13799050; Macklin, Inc.)
twice for 10 min each. The TMA was transferred to EDTA
buffer (pH 6.0) by microwave heating for antigen retrieval.
Microwave heating was performed at medium-high for 4 min,
high for 5 min and then another 10 min at medium-high, then
washed with distilled water (dH,0O) after cooling. The TMA
was washed with dH,O three times for 5 min each, immersed
in 3% hydrogen peroxide for 20 min, then washed with dH,O,
Tris-Buffered Saline and 0.1% Tween-20 (TBST). The slide
was blocked with 20% (1X) animal-free blocking solution
(cat. no. 15019S; Cell Signaling Technology, Inc.) at room
temperature for 2 h and incubated with primary antibody
(anti-SLC2A2; 1:500; cat. no. 66889-1-Ig; Proteintech Group,
Inc.) overnight at 4°C, followed by a 30-min incubation with
2 drops (100 pl) secondary antibody (SignalStain® Boost
IHC Detection Reagent; HRP; mouse; cat. no. 8125S; Cell
Signaling Technology, Inc.) at room temperature. A three-step
washing procedure with TBST was followed by SignalStain®
3,3'-diaminobenzidine staining (cat. no. 8059S; Cell Signaling
Technology, Inc.). The TMA was mounted and observed in
three randomly selected fields of view (light microscope;
magnification, x400; Pannoramic MIDI; 3DHISTECH, Ltd.)
to calculate the average optical density. IHC intensity was
quantified using Fiji ImageJ (version 2.0.0; National Institutes
of Health) by calculating the integrated and mean integrated
optical density (IOD) (IOD/area).

Cell lines. The GES-1 normal gastric mucosal epithelial cell
line and three types of GC cell lines (AGS, HGC-27 and
NCI-N87) were obtained from BeNa Culture Collection;
Beijing Beina Chunglian Institute of Biotechnology. GES-1
cells were maintained in DMEM (Wuhan Servicebio
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Technology Co., Ltd.) containing 10% FBS (Gibco; Thermo
Fisher Scientific, Inc.). AGS and NCI-N-87 cells were cultured
in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
containing 10% FBS, while HGC-27 cells were maintained in
RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.)
containing 20% FBS. All cells were cultured at 37°C in a
humidified atmosphere containing 5% CO,.

Reverse transcription-quantitative PCR (RT-qPCR). Total
cellular RNA was isolated from GES-1, AGS, HGC-27
and NCI-N87 cells using the RNApure Tissue & Cell kit
(cat. no. CW0560S; CoWin Biosciences), and cDNA was
synthesized using a UnionScript First-strand cDNA Synthesis
Mix for qPCR (cat. no. SR511; Beijing Genesand Biotech Co.,
Ltd.). The reverse transcription conditions were 37°C for 2 min,
55°C for 15 min and 85°C for 5 min using the T100 Thermo
Cycler (Bio-Rad Laboratories, Inc.). RT-qPCR was performed
using a QuanStudioTM 5 Real-Time PCR instrument (Thermo
Fisher Scientific, Inc.) using GS AntiQ qPCR SYBR Green
Fast Mix (cat. no. SQ410; Beijing Genesand Biotech Co., Ltd.).
GAPDH (forward primer, 5'-GAAGGTGAAGGTCGGAGT
C-3' and reverse primer, 5-GAAGATGGTGATGGGATT
TC-3") was used as the internal control. The human SLC2A2
qPCR primers were: Forward, 5'-ATTGCTCCAACCGCT
CTCA-3" and reverse, 5S'-"-ATGGCTCGCACACCAGAC-3". The
thermocycling conditions were as follows: Initial denaturation
at 95°C for 3 min, followed by 40 cycles of 95°C for 5 sec and
60°C for 15 sec, and melting curve at 95°C for 15 sec, 60°C
for 1 min and 95°C for 15 sec. The relative gene expression of
SLC2A2 was calculated as the FC using the 222°4 method (18)
and GraphPad Prism (version 8.0; Dotmatics).

Statistical analysis. Log, transformation was used to
normalize gene expression data. For analysis of SLC2A2
expression, the Wilcoxon rank-sum test was used. Using
univariate and multivariate Cox regression models, the HR and
95% CI of various clinical features were determined. Pearson
and Spearman's coefficients were calculated to explore the
correlation between immune cell infiltration, immune check-
points and MYC/TMB/MSI score and SLC2A2 expression.
The statistical difference of QUANTISEQ Scores was tested
using the Kruskal-Wallis test. Bonferroni post hoc tests were
used for post hoc comparisons. The potential relationship
between SLC2A2, prognosis and immunotherapy efficacy of
GC related to copy number variation and gene mutation was
analyzed using cBioPortal (version 5.4.7; https://www.cbio-
portal.org/) to perform a comprehensive analysis of SLC2A2
alterations in GC. The time-dependent receiver operating char-
acteristic (ROC) curve was used to verify the sensitivity and
specificity of SLC2A2 in the diagnosis of GC. Kaplan-Meier
curves, Kruskal-Wallis test with Dunn's post hoc test and
the log-rank test were used to analyze survival differences.
According to different clinical parameters, the high and
low SLC2A2 expression groups determined by median were
compared with the Kruskal-Wallis test to validate SLC2A2
expression and its predictive value for the survival function.
Data analysis was conducted using R software (version 3.6.3;
https://www.r-project.org/about.html). The IOD was calcu-
lated using Fiji ImageJ (version 2.0.0; National Institutes of
Health) and data were analyzed using one-way ANOVA with

Tukey's post hoc test. Data are presented as the mean + SD.
gPCR was performed three times independently. A two-sided
P<0.05 was considered to indicate a statistically significant
difference.

Results

Differential SLC2A2 expression in GC and other types of
cancer. The sequencing data of a total of 210 normal samples
and 414 GC samples were extracted from GTEx and TCGA
databases. Among them, the normal samples included
174 samples from healthy individuals and 36 samples from
normal gastric mucosal tissue adjacent to cancer. SLC2A2
expression was downregulated in most types of tumor, such
as breast invasive carcinoma (P<0.001), cholangiocarcinoma
(P<0.001), lymphoid neoplasm diffuse large B-cell lymphoma
(P<0.05), kidney chromophobe (P<0.001), acute myeloid
leukemia (P<0.001), lung squamous cell carcinoma (P<0.05),
ovarian serous cystadenocarcinoma (P<0.001), prostate adeno-
carcinoma (P<0.001), skin cutaneous melanoma (P<0.001),
thyroid carcinoma (P<0.001), thymoma (P<0.001), uterine
corpus endometrial carcinoma (P<0.01) and testicular germ
cell tumors (P<0.001; Fig. 1A), but upregulated in six tumor
types compared with the normal tissues, including stomach
adenocarcinoma/GC (P<0.001), colon adenocarcinoma
(P<0.001), esophageal carcinoma (P<0.001), glioblastoma
multiforme (P<0.001), kidney renal clear cell carcinoma
(P<0.001) and pancreatic adenocarcinoma (P<0.05; Fig. 1A).
SLC2A2 expression was unchanged in several tumors,
including adrenocortical carcinoma, bladder urothelial carci-
noma, and cervical squamous cell carcinoma and endocervical
adenocarcinoma (Fig. 1A). Based on llogFCI>2 and P.adj<0.05
thresholds, 1,471 DEGs, including of 1,465 significantly
upregulated and six significantly downregulated genes, were
identified (Fig. 1B). In addition, according to the llogFCl value,
six significantly DEGs were selected from each of the upregu-
lated (APOA4, AFP, APOA1, APOA2, VCX2 and AC115619.1)
and downregulated genes (BOK-AS1, AC105460.1, CALBI,
CLCA4, TMPRSS11B and CALCA) in descending order. A
correlation heat map was constructed to display the associa-
tion between SLC2A2 and the top 12 significantly upregulated
and downregulated DEGs (Fig. 1C).

Functional enrichment analysis of SLC2A2 in GC.
DEG-associated functional enrichment analysis was conducted.
According to KEGG pathway and GO term functional enrich-
ment analysis (Fig. 2A and B), for BPs, SLC2A2-related DEGs
were enriched predominantly in ‘sensory perception of smell’,
‘chylomicron assembly’, ‘detection of chemical stimulus
involved in sensory perception’, ‘plasma lipoprotein particle
assembly’ and ‘detection of chemical stimulus involved in
sensory perception of smell’. For CCs, DEGs were primarily
related to ‘high-density lipoprotein particle’, ‘chylomi-
cron’, ‘triglyceride-rich plasma lipoprotein particle’, ‘blood
microparticle’ and ‘very-low-density lipoprotein particle’. For
the MFs, DEGs were mostly involved in ‘olfactory receptor
activity’, ‘intermembrane lipid transfer activity’, ‘lipoprotein
particle receptor binding’, ‘cholesterol transporter activity’
and ‘intermembrane cholesterol transfer activity’ (Fig. 2C).
In addition, ‘olfactory transduction’, ‘cholesterol metabolism’,
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Figure 1. Differential expression of SLC2A2 in cancer types and GC. (A) SLC2A2 expression in pan-cancers and normal tissues. (B) Differentially expressed
analysis between the high and low SLC2A2 expression groups of GC determined by median expression levels of SLC2A2. (C) Correlation between SLC2A2

and the top 12 significantly upregulated and downregulated genes. ‘P<0.05, “P<0.01,

Fh

P<0.001, tumor vs. normal, and for the correlation between two genes.

GC, gastric cancer; ns, not significant; P.adj, adjusted P-value; SLC2A2, solute carrier family 2 member 2; TPM, transcripts per million.

‘fat digestion and absorption’, ‘complement and coagulation
cascades’ and ‘vitamin digestion and absorption’ were signifi-
cantly enriched in the KEGG pathway analysis (Fig. 2D).

GSEA of GO enrichment analysis, Reactome pathway analysis
and Wiki pathways analysis between SLC2A2 high expression
and low expression levels for latent biological functions. To
determine the latent functions of SLC2A2 in patients with GC,
GSEA was conducted based on false discovery rate g-values
<0.25 and P.adj<0.05. According to GO enrichment analysis,
‘sterol transfer activity’, ‘sterol transporter activity’, ‘lipopro-
tein particle receptor binding’, ‘lipid transfer activity’ and
‘cholesterol binding” were significantly enriched in association
with high SLC2A2 expression (Fig. 3A). However, ‘DNA N
glycosylase activity’, ‘prenyltransferase activity’, ‘MHC class I
protein binding’, ‘superoxide generating NADPH oxidase acti-
vator activity’ and ‘CXCR chemokine receptor binding’ were
significantly enriched in association with low SLC2A2 expres-
sion (Fig. 3B). According to the Reactome pathway analysis,
‘chylomicron assembly’, ‘plasma lipoprotein assembly’,
‘GRB2 SOS provides linkage to MAPK signaling for inte-
grins’, ‘P130CAS linkage to MAPK signaling for integrins’
and ‘metabolism of fat soluble vitamins’ were significantly
enriched in association with increased SLC2A2 expression
(Fig. 3C), and ‘regulation of NF«kB signaling’, ‘signaling by

NOTCHI HD domain mutants in cancer’, ‘SUMOylation of
immune response proteins’, ‘repression of Wnt target genes’
and ‘mitochondrial iron sulfur cluster biogenesis’ were
significantly enriched in association with decreased SLC2A2
expression (Fig. 3D). Furthermore, the association between
Wiki pathways and SLC2A2 expression was investigated based
on the C2 collection from the Molecular Signatures Database.
‘Lipid particles composition’, ‘metabolic pathway of LDL
HDL and TG including diseases’, ‘statin inhibition of choles-
terol production’, ‘PPARa pathway’ and ‘folate metabolism’
were significantly enriched in association with high SLC2A2
expression (Fig. 3E), and ‘amplification and expansion of
oncogenic pathways as metastatic traits’, ‘apoptosis modula-
tion by HSP70’, ‘cancer immunotherapy by CTLA4 blockade’,
‘development of pulmonary dendritic cells and macrophage
subsets’ and ‘aerobic glycolysis’ were significantly enriched
in association with low SLC2A2 expression (Fig. 3F). These
results indicated that SLC2A2 expression was associated with
dynamic alteration of inflammatory chemokines, oxidative
stress, lipid metabolism, inflammatory reaction, immune
regulation and the tumor immune microenvironment.

Association between SLC2A2 and immune infiltration and
mutation types of SLC2A2 by mutation count and alteration
frequency. SLC2A2 expression and immune cell infiltration
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Figure 2. Functional enrichment analysis of SLC2A2 in gastric cancer. (A) KEGG pathway and GO term functional enrichment analysis of SLC2A2.
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levels in GC were analyzed. QUANTISEQ revealed that
neutrophils (P=0.003) and M2 macrophages (P=0.045) were
significantly increased in patients with high SLC2A2 expres-
sion, whereas M1 macrophages (P=0.037) were significantly
decreased (Fig. 4A-C), although the correlations were weak.
The distribution of QUANTISEQ immune score in GC tissue
was divided into high expression group and low expression
group according to the median expression value of SLC2A2,
and data for 32 normal samples of gastric mucosa adjacent to
cancer from the same patients were extracted from TCGA as
the normal group for this immune score. GC and normal tissues
exhibited significant differences in M1 macrophages (P<0.001),
monocytes (P<0.001), neutrophils (P<0.05) and CD4* T cells
(P<0.05), while M2 macrophages were markedly different
(0.05=<P<0.1; Fig. 4D). The analysis of putative copy number
alterations showed that the expression of SLC2A2 was related
to missense point mutations, with the highest mutation count

found in the diploid, indicating the gene mutations of SLC2A2
in GC may contribute to poor prognosis and immunotherapy
might be effective for this patients with high expression level
of SLC2A2 (Fig. 4E). Mutation analysis showed that SLC2A?2
was highly amplified in GC, and the highest amplification
rate of 6.28% was found in TCGA Firehose Legacy cohort
(Fig. 4F). The multivariate Cox proportional hazard model
of immune subsets of GC revealed that SLC2A2 primarily
affected the prognosis of patients by affecting the infiltration
of macrophages and B cells in the immune microenvironment

of GC (Table I).

Correlation between immune checkpoints, MYC, TMB, MSI
and ICs, and SLC2A2 expression. Further analyses were
conducted to investigate the relationship between SLC2A2
expression and the immune checkpoints of GC, namely GITR
(TNFRSF18), PD-L1 (CD274), PDCDI1, CTLA4, SIGLECI15
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Table I. Cox proportional hazard model of gastric cancer immune subsets.

Characteristic Regression coefficient 95% CI Hazard ratio P-value
SLC2A2 expression 0.283 1.004-1.753 1.327 0.047¢
Age 0.037 1.017-1.059 1.038 <0.001°
Male sex 0.172 0.788-1.791 1.188 0411
Ethnicity (black) 0.288 0.542-3.278 1.333 0.531
Ethnicity (white) 0.169 0.722-1.944 1.185 0.502
Stage 2 0.783 0.970-4.937 2.189 0.059
Stage 3 1.167 1.504-6.859 3212 0.003¢
Stage 4 1.725 2.071-15.225 5.615 0.001¢
B cell 3.078 1.097-10,548.852 107.592 0.046*
CD8* T cell -0.986 0.018-7.598 0.373 0.521
CD4* T cell -5.023 0.000-1.586 0.007 0.073
Macrophage 7.317 45.703-49,588.633 1,505.436 <0.001°
Neutrophil -5.242 0.000-2.818 0.005 0.102
Dendritic cell 1.960 0.486-103.643 7.099 0.152

"P<0.05, "P<0.001 and “P<0.01. SLC2A2, solute carrier family 2 member 2.

and SIRPa. SLC2A2 expression was positively correlated
with SIGLEC15 (r=0.151; P=0.003) and SIRPa (r=0.116;
P=0.025) and inversely correlated with GITR (r=-0.115;
P=0.025) and PD-L1 (r=-0.105, P=0.042) expression (Fig. 5SA
and B), although the correlations were weak. However, lower
MYC targets (r=-0.13; P=0.010), TMB (r=-0.14; P=0.012)
and MSI score (r=-0.21; P=0.000195) were associated with
increased SLC2A2 expression, although the correlations were
weak (Fig. 5C-E). The aforementioned data showed that with
the increase of SLC2A2 expression level, the expression of
immune checkpoint SIGLEC15 and SIRPa increased, indi-
cating that GC was more likely to exhibit immune escape, and
thus, further spread and metastasize, while the levels of MYC
targets, TMB score and MSI score decreased with the high
expression of SLC2A2, resulting in a worse immunotherapy
effect in GC (19,20). The results indicated that high expres-
sion of SLC2A2 may lead to poor immunotherapy efficacy in
GC.

To evaluate the association between drug sensitivity
and SLC2A2 expression, the ICy, score was determined
based on Genomics of Drug Sensitivity in Cancer (12). ICy,
scores of the most common chemotherapy drugs for GC
were significantly increased in the high SLC2A2 expression
group as follows: 5-Fluorouracil (P=0.0097), doxorubicin
(P=0.00047), A-770041 (P=0.01), etoposide (P=0.0098),
mitomycin C (P=0.0028), parthenolide (P=0.012), saraca-
tinib (P=0.01), imatinib (P=0.015) and salubrinal (P=0.021)
(Fig. 6).

Association between SLC2A2 and GC prognosis. The effect
of SLC2A2 on GC prognosis was assessed using Kaplan-Meier
analysis. High SLC2A2 expression was associated with worse
prognosis in patients with GC with respect to OS (HR,
1.46; 95% CI, 1.05-2.03; P=0.024), DSS (HR, 1.59; 95% CI,
1.05-2.43; P=0.03) and PFI (HR, 1.46; 95% CI, 1.03-2.08;
P=0.036) (Fig. 7A-C). According to univariate analysis, OS

was significantly associated with high SLC2A2 expression
(P=0.024), age >65 years (P=0.005), T3 stage compared with
T1&T2 stage (P=0.016), T4 stage compared with T1&T?2 stage
(P=0.028), M1 stage compared with MO stage (P=0.004),
R1&R2 residual tumor (P<0.001), N1 stage compared with
NO stage(P=0.049) and N3 stage compared with NO stage
(P<0.001; Fig. 7D). However, there was no significant relation-
ship between OS and sex (0.188) or N2 stage compared with
NO stage (P=0.06) of GC (Fig. 7D). Multivariate regression
analysis with the same variables demonstrated that GC could
be independently prognosticated by SLC2A2 (HR, 1.707; 95%
CI, 1.155-2.521; P=0.007; Fig. 7E). The association between
TNM stage and SLC2A2 expression is shown in the Sankey
diagram (Fig. 7F). Additionally, subgroup analyses were
performed based on variables identified in the multivariate
analysis. For OS rates, patients with GC with high SLC2A2
expression had a significantly worse prognosis when analyzing
subgroups of patients based on age >65 years (P=0.013), male
sex (P=0.023), NO stage (P=0.008), diffuse histological type
(P=0.042), RO residual tumor (P=0.015) and primary therapy
outcome of complete response (P=0.039; Fig. 8A). For DSS
rates, high SLC2A2 expression was associated with a worse
prognosis in the RO residual tumor (P=0.013), age >65 years
(P=0.029) and no reflux history (P=0.041) subgroups (Fig. 8B).
T4 stage (P=0.027), RO residual tumor (P=0.028) and no reflux
history (P=0.04) subgroups of patients exhibited significant
differences in PFI rates between the high and low SLC2A2
expression groups (Fig. 8C).

The association among SLC2A2 expression, survival
time and risk scores was calculated to determine the predic-
tive value, and the results showed that with the increasing
expression level of SLC2A2, the risk score of patients was
higher based on the heat map, scatter plot and risk curve
(Fig. 9A). The ROC curve was used to verify the sensitivity
and specificity of SLC2A2 in the diagnosis of GC. The ROC
curve had an area under the curve (AUC) of 0.692 based
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expression of SLC2A2 in GC.

on the clinical data of 624 patients with GC obtained from
GTEx and TCGA (Fig. 9B) and the AUC for OS rates was
0.548, 0.612 and 0.786 at 1, 4 and 6 years, respectively
(Fig. 90).

Finally, a nomogram model was constructed, its
predictive power was confirmed and its accuracy quanti-
fied. The concordance index for the nomogram based on
the clinical variables, including SLC2A2 expression, age,
sex, T stage, N stage, M stage and the presence of residual
tumor, was calculated as 0.707 (95% CI, 0.681-0.733;
Fig. 10A). According to the calibration plots, the predicted

probability was consistent with the observed outcome
(Fig. 10B).

Validation of SLC2A2 expression and its predictive value.
To validate the differential expression of SLC2A2, a
comparison was made between healthy and GC tissues using
the HPA database. GC tissues (medium staining, moderate
intensity) exhibited higher levels of SLC2A2 protein than
normal tissues (low staining, weak intensity; Fig. 11A). For
further analyses, two microarray datasets, GSE38749 and
GSES84437, and the corresponding clinical data of patients
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with GC were obtained from the GEO database. Patients with
GC were grouped according to survival status; the deceased
group exhibited significantly higher levels of SLC2A2 than

the alive group (P=0.04), based on the GSE38749 dataset
(Fig. 11B). Kaplan-Meier survival analysis revealed an
association between high SLC2A2 expression and poorer
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prognosis in GC (HR, 5.35; 95% CI, 1.31-21.95; P=0.02;
Fig. 11C). For the GSE84437 dataset, subgroup analysis was
performed according to age, T stage and N stage. Wilcoxon

and Kruskal-Wallis tests confirmed that SLC2A2 expression
varied significantly with age (>65 vs. <65 years; P=0.0094),
T3 stage compared with T1&T2 stage (P=0.019), N1 stage
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compared with NO stage (P=0.011) and N2&N3 stage
compared with NO stage (P<0.01) (Fig. 11D-F). The effect of
SLC2A2 on GC prognosis was verified using Kaplan-Meier
analysis. High SLC2A2 expression was associated with a
worse prognosis in patients with GC with respect to OS (HR,
1.49; 95% CI, 1.22-1.83; P=0001), progression-free survival
(HR, 1.45;95% CI, 1.15-1.82; P=0.0014) and post-progression
survival (HR, 1.47; 95% CI, 1.15-1.88; P=0.0017; Fig. 11G-I).
In terms of OS rates, patients with GC with high SLC2A2
expression had a significantly worse prognosis in the analysis
of N3 stage (HR, 1.81; P=0.04), male (HR, 1.49; P=0.0022)

and female (HR, 1.54; P=0.015) subgroups of patients
(Fig. 11J-L).

Immunohistochemical analysis of SLC2A2. The TMA
contained 46 samples, including 40 samples of GC and
6 samples of adjacent gastric tissues (Table IT). The GC samples
comprised two T2, 19 T3 and 19 T4 stage samples and seven
NO, five N1, eight N2 and 20 N3 samples (Table IT). THC
staining showed that SLC2A2 was primarily expressed in the
cytoplasm and membrane of normal human gastric mucosal
epithelial and GC cells (Fig. 12A and D).
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OS, overall survival; SLC2A2, solute carrier family 2 member 2.

IHC staining showed that there were significant differences
in SLC2A2 expression among different T and N stages of GC
(Fig. 12A-J). SLC2A2 expression in T4 GC was significantly
higher than that in T3 (P=0.027) and T2 (P=0.0485) GC
(Fig. 12E), and SLC2A2 expression in N3 GC was signifi-
cantly higher than that in N2 GC (P=0.0264; Fig. 12J). IHC
demonstrated that SLC2A?2 expression in mild gastritis tissues
was significantly higher than that in GC tissues of different
stages, including N and T stages (P<0.0001).

RT-gPCR analysis of SLC2A2. To verify the differential
expression of SLC2A2 in normal gastric mucosal epithelial
cells and GC cell lines, RT-qPCR was performed. SLC2A2
expression in GC cells with different degrees of differentiation
was significantly different (Fig. 12K). Among them, HGC-27
cells were derived from relatively differentiated GC tissues,
NCI-N87 cells were isolated from male patients with GC
complicated with liver metastasis and AGS cells were derived
from an untreated primary GC excision fragment. All three
types of GC cells had different degrees of malignant transfor-
mation potential (21-23). SLC2A2 expression was the highest
in NCI-N87 cells and significantly differed from that in GES-1
(P=0.0174), AGS (P=0.026) and HGC-27 cells (P=0.0009),
indicating that the expression of SLC2A2 was related to the
degree of malignancy.

Discussion

Despite improvements in clinical diagnosis and surgical
techniques, chemotherapy resistance and metastasis are major
challenges in improving the prognosis of malignant GC (24).
Therefore, identifying effective prognostic biomarkers and
targets associated with immunological interventions is a GC
research hotspot (8,25). Under hypoxic conditions, tumor cells

require large amounts of metabolites and nutrients to meet
their high metabolic energy demand (26). SLC2A2, an impor-
tant member of the SLC2A family, is mainly responsible for
transferring glucose into cells and may be involved in tumor
development and invasion (10). In the present study, SLC2A2
was evaluated as a prospective prognostic marker and chemo-
therapeutic target for GC.

In pan-cancer differential SLC2A2 expression analysis,
SLC2A?2 expression was considerably downregulated in most
types of tumor but upregulated in GC, suggesting that SLC2A2
may serve a different role in the occurrence and development
of GC compared with other types of tumor. It was hypoth-
esized that this was due to the continuous production of
gastric acid and accumulation of lactic acid, which results
in a lower pH and enhanced glycolytic metabolic activity in
the GC microenvironment compared with other malignant
tumors (27,28). GLUT, a promoter of the glycolytic pathway,
is associated with the upregulation of glucose metabolism in
cancer cells (29). Therefore, the expression of glucose trans-
porters (GLUT1-3) in GC is higher than that in normal gastric
mucosa (30). The functional enrichment analysis indicated
that SLC2A2 expression was associated with lipid metabo-
lism. As part of tumor metabolic reprogramming, abnormal
tumor lipid and glucose metabolism serve an important role
in tumorigenesis, metastasis and prognosis (31-33). Numerous
studies have demonstrated that tumor cells are characterized
by deregulation of lipid metabolism, which has a regulatory
effect on the tumor immune microenvironment (34-36).

Immune infiltration levels were examined in high and low
SLC2A2 expression GC cases using QUANTISEQ based on
10 immune cell subtypes and an uncharacterized cell. In the
immunological correlation analysis between SLC2A2 and
10 different immune cells, high immune infiltration of M2
macrophages and low immune infiltration of M1 macrophages
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Table II. Baseline characteristics of 46 samples in the tissue
microarray.

Number of samples

Adjacent

Characteristic Gastric cancer  gastric tissue
Pathology

Mild gastritis 0 6

Gastric adenocarcinoma 40 0
Age, years

<65 26 4

>65 14 2
Sex

Female 13 2

Male 27 4
T stage

1 0 -

2 2 -

3 19 -

4 19 -
N stage

0 7 -

1 5 -

2 8 -

3 20 -

-, not applicable.

were observed in patients with GC with high SLC2A2
expression, although the correlations were weak. However,
in the analysis of immune infiltration scores dividing GC
into high expression and low expression groups based on the
median expression of SLC2A2, only M1 macrophages showed
significant differences, while M2 macrophages were markedly
different between the high expression, low expression and
normal groups of SLC2A2. We speculate that this is related
to the small sample size of the normal group in this analysis
of immune score and the weak correlation between SLC2A2
and macrophages. As is well known, there is a dynamic
balance of mutual inhibition between M1 polarization and M2
polarization of macrophages (37). Since the GC high expres-
sion group of SLC2A2 has a lower level of M1 macrophage
infiltration, we have reason to speculate that the infiltration
level of M2 macrophages will also correspondingly increase,
and increasing the sample size of the normal group for this
immune score may enhance the significant relationship
between SLC2A2 and M2 macrophages. M2 macrophages
are tumor-associated macrophages that promote the growth
and metastasis of GC by secreting proteins or cytokines, such
as chitinase 3 like 1 (37,38). Therefore, it was hypothesized
that high SLC2A2 expression mainly affects the prognosis
of GC by increasing infiltration of M2 macrophages with
tumor-promoting characteristics and reducing the infiltration
of M1 macrophages with tumor-inhibiting characteristics.

Furthermore, tumor-associated neutrophils induce the forma-
tion of neovessels via MMP-9, which influences tumor
intravasation and angiogenesis (39-41). The high infiltration
of M2 macrophages and neutrophils in tumors is associated
with shorter OS, suggesting that high SLC2A2 expression
may contribute to immune suppression during cancer progres-
sion (42-44). A recent study also demonstrated that high solute
carrier family 35 member A2 expression is associated with
cell metabolism and macrophage polarization during progres-
sion of GC, indicating that the SLC family genes may promote
cancer cell proliferation and angiogenesis by regulating the
metabolic activity of immune and endothelial cells associated
with GC cell metabolism in the tumor microenvironment (45).

A significant inverse correlation was observed between
SLC2A2 expression and immune checkpoints, including
GITR and PD-LI1. Immunotherapy has gained attention for its
potential to improve the quality of life in patients with cancer,
and TMB/MSI has been demonstrated as a key biomarker for
immune checkpoint inhibitor response (46,47). The present
study demonstrated that high SLC2A2 expression was associ-
ated with decreased TMB and MSI scores in GC, which means
that the immunotherapy effect will be worse. Therefore, the
IC,, was used to evaluate the drug sensitivity associated with
SLC2A2 expression. The ICy, of the most commonly used
chemotherapy drugs for GC, including 5-fluorouracil, doxo-
rubicin and etoposide, was significantly increased the high
SLC2A2 expression group. Based on these findings, SLC2A2
may be a useful target for personalized chemotherapy in GC.

Univariate and multivariate Cox regression analyses
demonstrated that GC was independently prognosticated by
SLC2A2. High SLC2A2 expression is positively associated
with higher OS for liver and breast cancer and other malig-
nancies (10,11). However, the present study demonstrated that
patients with GC with high SLC2A2 levels had worse OS, DSS
and PFI outcomes. It was hypothesized that this discrepancy
may be attributed to SLC2A2 serving a different role in the
glucose and lipid metabolism of GC. GC cells have a different
glucose metabolism compared with normal epithelial cells, and
GLUT!1 expression is associated with intestinal gastric carci-
noma (48,49). In association with protein kinase B signaling,
SLC2A2 upregulation may enhance glucose transportation,
leading to tumor growth and progression of GC (50,51).
Apoptosis has been demonstrated to occur in cancer cells
following glucose starvation in previous studies (52-54).
Glucose is an important nutrient for tumor growth and low
SLC2A?2 expression leads to GC cells receiving less nutrition
and, consequently, entering the glucose starvation state, which
induces cell apoptosis, and thus, serves an inhibitory role in
GC (55,56).

IHC also demonstrated that SLC2A2 expression in mild
gastritis tissues was significantly higher than that in GC
tissues of different stages, including N and T stages. It was
hypothesized that this may be due to abnormally enhanced
metabolic reprogramming in GC, such as aerobic glycolysis and
lipid metabolism, which may compensate for the promotion of
glucose transport in normal gastric tissues adjacent to cancer
tissues, thereby upregulating SLC2A2 expression. Although
normal mucosa samples derived from tissues adjacent to tumors
in patients with GC were characterized, the specific regulatory
mechanisms of high expression of SLC2A2 in normal gastric
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mucosa and the formation and development of GC tissue require
further study. Furthermore, a recent study found that under
glucose starvation, cancer cells with high solute carrier family 7
member 11 expression underwent disulfidptosis due to excessive
accumulation of disulfide, and treatment with GLUT inhibitor
induced disulfidptosis of cancer cells and effectively inhibited
tumor growth (57). As a key member of the GLUT family,
SLC2A2 may be an effective tool to improve the prognosis of
GC by developing inhibitors of SLC2A2 to induce disulfidptosis.

To conclude, SLC2A2 may be a prospective prognostic
marker and novel immunotherapy target for GC. The predic-
tion model may improve the prognosis of patients with GC in
clinical practice and SLC2A2 may serve as a novel therapeutic
target to provide novel immunotherapy plans for GC. However,
the present study had limitations. The predictive efficacy of
the model requires validation using GC samples from different

stages and multicenter prospective studies. Furthermore, the
potential molecular mechanism of action of SLC2A2 in GC
requires investigation.
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