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Background: Solute carrier family 2 member 3 (SLC2A3), a key glucose
transporter, has been implicated in tumor metabolism and immune regulation,
but its specific role in kidney renal clear cell carcinoma (KIRC) remains
largely unclear.

Methods: We conducted a comprehensive pan-cancer analysis of SLC2A3 using
publicly available datasets. Its associations with patient prognosis, genomic
heterogeneity, stemness features, immune-related genes, and immune cell
infiltration were systematically explored. Functional enrichment and gene set
enrichment analyses (GSEA) were conducted to explore the potential biological
mechanisms in KIRC. Additionally, in vitro experiments using HK-2 and 786-O
cell lines were carried out to validate the functional effects of SLC2A3.

Results: SLC2A3 expression was altered in multiple cancers, being upregulated in
eight tumor types and downregulated in twenty. Elevated SLC2A3 levels were
associated with poorer survival in several malignancies. SLC2A3 expression is
broadly positively correlated with immune checkpoints, modulators, and several
immune cells in most cancers, but shows a negative association in TGCT. In KIRC,
differential expression and enrichment analyses suggested involvement of
SLC2A3 in hormone regulation, extracellular matrix remodeling, complement
activation, and steroid metabolism. GSEA further demonstrated significant
enrichment of gene sets involved in key pro-tumorigenic pathways. Functional
assays demonstrated that silencing SLC2A3 markedly inhibited cell proliferation
and migration in both HK-2 and 786-0O cells.
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Conclusions: Collectively, our data imply that SLC2A3 serves as an oncogenic
driver in multiple cancers, contributing to KIRC progression via the enhancement
of pro-tumorigenic pathways.

SLC2A3, pan-cancer, kidney renal clear cell carcinoma, immune microenvironment,

biomarker

Introduction

Globally, cancer poses a significant health challenge and
remains a leading contributor to morbidity and mortality (1, 2).
Epidemiological data indicate that both the incidence and mortality
of malignant tumors are rising, posing serious threats to patient
survival and quality of life (3, 4). Although molecularly targeted
therapies and immune checkpoint inhibitors (ICIs) have made
significant progress, their effectiveness remains limited due to
high recurrence, acquired resistance, and notable interpatient
variability (5). Accumulating evidence indicates that the tumor
immune microenvironment (TIME) critically shapes therapeutic
response, inﬂuencing disease progression, treatment resistance, and
patient outcomes through complex tumor-immune interactions
(6, 7).

Renal cell carcinoma (RCC), as the leading type of kidney
cancer, comprises the bulk of renal malignancies (8). Although
tyrosine kinase inhibitors (TKIs) and ICIs are widely employed as
standard treatments, the majority of patients eventually experience
disease progression and therapy resistance, resulting in suboptimal
long-term survival (9-11). A major challenge to achieving durable
treatment responses lies in the extensive heterogeneity of RCC,
which manifests not only at genetic and metabolic levels but also
within its immune microenvironment (12, 13). Recent research has
highlighted the solute carrier (SLC) family of transporters as key
regulators of cellular metabolism, nutrient transport, and tumor-
immune interactions (14, 15). For example, SLC1A5 modulates
glutamine metabolism, thereby supporting energy production and
biosynthetic processes in cancer cells (16). Similarly, SLC2AI, a
prominent glucose transporter, is frequently upregulated in tumors
and drives glycolytic reprogramming (17). Notably, SLC2A3
(GLUTS3), another crucial glucose transporter, has been associated
with enhanced energy metabolism, increased invasiveness, and poor
prognosis across multiple malignancies (18-20). However,
comprehensive investigations of SLC2A3 in RCC remain scarce,
and its precise mechanisms and clinical relevance are yet to be
fully clarified.

In this study, we comprehensively analyzed SLC2A3 expression
across multiple cancer types and evaluated its potential prognostic
significance. Furthermore, we investigated the involvement of
SLC2A3 in regulating the TIME and validated its biological effects
in renal cancer cells through in vitro experiments. Collectively, this
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study aims to elucidate the functional role of SLC2A3 in the
initiation and progression of RCC, providing a basis for
identifying novel biomarkers and potential therapeutic strategies.

Materials and methods
Data collection and analysis

Comprehensive pan-cancer RNA-seq data and matched clinical
information were acquired from the UCSC Xena database (21).
Data processing followed the protocol described in our previous
study (22). A sign test was further performed to determine the
overall trend of SLC2A3 expression across all included cancer types.
Survival analyses were performed using the Sangerbox online tool
(23), stratifying patients into high- and low-expression SLC2A3
groups using the median expression as the cutoff. The prognostic
impact of SLC2A3 on overall survival (OS), disease-specific survival
(DSS), progression-free interval (PFI), and disease-free interval
(DFI) was evaluated using univariate Cox proportional
hazards models.

Analysis of genomic heterogeneity and
tumor stemness

Tumor heterogeneity was quantified using multidimensional
genomic metrics including tumor mutational burden (TMB),
mutant-allele tumor heterogeneity (MATH), microsatellite
instability (MSI), loss of heterozygosity (LOH), neoantigen load
(NEO), and homologous recombination deficiency (HRD) (24, 25).
Data were accessed via the GDC portal (https://portal.gdc.cancer.gov/
), with variant calling performed using Mutect2 and downstream
analysis conducted with the R package “maftools” (26). Six stemness
indices were calculated by integrating DNA methylation and
transcriptomic profiles: DNA methylation-based stemness score
(DNAss), differentially methylated probe-based stemness
score (DMPss), enhancer/epigenetic methylation-based stemness
score (ENHss), RNA expression-based stemness score (RNAss),
epigenetically regulated DNA methylation stemness score (EREG-
METHSss), and epigenetically regulated RNA expression-based
stemness score (EREG.EXPss) (27).
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Analysis of immune-related genes and
immune-infiltrating cells

The association between SLC2A3 expression and tumor immune
features was analyzed using the R package “TCGAplot” for immune-
related genes. Tumor microenvironment scores were assessed
separately using the ESTIMATE algorithm (28). The relationship
between SLC2A3 expression and immune cell infiltration was
evaluated using the ssGSEA and CIBERSORT methods (29, 30).

Functional enrichment analysis

Kidney renal clear cell carcinoma (KIRC) patients were stratified
into high- and low-SLC2A3 expression groups using the median
value, and differentially expressed genes (DEGs) were identified with
the “DESeq2” R package (|log2 fold change| > 1, adjusted p < 0.05).
Functional enrichment was performed with the “clusterProfiler”
package for GO terms and KEGG pathways (31). Gene sets with
FDR < 0.25 and |NES| > 1 were considered significant. Additional
GSEA using hallmark gene sets from MSigDB was conducted to
explore the molecular mechanisms of SLC2A3 in KIRC (32).

Cell culture and transfection

Human renal proximal tubular epithelial cells (HK-2) and renal
cell carcinoma cells (786-0) were purchased from Procell (Wuhan,
China). HK-2 cells were cultured in Minimum Essential Medium,
and 786-0O cells in RPMI-1640, each supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin. All cells were
maintained at 37 °C in a humidified atmosphere containing 5%
CO,. Short hairpin RNA (shRNA) vectors were delivered into cells
using Lipofectamine 3000, following the manufacturer’s protocol.
Cells were collected 24-48 hours post-transfection for subsequent
functional assays or RNA/protein expression analysis. The control
group was transfected with the empty vector (shCtrl). The shRNA
sequences are listed in Table 1.

RNA extraction and quantitative real-time
PCR

Total RNA was isolated from cultured cells using TRIzol
reagent (Invitrogen) following the manufacturer’s protocol. RNA

TABLE 1 Sequences of shRNAs targeting human SLC2A3.

shRNA Sequence (5'>3)

shCtrl ACCGGTCCTAAGGTTAAGTCGCCCTCGC
TCGAGCGAGGGCGACTTAACCTTAGGTTTTTGAATTC

ShSLC2A3-1 ccggCGGTGCAGATAGATCTGGAAACTCGAGTTTCCAG
ATCTATCTGCACCGTTTTTGAATT

ShSLC2A3-2 ccggCTTGGTCTTTGTAGCCTTCTTCTCGAGAAGAAGG
CTACAAAGACCAAGTTTTTGAATT
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concentration and purity were assessed with a NanoDrop
spectrophotometer. cDNA was synthesized from 1 pug RNA using
the PrimeScript RT reagent kit with gDNA Eraser (Takara).
Quantitative real-time PCR was performed with TB Green
Premix Ex Taq II (Takara) on a QuantStudio 5 system (Applied
Biosystems). Relative mRNA expression was determined using the
2A(-AACt) method and normalized to B-Actin (33). Primer
sequences used in this study are presented in Table 2.

Western blot analysis

Cells were disrupted on ice with RIPA buffer (Beyotime)
supplemented with 1 mM PMSF and protease inhibitors. Protein
concentrations were measured with a BCA assay kit (Beyotime).
Equal amounts of protein (20-30 pg) were separated by 10% SDS-
PAGE and transferred onto PVDF membranes. Membranes were
blocked with 5% non-fat milk in TBST for 1 h at room temperature,
then incubated overnight at 4 °C with primary antibodies against
SLC2A3 (1:1000, #A5515, Selleck) and B-Actin (1:5000, #20536-1-
AP, Proteintech). Following washing, membranes were exposed to
HRP-labeled secondary antibodies (1:5000) for 1 h at room
temperature, and protein signals were visualized using an ECL
detection kit (Thermo Fisher).

Cell counting kit-8 proliferation assay

Cell proliferation was evaluated using the CCK-8 assay
(Beyotime) following the manufacturer’s instructions. Transfected
cells were seeded into 96-well plates at 3 x 10° cells per well in 100
uL complete medium. At 0, 24, 48, 72, 96, and 120 h, 10 pL of CCK-
8 reagent was added to each well, followed by 2 h incubation at
37 °C. Absorbance at 450 nm was measured with a microplate
reader (Thermo Fisher).

Flow cytometry for cell cycle analysis

Cell cycle distribution was analyzed by propidium iodide (PI,
Beyotime) staining and flow cytometry using a BD FACSCanto II
flow cytometer (BD Biosciences, USA). Cells were harvested,
washed with cold PBS, and fixed in 70% ice-cold ethanol
overnight at 4 °C. After washing, cells were treated with RNase A
at 37 °C for 30 min and stained with PI in the dark for 30 min at

room temperature.

TABLE 2 Primer sequences used for RT-qPCR.

Gene Direction Sequence (5'—3)

SLC2A3 Forward ATCCTTCCTGAGGACGTGGAG
SLC2A3 Reverse TATCAGAGCTGGGGTGACCTTC
B-Actin Forward CACCATTGGCAATGAGCGGTTC
B-Actin Reverse AGGTCTTTGCGGATGTCCACGT
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Wound healing assay

Cell migration was assessed using a wound healing assay.
Transfected cells were plated in 6-well plates and cultured until
reaching full confluence. A linear scratch was created with a sterile
200 pL pipette tip, and detached cells were removed by washing
with PBS. Cells were then incubated in serum-free medium, and
wound closure was documented at 0 h and 18 h using an inverted
phase-contrast microscope (Olympus).

Transwell migration assay

Cell migration was assessed using 24-well Transwell inserts with
8.0 um pores (Corning). Transfected cells were resuspended in
serum-free medium, and 5 x 10* cells in 200 pL were added to the
upper chamber. The lower chamber was filled with 600 uL of
complete medium containing 10% FBS. After 48 h incubation at
37 °C, non-migrated cells on the upper surface were removed, while
migrated cells on the lower surface were fixed with 4%
paraformaldehyde for 20 min, stained with 0.1% crystal violet for
15 min, and rinsed with PBS.

Statistical analysis

Statistical analyses were conducted in R (version 4.4.2) with
relevant packages. Comparisons among three or more groups were
performed using one-way ANOVA when normality and equal
variance assumptions were met, or the Mann-Whitney U test
otherwise. Differences between two groups were assessed by
Student’s t-test. Data are presented as mean * SD, and
experiments were repeated three times independently. A two-
sided p value < 0.05 was considered statistically significant.

Result

Expression and prognostic significance of
SLC2A3 across human cancers

Comparative analysis of tumor and adjacent normal tissues
revealed that SLC2A3 expression was significantly upregulated in
eight cancer types, including STES, KIPAN, STAD, HNSC, KIRC,
PAAD, TGCT, and CHOL. In contrast, SLC2A3 was downregulated
in twenty cancer types, including GBMLGG, LGG, UCEC, BRCA,
CESC, LUAD, KIRP, COAD, COADREAD, PRAD, LUSC, LIHC,
BLCA, THCA, OV, UCS, ALL, LAML, ACC, and KICH
(Figure 1A). Prognostic evaluation indicated that elevated
expression was linked to poorer OS in 13 cancers, whereas in
TARGET-ALL, reduced levels were similarly associated with worse
outcomes (Figure 1B). For DSS, high SLC2A3 predicted unfavorable
survival in 13 tumor types, while decreased expression correlated
with poor prognosis in PRAD (Figure 1C). Regarding DFI,
increased expression was detrimental in three cancers
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(Figure 1D). Likewise, for PFI, high levels served as a negative
prognostic indicator in 11 cancers, whereas in CHOL, low
expression predicted worse outcomes (Figure 1E).

Association between SLC2A3 expression
and genomic heterogeneity

Correlation analysis indicated a positive association between
SLC2A3 expression and TMB across eight cancer types, while a
negative correlation was observed in LIHC (Figure 2A). Regarding
MATH, significant positive associations were identified in five
cancer types, while four exhibited negative correlations
(Figure 2B). For MSI, SLC2A3 expression was positively
correlated in four tumor types and negatively correlated in five
(Figure 2C). Analysis of NEO revealed positive associations in three
cancers (Figure 2D). In terms of HRD, elevated SLC2A3 correlated
positively in six cancers, but showed negative correlations in GBM
and STAD (Figure 2E). Similarly, for LOH, positive correlations
were found in seven tumor types, while negative associations were
observed in STAD and THCA (Figure 2F).

Association between SLC2A3 expression
and tumor stemness

Stemness analysis demonstrated diverse associations between
SLC2A3 and stemness indices. In the DNAss score, positive
correlations were observed in seven cancers, whereas negative
correlations were detected in twelve (Figure 3A). In EREG-
METHss, positive and negative associations were found in eight
and thirteen cancer types, respectively (Figure 3B). With DMPss, six
cancers showed positive correlations and nine showed negative ones
(Figure 3C). For ENHss, SLC2A3 expression correlated positively in
seven cancers but negatively in twelve (Figure 3D). Similar trends
were seen in RNAss, with seven positive and twelve negative
associations (Figure 3E). Lastly, in EREG.EXPss, six tumor types
demonstrated positive correlations, while seven showed negative
ones (Figure 3F).

Association analysis of SLC2A3 expression
with immune-related genes in human
cancers

To systematically assess the relationship between SLC2A3 and
immune-related genes, correlations were analyzed across 33 tumor
types. SLC2A3 exhibited a positive correlation with immune
checkpoint genes (ICGs) across the majority of cancers, whereas
an opposite trend was observed in TGCT (Figure 4A). Similar
patterns were observed for immunostimulatory factors (Figure 4B),
chemokines (Figure 4C), immunoinhibitors (Figure 4D), and
chemokine receptors (Figure 4E), with widespread positive
correlations in the majority of tumors and negative correlations

specifically in TGCT.
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FIGURE 1

Pan-cancer expression and prognostic value of SLC2A3. (A) Comparison of SLC2A3 expression between tumor and corresponding normal tissues
across multiple cancer types. SLC2A3 was significantly upregulated in eight tumor types and downregulated in twenty tumor types. (B) Overall
survival (OS) analysis showing that elevated SLC2A3 expression was associated with unfavorable prognosis in thirteen tumor types, whereas reduced
expression predicted poor prognosis in TARGET-ALL. (C) Disease-specific survival (DSS) analysis indicating that high SLC2A3 expression was linked to
poor outcomes in thirteen tumor types, while low expression was associated with worse prognosis in prostate adenocarcinoma (PRAD). (D) Disease-
free interval (DFI) analysis demonstrating that high SLC2A3 expression correlated with poor prognosis in three tumor types. (E) Progression-free
interval (PFI) analysis showing that high SLC2A3 expression was related to poor prognosis in eleven tumor types, whereas low expression was
associated with adverse outcomes in cholangiocarcinoma (CHOL).
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Association of SLC2A3 expression with genomic heterogeneity across cancers. (A) Correlation between SLC2A3 expression and tumor mutational
burden (TMB) across multiple cancer types. (B) Correlation between SLC2A3 expression and mutant-allele tumor heterogeneity (MATH) across
multiple cancer types. (C) Correlation between SLC2A3 expression and microsatellite instability (MSI) across multiple cancer types. (D) Correlation
between SLC2A3 expression and neoantigen load (NEO) across multiple cancer types. (E) Correlation between SLC2A3 expression and homologous
recombination deficiency (HRD) across multiple cancer types. (F) Correlation between SLC2A3 expression and loss of heterozygosity (LOH) across

multiple cancer types.
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Association of SLC2A3 expression with tumor stemness across cancers. (A) Correlation between SLC2A3 expression and DNA methylation—based
stemness score (DNAss) across multiple cancer types. (B) Correlation between SLC2A3 expression and epigenetically regulated methylation—based
stemness score (EREG-METHSss) across multiple cancer types. (C) Correlation between SLC2A3 expression and DNA methylation profile—based stemness
score (DMPss) across multiple cancer types. (D) Correlation between SLC2A3 expression and enhancer—based stemness score (ENHss) across multiple
cancer types. (E) Correlation between SLC2A3 expression and RNA-based stemness score (RNAss) across multiple cancer types. (F) Correlation between
SLC2A3 expression and epigenetically regulated expression—based stemness score (EREG.EXPss) across multiple cancer types.
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FIGURE 4

Association of SLC2A3 expression with immune-related genes across 33 cancer types. (A) Correlation between SLC2A3 expression and immune
checkpoint genes (ICGs) across multiple cancer types. (B) Correlation between SLC2A3 expression and immunostimulatory genes across multiple
cancer types. (C) Correlation between SLC2A3 expression and chemokine genes across multiple cancer types. (D) Correlation between SLC2A3
expression and immunoinhibitory genes across multiple cancer types. (E) Correlation between SLC2A3 expression and receptor genes across

multiple cancer types.

Association analysis of SLC2A3 expression
with immune-infiltrating cells in human
cancers

SLC2A3 was positively correlated with StromalScore,
ImmuneScore, and ESTIMATEScore in most cancers, but showed a
negative correlation in TGCT and no significant association in ACC,
LGG, SKCM, and UCS (Figure 5A). Based on ssGSEA results,
SLC2A3 expression was negatively correlated with immune cell
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infiltration in TGCT but showed no significant association in UCS.
In contrast, across most tumor types, SLC2A3 expression
demonstrated positive associations with macrophages, helper T cells,
Th1, Th2, and regulatory T cells (Tregs), while exhibiting a negative
correlation with Th17 cells (Figure 5B). CIBERSORT analysis showed
that SLC2A3 expression was positively associated with CD4 memory-
activated T cells, MO macrophages, activated mast cells, and
neutrophils, but negatively correlated with regulatory T cells (Tregs),
activated NK cells, and memory B cells in most cancers (Figure 5C).
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FIGURE 5

Association of SLC2A3 expression with the tumor immune microenvironment across cancers. (A) Correlation between SLC2A3 expression and
StromalScore, ImmuneScore, and ESTIMATEScore across multiple cancer types. (B) Correlation between SLC2A3 expression and immune cell
infiltration estimated by ssGSEA across multiple cancer types. (C) Correlation between SLC2A3 expression and immune cell infiltration estimated by

CIBERSORT across multiple cancer types.

Expression pattern and functional
enrichment analysis in KIRC patients

We previously constructed a SLC family-related gene signature for
prognosis prediction and confirmed that SLC2A3 is a potential
prognostic biomarker for patients with KIRC (19). Unmatched and
matched analyses of the TCGA-KIRC dataset demonstrated significant
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upregulation of SLC2A3 in KIRC tumors (Figures 6A, B). This finding
was further validated by data from UALCAN, which showed elevated
promoter methylation of SLC2A3 in normal tissues (Figure 6C). As
shown in Figure 6D, a total of 164 genes were significantly upregulated
and 630 genes were significantly downregulated in the high SLC2A3
expression group, which were visualized by a volcano plot. A heatmap
depicting the top 20 upregulated and downregulated genes is shown in
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FIGURE 6
Differential expression and functional enrichment analysis based on SLC2A3
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expression in KIRC. (A) The mRNA expression level of SLC2A3 in the

non-matched analysis results of the TCGA-KIRC cohort. (B) The mRNA expression level of SLC2A3 in the paired analysis results of the TCGA-KIRC
cohort. (C) The promoter methylation level of SLC2A3 was obtained from the UALCAN database in the TCGA-KIRC cohort. (D) Volcano plot showing
164 upregulated genes and 630 downregulated genes between high and low SLC2A3 expression groups in the TCGA-KIRC cohort. (E) Heatmap
displaying the top 20 upregulated and downregulated genes. (F) Gene Ontology (GO) enrichment analysis of biological process (BP) terms. (G) GO
cellular component (CC) enrichment. (H) GO molecular function (MF) enrichment. () KEGG pathway enrichment analysis.

Figure 6E. Gene Ontology (GO) biological process (BP) enrichment
analysis revealed that the DEGs were primarily associated with
regulation of hormone levels, organic anion transport, cellular
hormone metabolic process, acute inflammatory response, and acute-
phase response (Figure 6F). In terms of cellular component (CC)
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enrichment, the genes were significantly enriched in collagen-
containing extracellular matrix, apical part of cell, apical plasma
membrane, blood microparticle, and CENP-A containing
nucleosome (Figure 6G). For molecular function (MF) enrichment,

the genes were primarily associated with secondary active
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transmembrane transporter activity, serine hydrolase activity, serine-
type peptidase activity, serine-type endopeptidase activity, and heparin
binding (Figure 6H). Finally, KEGG pathway enrichment analysis
revealed that the genes were significantly involved in systemic lupus
erythematosus, complement and coagulation cascades, metabolism of
xenobiotics by cytochrome P450, retinol metabolism, and steroid
hormone biosynthesis (Figure 6I).

GSEA identified four hallmark pathways with significant
enrichment. Specifically, Figure 7A shows enrichment of the
TNFo signaling via NF-xB pathway, Figure 7B shows enrichment
of epithelial-mesenchymal transition (EMT), Figure 7C shows
enrichment of inflammatory response, and Figure 7D shows
enrichment of the hypoxia pathway.

Functional validation of SLC2A3 in normal
renal cell lines and renal tumor cell lines

To explore the function of SLC2A3, functional experiments
were conducted in HK-2 and 786-O cells, with knockdown verified
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by RT-qPCR and Western blotting (Figures 8A, B). Suppression of
SLC2A3 significantly inhibited cell proliferation, as shown by CCK-
8 assays (Figure 8C), and reduced the proportion of cells in S phase
according to flow cytometry analysis (Figures 8D-F). Additionally,
wound healing assays demonstrated markedly impaired migratory
capacity in both cell lines following SLC2A3 knockdown
(Figure 8G), which was further supported by decreased migration
in Transwell assays (Figure 8H). HK-2 cells served as non-
malignant renal tubular controls to provide a physiological
context for tumor-specific alterations observed in 786-O cells,
reflecting the properties of normal proximal tubular epithelium.

Discussion

Recent years have witnessed substantial advances in the
development of molecularly targeted therapies and immunotherapies
for a wide range of cancers (34, 35). Nevertheless, patients with solid
tumors such as RCC still face poor prognosis and frequent drug
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Functional validation of SLC2A3 knockdown in HK-2 and 786-0O cells. (A) RT-gPCR results showing the knockdown efficiency of SLC2A3 in HK-2
and 786-0 cells (n = 3 per group). (B) Western blotting analysis and grayscale quantification confirming SLC2A3 knockdown efficiency in HK-2 and
786-0 cells (n = 3 per group). (C) CCK-8 assay results demonstrating decreased proliferation following SLC2A3 silencing in HK-2 and 786-0O cells

(n =3 per group). (D) Flow cytometry analysis of the cell cycle in HK-2 and 786-0O cells after SLC2A3 knockdown (n = 3 per group). (E) Quantification
of cell cycle distribution in HK-2 cells (n = 3 per group). (F) Quantification of cell cycle distribution in 786-0O cells (n = 3 per group). (G) Wound
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resistance, highlighting the need for new therapeutic targets (8). As a
key glucose transporter, SLC2A3 regulates cellular metabolism, energy
homeostasis, and signal transduction in diverse cancer types, drawing
increasing attention for its role in tumor biology (36, 37). In this study,
we focused on SLC2A3 and demonstrated its contribution to tumor-
associated biological processes.

One of the central challenges in oncology is the scarcity of
reliable biomarkers and actionable targets (38, 39). Pan-cancer
analysis indicates that SLC2A3 is aberrantly expressed across
multiple tumor types and correlates with poor clinical outcomes,
highlighting its potential as a universal marker of metabolic
reprogramming and immune regulation in cancer. However, our
data highlight that the functional implications of SLC2A3 are not
entirely uniform across cancers. In bladder cancer, SLC2A3
functions as a risk stratification biomarker and shows strong
associations with prognosis, immune landscape, and therapeutic
response (40). Our previous work further identified five key SLC
family genes, including SLC2A3, and developed a prognostic
signature capable of predicting outcomes in KIRC patients (19).
SLC2A3 exhibits significant prognostic value across various cancers,
but its impact is highly tumor-type dependent. However, in certain
cancers, such as PRAD and TARGET-ALL, low expression is linked
to worse outcomes; similarly, in CHOL, low expression predicts
poor PFI. This tumor-type specificity likely reflects functional
differences of SLC2A3 across tissues and microenvironments. In
most cancers, high SLC2A3 expression may drive glycolytic
reprogramming and tumor proliferation, accelerating disease
progression. In contrast, in tumors such as PRAD, CHOL, or
TARGET-ALL, low SLC2A3 expression may be associated with
tumor-specific metabolic dependencies or distinct immune
microenvironment features, such as low glycolytic reliance,
immune evasion mechanisms, or a more aggressive phenotype,
resulting in poorer prognosis for patients with low expression (41).

Tumor heterogeneity, driven by genomic instability and cancer
stemness, is a key determinant of therapeutic resistance, particularly
to immunotherapy (42, 43). Our findings revealed that SLC2A3
expression is closely linked to genomic heterogeneity and tumor
stemness, suggesting a role in modulating tumor adaptability under
therapeutic pressure. Highly heterogeneous tumors frequently
harbor diverse subclones, promoting immune escape and the
development of resistant populations (44). Interestingly, contrary
to the trend that SLC2A3 expression is positively correlated with
TMB in most cancers, a negative correlation was observed in LIHC.
This may reflect the unique metabolic and genetic landscape of liver
tumors, including distinctive glucose and lipid metabolism as well
as mutations in genes such as CTNNBI and TP53 (45). In LIHC,
high SLC2A3 expression may primarily reflect glycolytic
reprogramming rather than genomic instability (46). Cancer
stem-like cells possess enhanced DNA repair capabilities, self-
renewal potential, and metabolic flexibility, contributing to both
intrinsic and acquired resistance to immune checkpoint blockade
(47). In glioblastoma, high SLC2A3 expression maintains the stem-
like phenotype by increasing glycolytic activity, diminishing
temozolomide cytotoxicity and leading to poor clinical outcomes
(48). Similarly, in bladder cancer, SLC2A3 supports stemness

Frontiers in Immunology

13

10.3389/fimmu.2025.1694137

maintenance and tumor progression by meeting the metabolic
demands of cancer cells (49). Our results indicate that inhibiting
SLC2A3 may impair metabolic adaptation, decrease tumor
heterogeneity and stemness, and improve responses to
immunotherapy. Cutting-edge advances in single-cell sequencing
and immunogenomics have unraveled the intricate complexity of
the TIME (50, 51). In colorectal cancer, SLC2A3 expression
positively correlates with CD4+ and CD8+ T-cell infiltration and
modulates PD-L1 expression, thereby contributing to immune
evasion (52). In HNSCC, SLC2A3 expression is negatively
correlated with various immune cell types, suggesting it may
promote tumor progression by suppressing anti-tumor immunity
(53). Our analyses showed that SLC2A3 expression is strongly
positively correlated with immune-related genes, including
immune checkpoint molecules, stimulatory factors, chemokines,
immunoinhibitors, and immune receptors, in most tumors, with
negative correlations observed only in TGCT. Further evaluation of
the tumor microenvironment revealed positive associations
between SLC2A3 and StromalScore, ImmuneScore, and
ESTIMATEScore, except in TGCT. Analysis of immune
infiltration revealed that elevated SLC2A3 expression is generally
linked to higher levels of macrophages, Th1/Th2 cells, and Tregs,
while showing a negative correlation with Th17 cells. Additionally,
SLC2A3 positively correlates with CD4 memory-activated T cells,
MO macrophages, activated mast cells, and neutrophils, but is
inversely associated with Tregs, activated NK cells, and memory B
cells. These results suggest that SLC2A3 may modulate tumor
progression through its effects on the immune microenvironment.

In KIRC, the biological role of SLC2A3 exhibits significant
tissue specificity. Unlike most solid tumors, the energy metabolism
characteristics of KIRC are unique, mainly manifested as the
continuous activation of HIF signaling due to VHL gene
inactivation, which leads to the upregulation of glycolysis and
the reprogramming of lipid metabolism (8). As a high-affinity
glucose transporter, the overexpression of SLC2A3 may further
enhance glucose uptake and glycolytic flux, providing an energy
advantage for tumor cells in hypoxic environments (18, 46).
Moreover, SLC2A3 expression is positively correlated with
various innate and adaptive immune cells, as well as with key
immune checkpoint molecules. These results suggest that
SLC2A3 may contribute to the formation of an immune-
infiltrated yet immunosuppressive tumor microenvironment.
Clinically, high SLC2A3 expression could serve as a predictive
biomarker for response to immune checkpoint inhibitor therapy.
Mechanistically, SLC2A3 is often overexpressed in various cancers
and facilitates tumor progression by enhancing glucose uptake and
activating NF-xB/EMT signaling (53). In colorectal cancer, low-
glucose conditions trigger SLC2A3 expression through the AMPK/
CREBI pathway, promoting both glucose absorption and cell
proliferation (54). Its role in shaping the tumor immune
microenvironment further supports its relevance as a prognostic
biomarker and potential therapeutic target. Consistent with these
observations, we found that high SLC2A3 expression in KIRC is
associated with inflammatory responses, extracellular matrix
remodeling, and activation of the NF-xB/EMT pathway.
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Functional assays demonstrated that silencing SLC2A3 suppresses
cell proliferation, cell cycle progression, and migration, indicating
that SLC2A3 may drive KIRC progression through NF-kB/EMT-
mediated mechanisms.

Nevertheless, several limitations warrant consideration. First, we
lacked clinical samples to directly validate the relationship between
SLC2A3 expression and patient outcomes, and functional verification
was performed exclusively in vitro, without in vivo confirmation.
Second, our analyses relied heavily on publicly available
transcriptomic datasets, which may introduce biases such as cohort
heterogeneity and batch effects. Third, immune infiltration estimates
derived from deconvolution algorithms are based on predefined
signature matrices and may not fully capture complex cellular
interactions or rare cell populations. Finally, functional validation
in cell lines may not fully recapitulate the heterogeneity and
microenvironmental context of primary tumors. Therefore, while
our results provide strong correlative evidence, causal mechanisms
require further experimental verification, ideally using in vivo models.

Conclusions

SLC2A3 shows aberrant expression across multiple cancers and
is strongly associated with patient outcomes, tumor heterogeneity,
and immune microenvironment features. In RCC, it may drive cell
proliferation and migration through pathways related to
inflammation, EMT, and hypoxia.
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