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Objective: To investigate the biological function of SLC2A9 in triple-negative breast cancer (TNBC) and its molecular mechanism of 
influencing TNBC cells by regulating uric acid (UA) metabolism.
Methods: Bioinformatics analysis was performed to screen genes intersecting TNBC and UA metabolism pathways. TNBC cell lines 
were cultured in vitro, followed by the establishment of SLC2A9 overexpression and knockdown models. Subsequently, the levels of 
intracellular and extracellular UA were quantified. Cell proliferation, apoptosis, migration, and invasion capabilities were assessed 
using CCK-8, plate cloning, flow cytometry apoptosis analysis, scratch assay, and Transwell assays. Western blot analysis evaluated 
the expression of apoptosis-related proteins and UA metabolism proteins.
Results: SLC2A9 was significantly downregulated in TNBC tissues and most cell lines. SLC2A9 overexpression inhibited TNBC cell 
proliferation, migration, and invasion while promoting apoptosis. It also increased extracellular UA secretion and reduced intracellular 
UA accumulation. Conversely, SLC2A9 knockdown or probenecid treatment reversed these phenotypes. SLC2A9 exerts its effects by 
upregulating XDH, downregulating ABCG2, and modulating mitochondrial apoptosis pathway protein expression.
Conclusion: SLC2A9 regulates the malignant phenotype of TNBC by altering the levels of UA inside and outside the cell. Its 
anticancer activity depends on UA transport function, making it a promising prognostic biomarker and novel metabolic therapeutic 
target for TNBC.
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Introduction
Breast cancer is the most common malignant tumor among women worldwide, and triple-negative breast cancer (TNBC) 
represents the most aggressive subtype, accounting for approximately 20% of all breast cancer cases.1 TNBC lacks 
expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 
(HER2), resulting in poor patient prognosis.2,3 Metabolic reprogramming is a core characteristic of tumor cells. TNBC 
cells highly depend on glycolytic effects to sustain rapid proliferation, accompanied by abnormal activation of pathways 
such as purine metabolism.4,5 Uric acid (UA), the end product of purine metabolism, primarily exists in the body as urate. 
UA provides antioxidant protection against cellular oxidative stress while simultaneously inducing inflammatory 
responses. Intracellular UA accumulation helps tumor cells resist oxidative damage in the microenvironment, whereas 
activated inflammation promotes tumorigenesis and metastasis. Elevated serum UA levels resulting from overproduction 
or impaired excretion increase the risk of colorectal cancer, breast cancer, and other malignancies.6,7 However, the 
regulatory mechanisms of UA metabolism in TNBC cells and their association with tumor phenotypes remain unclear.

The reabsorption and secretion of UA are regulated by multiple transporters. Notably, solute carrier family 2 member 9 
(SLC2A9) and ATP-binding cassette subfamily G member 2 (ABCG2) have been reported to play crucial roles in serum UA 
regulation.8 SLC2A9, a transmembrane transporter also known as glucose transporter 9 (GLUT9), participates in cellular 
glucose uptake while also functioning as a UA transporter to regulate renal and intracellular UA transport and homeostasis. 
Studies confirm that GLUT9 serves as a high-capacity UA transporter in both humans and rodents, and its absence alters UA 
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homeostasis.9–12 Functional studies of SLC2A9 in oncology remain limited. Han et al found that overexpression of SLC2A9 
in hepatocellular carcinoma cells suppressed proliferation,12 while Nie et al demonstrated that intracellular-extracellular UA 
balance in endothelial cells is regulated by UA transporters.13 However, its biological function in TNBC and its association 
with UA metabolism remain unreported. Significantly, dysfunction of SLC2A9 - a key UA transporter - may disrupt 
intracellular-extracellular UA homeostasis, thereby modulating the tumor microenvironment and influencing the phenotype 
and apoptosis of TNBC. Furthermore, ABCG2 was initially identified as a breast cancer membrane-associated protein. 
Tumors expressing ABCG2 exhibit drug-resistant phenotypes, and SLC2A9 shows a positive correlation with ABCG2. Their 
synergistic effects in TNBC may reprogram UA metabolism.14,15

Based on this, this study systematically investigated the expression characteristics of UA metabolism pathways in 
TNBC by integrating the Gene Ontology (GO) database and the Gene Expression Omnibus (GEO) database. It elucidated 
the molecular mechanisms by which UA metabolism regulates TNBC cell function and apoptosis, revealing the pivotal 
role of SLC2A9 in the TNBC- UA metabolism pathway. This research provides new theoretical support for identifying 
prognostic biomarkers in TNBC.

Materials and Methods
Acquisition of Gene Sets and Differential Expression Analysis
Transcriptome dataset GSE264108 from TNBC patients (n=7) and healthy donors (n=7) was obtained from the GEO 
database (https://www.ncbi.nlm.nih.gov/geo/). Differentially expressed genes (DEGs) were identified using the 
limma package (version 3.5.0) in R, with differential expression analysis performed via the DESeq2 package. 
Screening criteria were set as |log2FoldChange| ≥ 1 and p-value < 0.05. Genes associated with the uric acid 
metabolism pathway (GO:0046415) were obtained from the GO database (http://geneontology.org). This pathway 
defines biochemical reactions involving UA (2,6,8-trioxopurine), the final purine metabolism product involved in 
biological regulation. Perform PCA analysis on the dataset using the FactoMineR package (version 2.4) and 
visualize the results with the factorextra package (version 1.0.7). A Venn diagram analysis identified candidate 
genes shared between the differentially expressed genes from GSE264108 and the UA metabolism pathway genes. 
The differentially expressed genes were visualized using the online platform https://www.bioinformatics.com.cn/. 
Subsequently, the expression levels of the candidate genes were validated using the GEO gene sets GSE267442 and 
GSE280897.

Cell Culture and Transfection
TNBC cell lines SUM149PT, SUM159PT, DU4475, MDAMB468, HCC1937, and non-TNBC cell line MCF10A 
were purchased from Wuhan procell Life Sciences Technology Co., Ltd (Item No. CL-0740, CL-0622, CL-0719, 
CL-0290, CL-0093, CL-0525). SUM149PT and MDAMB468 cells were cultured in DMEM medium (C2701, 
Beyotime) supplemented with 10% FBS (A5256701, Gibco) and 1% penicillin-streptomycin dual antibiotic 
(C0222, Beyotime); SUM159PT, DU4475, and HCC1937 cells were cultured in RPMI 1640 (C2721, Beyotime) 
supplemented with 10% FBS and 1% penicillin-streptomycin; MCF10A cells were maintained in specialized 
medium (CM-0525, DMEM + 5% FBS + 20 ng/mL EGF + 0.5 μg/mL hydrocortisone + 10 μg/mL insulin + 
1% NEAA + 1% P/S, Procell). Cells were grown at 37°C in 5% CO2.

SUM149PT and SUM159PT cells were harvested during the exponential growth phase. Seed cells (1×106 cells/well) 
into six-well plates and culture overnight. Prepare Lipo 3000 transfection reagent (L3000075, Thermo Fisher) complexes 
with siRNA sequences or overexpression plasmids in serum-free medium. Add complexes uniformly to cells and culture 
for 48 hours. SUM149PT cells were divided into a vector group and an oe-SLC2A9 group; SUM159PT cells were 
divided into four groups: si-NC, si-SLC2A9-1, si-SLC2A9-2, and si-SLC2A9-3. siRNA and overexpression plasmid 
sequences are detailed in Table S1.
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CCK-8 Assay
Cells from each group were seeded at a density of 5×103 cells/well in a 96-well plate and cultured overnight. 10 μL of 
CCK-8 solution (C0041, Beyotime) were added to each well, and incubated for 4 h. Absorbance was measured at 450 nm 
to calculate cell viability. Probenecid (HY-B0545, MedChemExpress), an inhibitor of UA transporters, was added to 
cells. The vector group and oe-SLC2A9 group of SUM149PT cells were treated with 10 μM Probenecid for 4 h, followed 
by the same experimental procedures as above.

Plate Clone Formation Assay
Seed cells at a density of 300 cells/well in a 6-well plate. Change the medium every two days and culture for 10 days. 
Subsequently, remove the medium, wash the cells with PBS, add 1 mL of 4% paraformaldehyde (P395744, Aladdin) for 
30 min, followed by incubation with 0.5% crystal violet solution (C0121, Beyotime) for 20 min. After incubation, cells 
were washed with PBS and air-dried. Cell colony counts were quantified using ImageJ 1.4.6A software.

Flow Cytometry for Detecting Cell Apoptosis
After trypsin digestion, cells were resuspended following centrifugation at 1200×g for 3 min. Apoptosis was assessed 
using an apoptosis detection kit (40302ES60, Yeasen). The procedure is as follows: Resuspend the digested cells in 
Binding Buffer. Add 5 μL Annexin V-FITC and 10 μL PI staining solution, then incubate at room temperature in the dark 
for 15 min. After incubation, resuspend cells in an appropriate amount of Binding Buffer and analyze via flow cytometry 
to quantitatively detect apoptosis. Calculate the proportion of apoptotic cells using FlowJo software (version 10.8.1).

Cell Scratch Assay
Mark three parallel lines on the bottom of a 6-well plate in advance. Seed 1×106 cells per well and culture until fully 
confluent. Use the pipette tip to create a uniform scratch perpendicular to the pre-marked lines on the cell monolayer. 
Wash away cell debris with PBS, then add fresh medium. Capture images of the same field of view immediately after 
scratching (0 hours) and at 48 hours. Use ImageJ software to measure the scratch area and calculate cell migration rate.

Cell Transwell Assay
Mix Matrigel with serum-free medium at a 1:8 ratio. Add 50 μL of the mixture to the Transwell upper chamber and 
incubate until solidified. Digest cells with trypsin, resuspend in serum-free medium, and add 100 μL of cell suspension 
(approximately 1×105 cells) to the upper chamber. Add the corresponding medium containing FBS to the lower chamber 
and incubate for 24 h. After incubation, cells were washed with PBS, fixed with cell fixative for 30 min, then incubated 
with 0.5% crystal violet (C0121, Beyotime) for 30 min. Five random fields of view were photographed, and invasive 
cells were quantified using ImageJ software.

Cell UA Level Detection
UA levels in culture medium (secreted) and cell lysate supernatant (intracellular) were measured using the Uric Acid 
Detection Kit (S0232S, Beyotime). Specifically, secreted UA was detected directly from the culture medium, while 
intracellular UA required adding the kit’s lysis buffer, centrifuging, and collecting the supernatant. Prepare the Amplex 
Red reaction working solution according to the instructions and measure the absorbance at 570 nm.

qRT-PCR Assay
qRT-PCR was used to detect the mRNA expression levels of SLC2A9 in five TNBC cell lines and MCF10A. Cells were 
digested and resuspended, and total RNA was extracted using Beyozol reagent (R0011, Beyotime). Reverse transcription 
was performed using a reverse transcription kit (D7168L; Beyotime) to convert RNA into cDNA. Quantitative PCR was 
performed using SYBR Green Fluorescent Quantitative PCR Premix (G3326, Servicebio). Cycling conditions were: 30s 
pre-denaturation at 95°C, followed by 40 cycles (95°C for 5s + 60°C for 30s). Relative mRNA expression levels were 
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calculated using the 2−ΔΔCt method, with GAPDH as the internal reference gene. Primer sequences are detailed in Tables 
S1 and S2.

Detection of Intracellular ROS Levels
The DCFH-DA fluorescent probe (ID31309, Solarbio, China) to detect intracellular ROS levels. SUM149PT and 
SUM159PT cells, which had been treated according to their respective groups, were seeded into 6-well plates. After 
48 h, the culture medium was discarded, and serum-free medium containing DCFH-DA at a final concentration of 10 μM 
was added. The cells were incubated at 37°C in the dark for 20 min. After incubation, the cells were washed three times 
with PBS, and the fluorescence intensity in the FL1 channel was measured using a flow cytometer. The mean 
fluorescence intensity was analyzed using FlowJo software.

JC-1 Assay
The JC-1 fluorescent probe (C2006, Beyotime, China) was used to detect mitochondrial membrane potential. Treated 
cells were seeded in culture dishes; after 48 h, JC-1 working solution was added, and the cells were incubated at 37°C in 
the dark for 20 min. The supernatant was discarded, and the cells were washed twice with JC-1 buffer. Images were 
acquired using a laser confocal microscope (A1RHD25, Nikon Precision (Shanghai), China). The ratio of red to green 
fluorescence intensity was quantified using ImageJ software.

Western Blot Assay
After cell digestion, add cell lysis buffer (P0013, Beyotime) and incubate on ice for 30 min. Centrifuge to collect the 
supernatant. Determine protein concentration using the BCA assay kit (E-BC-K318-M, E-Bioscience). Proteins were 
separated by 10% SDS-PAGE gel electrophoresis at 120V for 90 min and transferred to PVDF membranes. Membranes 
were blocked in 5% skim milk for 2 h, then incubated overnight at 4°C with the corresponding primary antibody. After 
three washes with TBST, the membrane was incubated with the secondary antibody for 1 h. Images were developed using 
Enhanced Chemiluminescence Reagent (BL523A, Biosharp) and captured via a gel imaging system (SCG-W5000, 
Servicebio). Band grayscale values were recorded using ImageJ software. Antibody details are listed in Table S3.

Statistical Analysis
Graphing and data analysis were performed using ImageJ 1.4.6A, GraphPad Prism 9.0, and Adobe Illustrator 2020. All 
experiments were performed with a sample size of n = 3 biologically independent replicates. Comparisons between two 
groups were conducted using a two-tailed Student’s t-test, while comparisons among multiple groups were performed 
using one-way analysis of variance (ANOVA) followed by Dunnett’s test. Data are presented as mean ± SEM, with p < 
0.05 considered statistically significant.

Results
SLC2A9 May Be a Key Target Influencing UA Metabolism Pathways in TNBC
To elucidate transcriptional differences between TNBC and normal breast tissue, principal component analysis (PCA) 
was first performed on the GSE264108 dataset. The TNBC and Control groups exhibited distinct clustering trends along 
principal components, indicating significant differences in transcriptional expression profiles between the two groups 
(Figure 1A). Ultimately, we identified and screened 1175 DEGs, generating heatmaps and volcano plots. Cross- 
referencing UA metabolism pathway genes with the identified TNBC DEGs yielded an overlapping gene, SLC2A9 
(Figure 1F). Analysis revealed that SLC2A9 expression is downregulated in TNBC (Figure 1B and C). KEGG and GO 
enrichment analyses revealed that TNBC DEGs were predominantly enriched in apoptosis signaling pathways and tumor 
metabolic reprogramming pathways, including apoptotic mitochondrial changes, regulation of extrinsic apoptotic signal
ing, apoptosis - multiple species, and granule lumen. This suggests that TNBC is closely associated with cell prolifera
tion/apoptosis regulation and metabolic reprogramming (Figure 1D and E). Subsequent validation in the GSE267442 and 

https://doi.org/10.2147/BCTT.S606599                                                                                                                                                                                                                                                                                                                                                                                                                                                 Breast Cancer: Targets and Therapy 2026:18 4

Chen et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/606599/606599_Supplement.docx
https://www.dovepress.com/article/supplementary_file/606599/606599_Supplement.docx
https://www.dovepress.com/article/supplementary_file/606599/606599_Supplement.docx
https://www.dovepress.com/article/supplementary_file/606599/606599_Supplement.docx


Figure 1 Differential Transcriptome Analysis of TNBC and Screening and Validation of SLC2A9. (A) Principal component analysis (PCA) of transcriptomic data from TNBC 
patients and healthy controls in the GSE264108 dataset. (B) Volcano plot of TNBC DEGs. Red dots represent upregulated genes, blue dots represent downregulated genes, 
and gray dots represent genes with no significant expression changes. (C) Heatmap of TNBC DEGs. (D) GO functional enrichment of DEGs. (E) KEGG pathway enrichment 
of DEGs. (F) Intersection of uric acid metabolism pathways and TNBC DEGs. (G) Validation of SLC2A9 expression across three independent clinical datasets (GSE264108, 
GSE280897, GSE267442). *: P < 0.05.
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GSE280897 datasets confirmed that SLC2A9 is significantly downregulated in TNBC, further substantiating its critical 
role in TNBC metabolism (Figure 1G).

SLC2A9 Expression in TNBC Cells
Based on analysis of the Cancer Cell Line Encyclopedia (https://sites.broadinstitute.org/ccle), we measured the relative 
expression levels of SLC2A9 in multiple TNBC cell lines using Western blotting (WB) and real-time quantitative PCR 
(RT-qPCR), with human normal mammary epithelial cells MCF 10A as the reference. We found that SLC2A9 was 
downregulated in most TNBC cells, such as SUM149PT and DU4475. In contrast, SUM159PT cells exhibited sig
nificantly higher expression levels than other TNBC cells (Figure 2A and B). Based on this, we established an 
overexpression model in SUM149PT cells and a knockdown model in SUM159PT cells. RT-qPCR validated the 
successful establishment of both models (Figure S1).

SLC2A9 Negatively Regulates Proliferation, Invasion, and Migration in TNBC Cells
Figure 2C and D clearly demonstrates the regulatory role of SLC2A9 in TNBC cell proliferation, invasion, and 
migration. In SUM149PT cells, compared to the control and vector groups, oe-SLC2A9 significantly reduced cell 
viability and colony formation numbers (P<0.01), indicating marked inhibition of cell proliferation. Concurrently, the 
number of migrating cells and scratch healing rates were significantly downregulated (P<0.01), reflecting substantially 
diminished invasive and migratory capabilities. Conversely, in SUM159PT cells, compared to control and si-NC groups, 
si-SLC2A9 significantly increased cell viability and colony formation (P<0.01), while migration cell counts and wound 
healing rates also markedly rose (P<0.01). These results indicate that SLC2A9 expression levels are negatively correlated 
with the invasive and migratory phenotypes of TNBC cells. Overexpression of SLC2A9 suppresses TNBC cell activity 
and behavior, while knockdown enhances their progression.

SLC2A9 Regulates Apoptosis and UA Homeostasis in TNBC Cells
Flow cytometry apoptosis assays revealed that oe-SLC2A9 significantly increased apoptosis rates in SUM149PT cells 
(P<0.0001); while knocking down si-SLC2A9 in SUM159PT cells markedly decreased apoptosis (P<0.01) (Figure 3A). 
As SLC2A9 is a key UA transporter gene, regulating UA transport-related genes may influence intracellular and 
extracellular UA transport functions. Using a kit, we measured intracellular and extracellular UA levels in both cell 
lines. In SUM149PT cells, the oe-SLC2A9 group exhibited significantly elevated UA secretion levels (P<0.001) and 
significantly reduced intracellular UA levels (P<0.01) In SUM159PT cells, the si-SLC2A9 group exhibited significantly 
reduced extracellular UA levels (P<0.05) and significantly increased intracellular UA levels (P<0.05) (Figure 3B), 
consistent with the trend observed by Han et al in hepatocellular carcinoma cells.12 These findings demonstrate 
SLC2A9’s role in promoting apoptosis in TNBC cells and confirm its function as a UA transporter. SLC2A9 may 
suppress malignant phenotypes by increasing extracellular UA secretion, reducing intracellular UA accumulation, and 
thereby altering the tumor microenvironment.

SLC2A9 Regulates Intracellular ROS Levels and Mitochondrial Membrane Potential in 
TNBC Cells
To investigate the effects of SLC2A9 on oxidative stress and mitochondrial function in triple-negative breast cancer cells, 
we conducted experiments in SUM149PT and SUM159PT cells. Flow cytometry results showed that in SUM149PT cells, 
the mean fluorescence intensity in the oe-SLC2A9 group was significantly higher than that in the control and vector 
groups (P < 0.0001), suggesting that SLC2A9 overexpression induces elevated intracellular ROS levels; In SUM159PT 
cells, the ROS fluorescence intensity in the si-SLC2A9 group was significantly lower than that in the control and si-NC 
groups (P < 0.001), indicating that SLC2A9 silencing reduces intracellular ROS levels (Figure 4A).

JC-1 fluorescence staining results showed that in SUM149PT cells, the red/green fluorescence ratio in the oe-SLC2A9 
group was significantly lower than that in the control group (P < 0.01), indicating that the mitochondrial membrane 
potential in the oe-SLC2A9 group was significantly reduced and the mitochondria were damaged; In SUM159PT cells, 
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Figure 2 Expression of SLC2A9 in Breast Cell Lines and Its Functional Regulation of TNBC. (A) Western blot analysis of SLC2A9 protein expression in the normal human 
breast cell line MCF-10A and TNBC cell lines (SUM149PT, SUM159PT, DU4475, MDAMB468, HCC1937), with GAPDH as the internal control (n=3). (B) mRNA expression 
of SLC2A9 in the above cell lines (n=3). (C) CCK-8 assay and colony formation assay to assess TNBC cell proliferation and colony formation by SLC2A9 (n=3). (D) Cell 
scratch assay and Transwell assay evaluating the migratory ability of SUM149PT and SUM159PT cells with SLC2A9 overexpression or knockdown (n=3). **: P < 0.01, ***: P < 
0.001, ****: P < 0.0001, ns: P > 0.05.
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the red/green fluorescence ratio in the si-SLC2A9 group was significantly higher than that in the control group (**P < 
0.01), indicating that SLC2A9 silencing improves mitochondrial membrane potential (Figure 4B). SLC2A9 can influence 
mitochondrial oxidative stress and damage by regulating uric acid homeostasis.

SLC2A9 Regulates Apoptosis - Related Proteins and UA Metabolism Pathway Proteins
Western blot analysis revealed that in SUM149PT cells, oe-SLC2A9 significantly increased the expression levels of the 
apoptosis-executing protein Caspase3 and the pro-apoptotic protein Bax (P<0.001), while the expression of the anti- 
apoptotic protein Bcl-2 was significantly reduced (P<0.001). In SUM159PT cells, si-SLC2A9 exhibited the opposite 
trend: Cleaved-Caspase3 and Bax expression were significantly reduced compared to the control group (P<0.0001), while 

Figure 3 SLC2A9 Regulates Apoptosis and UA Homeostasis in TNBC Cells. (A) Flow cytometry analysis of cell apoptosis in SUM149PT and SUM159PT cells with SLC2A9 
overexpression or knockdown (n=3). (B) Detection of intracellular and secreted UA levels in SUM149PT and SUM159PT cells with SLC2A9 overexpression or knockdown 
(n=3). *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001, ns: P > 0.05.
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Figure 4 SLC2A9 Regulates ROS Levels and Changes in Mitochondrial Membrane Potential in TNBC Cells. (A) Flow cytometry analysis of intracellular ROS fluorescence 
intensity in SUM149PT and SUM159PT cells (n=3). (B) JC-1 immunofluorescence staining to detect mitochondrial membrane potential (ΔΨm): red fluorescence represents 
JC-1 polymers (normal mitochondria), green fluorescence represents JC-1 monomers (mitochondrial depolarization damage), and the membrane potential level is quantified 
by the red/green fluorescence ratio (n=3). **: P < 0.01, ***: P < 0.001, ****: P < 0.0001, ns: P > 0.05.
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Bcl-2 expression was significantly increased (P<0.0001). No significant differences were observed among the control 
groups (Figure 5A). This result was consistent with the flow cytometry apoptosis phenotype, confirming the molecular 
mechanism by which SLC2A9 promotes apoptosis in TNBC cells through regulating core proteins of the apoptosis 
pathway.

Figure 5 SLC2A9 Regulates Apoptosis and UA Metabolism Protein Expression in TNBC Cells. (A) Western blot analysis of the expression of apoptosis-related proteins 
(Caspase-3, Cleaved-Caspase-3, Bcl-2, Bax) in SUM149PT and SUM159PT cells with SLC2A9 overexpression or knockdown, GAPDH served as the internal reference (n=3). 
(B) Western blot analysis of the expression of uric acid metabolism-associated proteins (XDH, ABCG2) in SUM149PT and SUM159PT cells with SLC2A9 overexpression or 
knockdown; GAPDH served as the internal reference (n=3). ***: P < 0.001, ****: P < 0.0001, ns: P > 0.05.
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Figure 5B further examined the expression of key proteins in the UA pathway. In SUM149PT cells, SLC2A9 
overexpression upregulated the expression of xanthine dehydrogenase (XDH), a key enzyme in UA production, while 
simultaneously reducing the expression level of the breast cancer resistance protein ABCG2 (P<0.001). In SUM159PT 
cells, SLC2A9 knockdown resulted in significantly reduced XDH expression and markedly elevated ABCG2 expression 
(P<0.001). These findings suggest that SLC2A9 may counteract metabolic imbalance and suppress TNBC phenotypes by 
upregulating XDH and downregulating ABCG2 to compensate for intracellular UA loss.

Tumor - Suppressing Effect of SLC2A9 Depends on Its UA Transport Function
To determine whether the tumor-suppressing effect of SLC2A9 depends on its UA transport activity, this study treated 
cells with probenecid, a UA transport inhibitor and anti-gout medication. In SUM149PT cells, oe-SLC2A9 significantly 
reduced cell viability compared to the vector group (P<0.01). Adding probenecid to oe-SLC2A9 cells significantly 
restored cell viability compared to the oe-SLC2A9 group (P<0.05), indicating that probenecid reverses the inhibitory 
effect of SLC2A9 on cell viability (Figure 6A). UA level detection further validated transport function: after adding 
probenecid to oe-SLC2A9 cells, intracellular UA significantly increased while extracellular UA significantly decreased 
(P<0.01), confirming probenecid effectively blocked SLC2A9 UA transport activity (Figure 6B). Flow cytometry 
apoptosis analysis revealed significantly elevated apoptosis rates in the oe-SLC2A9 group, which were markedly reduced 
upon probenecid addition compared to the oe-SLC2A9 group (P<0.0001) (Figure 6C and D).

ROS and JC-1 assays also demonstrated that the addition of probenecid to the oe-SLC2A9 group significantly 
reduced cellular ROS levels and mitochondrial membrane potential (P < 0.05), thereby reversing the damage caused by 
SLC2A9 overexpression (Figures 6E and 7A). Western blotting further corroborated this finding at the molecular level: 
SLC2A9, Cleaved-Caspase3, and Bax expression were significantly elevated in the oe-SLC2A9 group, while Bcl-2 
expression was markedly reduced. In the oe-SLC2A9+probenecid group, the expression trends of these proteins were 
reversed (Figure 7B). In summary, the anticancer effect of SLC2A9 may regulate cell viability and apoptosis by 
influencing UA transport function in TNBC cells.

Discussion
Combining bioinformatic analysis and in vitro cellular experiments, this study systematically elucidates the biological 
function and underlying molecular mechanism of SLC2A9 in TNBC. Mechanistically, SLC2A9 disturbs intracellular uric 
acid transport and homeostasis, triggers aberrant oxidative stress, and consequently induces mitochondrial apoptosis of 
TNBC cells.

The tumor microenvironment is a complex system comprising tumor cells, immune cells, and the extracellular 
matrix.16 Metabolic reprogramming represents a core feature of malignant tumors, mediated by multiple factors including 
alterations in oncogenes, tumor suppressor genes, and growth factors.17 Tumor cells may interact with surrounding non- 
tumor cells through metabolic reprogramming, thereby promoting tumor cell proliferation and survival. In primates, UA 
is the final product of purine degradation, with approximately 70% excreted via the kidneys.18 Disrupted purine 
metabolism and UA homeostasis have been demonstrated as key drivers of tumor progression. Previous studies indicate 
that elevated serum UA correlates closely with increased risks of breast cancer, colorectal cancer, and other malignancies. 
Cellular oxidative stress manifests as the accumulation of reactive oxygen species, reactive nitrogen species, and other 
reactive substances exceeding the capacity of antioxidant defenses. While moderate oxidative stress aids in cellular 
signaling and homeostasis maintenance, excessive oxidative damage may trigger various pathological conditions. 
Therefore, cells rely on endogenous enzymes or exogenous antioxidants to counteract this stress.19 UA possesses dual 
redox activity: UA can scavenge ROS, exert antioxidant effects, and mitigate oxidative stress damage. The accumulation 
of intracellular UA enhances tumor cell survival by reducing oxidative stress damage in the tumor microenvironment. 
Conversely, insufficient intracellular UA leads to a burst of ROS, disrupting the redox homeostasis.5,6,20,21 However, for 
TNBC - a highly malignant subtype with limited therapeutic options - the regulatory mechanisms of UA metabolism and 
its association with tumor phenotypes remain unclear.

Intracellular UA, acting as a potent antioxidant, protects tumor cells from ROS damage under microenvironmental 
stresses such as hypoxia and inflammation.22,23 Three UA transporters - SLC22A12 (URAT1), SLC2A9 (GLUT9), and 
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ABCG2 (BCRP)—have been reported to play crucial roles in serum UA regulation, with their dysfunction leading to 
impaired UA transport.8 GLUT9 as a high-capacity urate transporter, has been demonstrated to participate in systemic 
urate homeostasis regulation in humans and rodents.10,24–27 Concurrently, SLC2A9 expression is significantly down
regulated in prostate cancer28 and hepatocellular carcinoma.29 In this study, SLC2A9 exhibited persistent underexpres
sion across multiple TNBC patient datasets and cell lines, suggesting its suppression may confer a selective advantage to 
TNBC cells (Figure 1G, Figure 2A and B). In addition to environmental compensatory regulation, germline genetic 
variants may also be key upstream factors contributing to differences in the baseline expression of SLC2A9 and ABCG2 
and in baseline uric acid metabolism among different TNBC cell lines. Jisha et al and Chihiro et al confirmed through 
germline sequencing of 192 clinical samples from Indian TNBC patients and 583 samples from Chinese women that 

Figure 6 Probenecid reverses SLC2A9 overexpression-mediated disruption of uric acid homeostasis, decreased cell viability, and apoptosis activation. (A) CCK-8 assay assessing 
cell viability in cells overexpressing SUM149PT and treated with probenecid (n=3). (B) Measurement of intracellular uric acid and secreted uric acid in cell culture supernatant (n=3). 
(C) Flow cytometry analysis of apoptosis rates in cells overexpressing SUM149PT and treated with probenecid. (D) Flow Cytometry Apoptosis Analysis Chart (n=3). (E) Flow 
cytometry analysis of ROS levels in cells overexpressing SUM149PT and treated with probenecid (n=3). *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001, ns: P > 0.05.
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Figure 7 Probenecid rescues SLC2A9 overexpression-induced mitochondrial dysfunction and activation of mitochondrial apoptotic pathway in SUM149PT cells. (A) JC-1 
Fluorescent Staining for Detecting Mitochondrial Membrane Potential (n=3). (B) Western blot analysis of the expression of apoptosis-related proteins (Caspase-3, Cleaved- 
Caspase-3, Bcl-2, Bax) in SUM149PT cells after different treatments; GAPDH served as the internal reference (n=3). *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001, 
ns: P > 0.05.
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28.6% of Indian TNBC patients carry pathogenic germline mutations in DNA damage pathways such as BRCA1/2, 
compared to 7.7% in China.30,31 Such genetic variations can alter the basal transcription levels of uric acid transport- 
related genes through genomic transcriptional reprogramming, representing a major genetic source of metabolic 
phenotypic heterogeneity in TNBC. Our study reveals that SLC2A9 overexpression significantly elevates extracellular 
UA levels while reducing intracellular UA concentrations in TNBC cells, whereas SLC2A9 knockdown leads to 
intracellular UA accumulation (Figure 3B). This suggests SLC2A9 functions as a “UA efflux pump” in TNBC, 
enhancing tumor cell apoptosis sensitivity by depleting intracellular antioxidant reserves. Functional assays further 
demonstrated that SLC2A9 overexpression effectively suppressed TNBC cell proliferation, migration, and invasion 
(Figure 2C and D).

The mitochondrial apoptosis pathway is a core pathway regulating tumor cell fate. The balance between pro-apoptotic 
proteins (Bax) and anti-apoptotic proteins (Bcl-2) determines cellular survival status, while Caspase3 activation repre
sents the final critical step in apoptosis execution. Western blot analysis revealed that SLC2A9 promotes TNBC cell 
apoptosis by activating the mitochondrial apoptosis pathway (Figure 4A). This may occur because SLC2A9 is a direct 
target gene of p53 (an apoptosis gene), and both are positively correlated in regulating cellular apoptosis.32 Combined 
with UA detection results, we hypothesize that SLC2A9-mediated intracellular UA depletion may disrupt redox balance 
in TNBC cells, triggering mitochondrial dysfunction and subsequently initiating apoptosis. This confirms that UA 
metabolism disorders can regulate mitochondrial apoptosis signaling in tumor cells.33 This effect is not a universal 
consequence of transporter overexpression, as demonstrated by the reversible nature of this effect upon treatment with 
the UA transport-specific inhibitor probenecid. In addition to mitochondrial apoptosis, redox dysregulation caused by 
uric acid imbalance could theoretically induce other forms of cell death, such as ferroptosis and senescence. The 
sustained elevation of ROS associated with intracellular uric acid depletion can easily lead to mitochondrial damage 
and lipid peroxidation, thereby initiating the ferroptosis process; DNA replication damage caused by chronic oxidative 
stress can also induce tumor cell senescence.34,35 This study focuses on mitochondrial damage and apoptotic phenotypes; 
the regulatory role of SLC2A9 in ferroptosis and senescence requires further investigation.

XDH is a key enzyme in UA biosynthesis, catalyzing the conversion of xanthine to UA.8 Under normal growth 
conditions, the triple-negative breast cancer (TNBC) cell line MDA-MB-231 does not exhibit detectable XDH/XOR 
expression.36 Furthermore, according to reports from several years ago, the use of rabbit polyclonal antibodies may result 
in nonspecific binding to XOR.37 We found that SLC2A9 overexpression upregulates XDH expression. Database 
analyses of DepMap and CCLE confirmed XDH mRNA expression in all five TNBC cell lines tested. Meanwhile, 
GEO datasets GSE267442 and GSE280897 showed significantly reduced XDH mRNA levels in TNBC tissues compared 
to normal controls, consistent with our findings. Such upregulation of XDH may represent a compensatory mechanism to 
maintain metabolic balance following increased uric acid efflux. In contrast, ABCG2, as the breast cancer resistance 
protein, is closely associated with TNBC chemotherapy resistance and has been demonstrated to possess UA transport 
function. We observed a negative correlation between SLC2A9 and ABCG2 expression, suggesting that SLC2A9 may 
synergistically regulate UA homeostasis and the TNBC resistance phenotype with ABCG2 (Figure 4B). Given that 
ABCG2 overexpression confers resistance to chemotherapy drugs such as paclitaxel and doxorubicin in breast cancer 
cells,38 SLC2A9-mediated downregulation of ABCG2 suggests potential value in reversing TNBC drug resistance. This 
hypothesis warrants further validation through subsequent experiments.

The low expression of SLC2A9 in TNBC tissues and its association with an invasive cellular phenotype suggest its 
potential as a prognostic biomarker. SLC2A9 can enhance uric acid transport in TNBC cells or selectively promote 
TNBC cell apoptosis sensitivity. However, this study has certain limitations. The research is primarily based on in vitro 
cell experiments. Although it has preliminarily elucidated the mechanism of action of SLC2A9, the lack of in vivo 
models prevents the evaluation of the specific effects of the SLC2A9 - UA metabolism pathway. At the same time, 
a small sample size can also limit the reliability of the research findings. Future work will include larger clinical cohorts 
and in vivo animal experiments to further verify the clinical significance and molecular mechanism of SLC2A9 in TNBC 
progression.
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Conclusion
In summary, our study found that in TNBC, the uric acid transporter SLC2A9 inhibits the proliferation and migration of 
TNBC cells, induces apoptosis by regulating apoptosis-related proteins and intracellular and extracellular uric acid 
homeostasis, and modulates the uric acid metabolism-related protein XDH and the transporter ABCG2. These findings 
reveal the regulatory role of SLC2A9 in the progression of TNBC and provide a potential molecular target for therapeutic 
interventions.
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