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Objective: The Solute carrier family 25 member 3 (SLC25A3), a mitochondrial solute carrier protein, has been implicated in tumor
progression. Nonetheless, the connection between SLC25A3 and hepatocellular carcinoma (HCC) remains ambiguous.

Methods: The expression, mutation, clinical relevance and immune cell infiltration of SLC25A3 in HCC were investigated via
integrated bioinformatics analysis using TCGA data. Hub genes were identified by constructing a protein—protein interaction (PPI)
network, and the prognostic risk model was established using univariate Cox and LASSO regression analyses. The potential biological
functions of SLC25A3 in HCC were elucidated through GO and KEGG analysis using SLC25A3 co-expressed genes. SLC25A3
expression and promoter methylation status in HCC cells was validated by qRT-PCR and bisulfite sequencing PCR, and the biological
function of SLC25A3 in HCC was verified through in vitro loss-of-function experiments.

Results: SLC25A3 was significantly upregulated in HCC, accompanied by hypomethylation of its promoter region. Elevated
SLC25A3 expression was positively correlated with T stage, histologic grade, AFP level, vascular invasion, residual tumor, and
unfavorable prognosis, and served as an independent prognostic factor. SLC25A3 expression was correlated with infiltration of
multiple immune cell types. The top 10 SLC25A3 associated-hub genes (SNRPF, SNRPB, SNRPE, SNRPD1, SNRPG, EFTUD?2,
SNRNP200, SF3A3, SNRPA1, LSM2) were recognized. A four-gene prognostic signature derived from SLC25A3-related hub genes
(SNRPB, EFTUD2, SF3A3, and SNRPA1) demonstrated favorable predictive performance. Functional enrichment analysis disclosed
that SLC25A3 co-expressed genes were predominantly engaged in RNA splicing, ribosome biogenesis, chromosome segregation, cell
cycle and DNA replication. Experimental validation further confirmed that SLC25A3 was remarkably raised in HCC cell lines, with its
promoter region displaying a hypomethylated status, and silencing of SLC25A3 suppressed proliferation, migration, and invasion
while promoting apoptosis in HCC cells.

Conclusion: SLC25A3, a member of the mitochondrial solute carrier family, may function as a novel prognostic biomarker and
therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC) stands as the chief histological variant of primary liver cancer, holding the sixth
position in worldwide cancer occurrence and third in cancer-related deaths.'” The incidence of HCC shows striking
geographical variation, with the highest burden in East Asia and sub-Saharan Africa, mainly owing to the widespread
occurrence of chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infections.”> Additionally, non-viral risk
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factors such as alcohol abuse, aflatoxin intake, obesity, diabetes, and non-alcoholic fatty liver disease (NAFLD) have
become increasingly important contributors to HCC development.*> Although progress has been made in imaging
techniques, surgical interventions, and systemic therapies, HCC continues to be associated with a dismal overall
prognosis.® Only a limited subset of HCC patients, typically those identified at an early stage, are eligible for potentially
curative therapies such as surgery, liver transplantation, or local ablation, while most cases are detected at advanced
stages with limited therapeutic options.”® Moreover, the high recurrence and metastasis rates significantly compromise
long-term survival. Although molecular targeted therapies and immunotherapies have broadened treatment choices in
recent years, their overall efficacy remains modest and drug resistance often emerges.”'® Thus, there is a pressing
demand for the development of robust biomarkers and novel therapeutic targets that can improve early detection, refine
prognostic prediction, and guide more effective treatment strategies for HCC.

The mitochondrial solute carrier family (SLC25) represents the largest subgroup of solute carriers and play pivotal
roles in metabolite transport across the mitochondrial membrane, which is crucial for maintaining metabolic
homeostasis.'' Aberrant expression of many SLC25 family members has been implicated in tumorigenesis, tumor
advancement, and therapeutic resistance in a variety of cancers,'? including HCC,"* '® hinting that SLC25 family
genes are considered potential biomarkers or therapeutic targets for cancers. Solute carrier family 25 member 3
(SLC25A3), alternatively known as the mitochondrial phosphate carrier (PiC), is localized to the inner mitochondrial
membrane as a transmembrane protein. SLC25A3 primarily mediates phosphate (Pi) transport into the mitochondrial
matrix, thus crucially influencing ATP production via oxidative phosphorylation.'”'® In addition to its classical
phosphate transport function, SLC25A3 has also been identified as a mitochondrial copper (Cu) transporter that
facilitates the metallation of cytochrome ¢ oxidase (COX),"” further underscoring its critical role in mitochondrial energy
metabolism. A study in osteosarcoma found that SLC25A3 was upregulated in osteosarcoma tissues, and it can act as the
target gene of circular RNA circ_0017311 to mediate its promotion of osteosarcoma progression.”’ At present, the
connection between SLC25A3 and HCC remains unclear. Interestingly, SLC25A3 expression was markedly reduced in
a high-fat diet (HFD)-induced mouse model of NAFLD. Loss of SLC25A3 impaired hepatocellular redox homeostasis by
limiting mitochondrial copper accumulation and downregulating key antioxidant genes, including GPX1 and GSR,
thereby accelerating NAFLD progression.?' These observations indicate that SLC25A3 may serve as a pivotal regulator
in the pathogenesis of chronic liver disease. However, the potential involvement of SLC25A3 in the occurrence and
progression of HCC remains unclear.

To clarify the link between SLC25A3 and HCC, a comprehensive, multi-dimensional analysis of SLC25A3 in HCC
were carried out. Specifically, we integrated multi-omics datasets deposited in The Cancer Genome Atlas (TCGA) to
systematically illuminate the expression pattern, genetic and epigenetic alterations, clinical associations, immune
infiltration, and functional networks of SLC25A3 in HCC. Furthermore, the expression and biological functions of
SLC25A3 were validated through in vitro experiments. Collectively, this study seeks to offer fresh perspectives on the
clinical value of SLC25A3 in HCC and underscores its potential therapeutic benefits for HCC.

Material and Methods
Data Gathering

For the pan-cancer analysis, Toil-reprocessed RNA-seq data covering 29 types of cancers were acquired from the TCGA
database via UCSC XENA (https://xenabrowser.net/datapages/). Clinical pathological data of 374 HCC specimens were
also accessed from TCGA for analyzing the clinical significance of gene expression. All bioinformatics tasks related to

TCGA data were carried out with R language (version 4.2.1). RNA-seq data were filtered and standardized using the
“edgeR” package to obtain transcripts per million (TPM) data, which was subsequently log2-transformed for further
analysis. Additionally, six normalized expression matrices of GEO datasets (GSE39791, GSE45267, GSE45436,
GSE57957, GSE76427, and GSE87630) were retrieved from the GEO database (www.ncbi.nlm.nih.gov/geo/) for
confirming the expression trends of SLC25A3 in HCC.
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Bioinformatics Analysis of SLC25A3 Expression and Its Clinical Implication in HCC
Expression profile of SLC25A3 in both pan-cancer and HCC was visualized employing the R package “ggplot2”.
Associations between SLC25A3 expression and clinical parameters were also explored with the R package “ggplot2”.
Survival analyses, encompassing overall survival (OS), disease-specific survival (DSS), and progression-free interval
(PFI), were executed with R packages “Survival” and “Survminer”. To further evaluate prognostic factors influencing
OS, univariate and multivariate Cox regression analyses were carried out. A prognostic nomogram, together with
a calibration curve, was then established using the R package “rms” and “survival” to estimate 1-, 3-, and 5-year OS
probabilities in HCC patients. Moreover, the diagnostic and prognostic predictive capabilities of SLC25A3 was assessed
by plotting receiver operating characteristic (ROC) curve with the R package “pROC”.

Genetic Alterations and Methylation Status of SLC25A3 in HCC
The genetic alterations of SLC25A3 in 12 HCC datasets was identified by the cBioPortal (https://www.cbioportal.org),
involving the overall genetic alteration situation, the frequency of somatic genetic mutations, the distribution of mutation

sites, the impact of genetic alterations on patient prognosis, and the genetic variations of other genes in the genetic
alteration samples. The overall methylation level of the SLC25A3 promoter region in HCC was analyzed using
UALCAN (https://ualcan.path.uab.edu) and the modification status of individual methylation sites was viewed through
MEXPRESS (https://mexpress.ugent.be).

Analysis of the Relationship Between SLC25A3 and Immune Cell Infiltration

The link between SLC25A3 and immune cell infiltration in HCC was evaluated with the single-sample GSEA (ssGSEA)
method using the R package “GSVA” relying on the TCGA data,”* and the outcomes were subsequently visualized with
the R package “ggplot2” in the form of lollipop chart, violin plot and scatter plot, respectively.

Identification of Co-Expressed Genes of SLC25A3 in HCC

Genes showing positive co-expression with SLC25A3 in HCC were determined by the lights of batch analysis of the
correlation between SLC25A3 and 19,448 coding genes, with screening criteria set as |[Spearman’s 1| > 0.4 and adjusted
p-value < 0.01. The top 10 hub genes were identified through building protein-protein interaction (PPI) network
employing STRING (www.stringdb.org), followed by calculations utilizing the CytoHubba plugin of Cytoscape software

according to the maximum clique centrality (MCC) method. GO and KEGG enrichment analysis of genes exhibiting
positive co-expression with SLC25A3 was carried out employing the R package “clusterProfiler”. The involvement of
the top 10 hub genes in HCC-related signaling pathways was assessed utilizing the web-based platform GSCALite
(http://bioinfo.life.hust.edu.cn/web/GSCALite/).>

Construction of a Prognostic Signature Using Genes Positively Co-Expressed with
SLC25A3

The top 10 hub genes were subjected to the least absolute shrinkage and selection operator (LASSO) Cox penalized
regression analysis with the R package “glmnet”, and genes with non-zero coefficients were subsequently incorporated
into a risk score-based prognostic signature. The method for calculating the risk score was as follows:

RiskScore = %(exp X coef)
i=1
In the risk score formula, N denotes the number of model genes, exp represents the gene expression level, and coef
indicates the corresponding regression coefficient. Using the median value of the risk score as the cutoff, patients with
HCC were classified into high- and low-risk categories, and survival differences were examined using Kaplan—-Meier
analysis. ROC curve was plotted to determine the diagnostic and prognostic accuracy of the model. Cox regression
analyses were further applied to examine whether the risk score served as an independent prognostic indicator of OS in
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HCC. In addition, based on the risk score, a nomogram combined with calibration curves were developed to forecast 1-,
3-, and 5-year OS probabilities in HCC patients.

Cell Culture

The immortalized normal human hepatocyte cell line L-O2 along with HCC cell lines (Bel-7404, Hep3B, HepG2,
MHCC97H and MHCC97L) were all sourced from the China Center for Type Culture Collection (CCTCC) and
preserved in our laboratory. Each cell line was preserved in DMEM with 10% fetal bovine serum (FBS), penicillin at
100 U/mL, and streptomycin at 100 pg/mL, kept at 37°C in a moisture-controlled incubator with 5% CO,.

Small Interfering RNA (siRNA) Synthesis and Transfection

To silence SLC25A3, three siRNAs specific to SLC25A3 was provided by RiboBio (Guangzhou, China). The specific target
sequences are as follows: siRNA-1, 5>~ AGUACAAGGGCAUAUUUAA-3’; siRNA-2, 5’-CUCUGGCGCACAUCACUAU
-3’; siRNA-3, 5’- GACUCCGUGAAGGUCUACU-3". A negative control siRNA (5’-UUCUCCGAACGUGUCACGU-3")
were also purchased from RiboBio (Guangzhou, China). siRNA transfection was achieved utilizing Lipofectamine™ 3000
Transfection Reagent (ThermoFisher, USA).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from cells with RNAiso Plus (TAKARA, Japan). The synthesis of ¢cDNA for qRT-PCR was
achieved employing the Primescript RT reagent kit with gDNA Eraser (TAKARA, Japan), and qRT-PCR assay was carried
out with TB Green™ Premix Ex Taq™ II (TAKARA, Japan). The relative expression levels of target genes were determined
utilizing the 27" strategy by standardization against p-Actin. All the qRT-PCR primers applied in this investigation are
listed as follows: SLC25A3, 5’-CTGGCTCCTATGGAAGCTGCTA-3’ and 5’-GTCTCATCCAGAGAGGAGCAAC-3’; B-
Actin, 5>-TGGCACCCAGCACAATGAA-3’ and 5’-CTAAGTCATAGTCCGCCTAGAAGCA-3".

CCK-8 Assay

After seeding 5 x 107 cells/well into 96-well plates, cells were treated with 10 pL of CCK-8 solution (Dojindo, Japan)
and incubated at 37 °C for 90 minutes, after which absorbance was quantified at 450 nm with a microplate reader.

Colony Formation Test

The cells were planted in a 6-well plate with a concentration of 800 cells per well and cultivated until colonies became
apparent. Following this, the cells were stabilized with 4% paraformaldehyde at ambient temperature for 30 minutes, and
then were colored with 0.1% crystal violet for 20 minutes. After rinsing and drying, colony formation was recorded via
photography and subsequently enumerated.

Apoptosis Analysis by Flow Cytometry

The cells were collected using trypsin in the absence of EDTA and then dyed with Annexin V-FITC/PI Apoptosis
Detection Kit (Yeasen, Shanghai, China). The percentage of apoptotic cells was assessed utilizing the flow cytometry
technique.

Transwell Assays for Cell Migration and Invasion

The capacity of cells to migrate and invade was evaluated using both Matrigel-uncovered and Matrigel-covered 24-
well transwell chambers, equipped with transparent PET membranes featuring a pore size of 8.0 pm (Corning, USA).
A suspension of 5 x 10* cells in 200 pL serum-free medium was added to the upper compartment. The lower chamber
was filled with culture medium incorporated with 10% FBS to serve as a chemical attractant. Following a 24-hour
period for migration detection or a 48-hour period for invasion detection, the cells in the upper chamber were swabbed
away, whereas those in the lower chamber were exposed to 4% paraformaldehyde. The cells traversing the PET
membrane were stained employing crystal violet and observed through a microscope (100%) to calculate the percentage
of staining area.
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Bisulfite Sequencing PCR (BSP)

Genomic DNA was extracted from 5 x 10° cells using the MolPure® Cell/Tissue DNA Kit (Yeasen, Shanghai, China),
followed by bisulfite conversion using the Hieff* Superfast DNA Methylation Bisulfite Kit (Yeasen, Shanghai, China). The
bisulfite-treated DNA was used as a template for bisulfite sequencing PCR (BSP) to amplify the CpG island region of the
SLC25A3 promoter using 2 x EpiArt HS Taq Master Mix (Vazyme, Nanjing, China). BSP primers were designed using
MethPrimer software (https://www.methprimer.com/cgi-bin/methprimer/methprimer.cgi). The amplified fragment contained
19 CpG sites, and the primer sequences were as follows: 5-GTGGAAGGTGAGATTAGATTTTG-3' and 5'-
CCCAATACTTAATTTACTAACCAAAC-3'. The PCR products were purified and cloned into a cloning vector pESI-TA
/Blunt (Yeasen, Shanghai, China), followed by transformation into Escherichia coli competent cells. Ten independent clones

were randomly selected for sequencing, and the methylation status of individual CpG sites was subsequently analyzed.

Statistical Analysis

All statistical examination were executed with SPSS version 20.0. Student’s #-test was applied for two-group compar-
isons, and one-way ANOVA was employed for multiple group analyses. The experimental validation results are presented
as mean * standard deviation (SD) from three biological replicates. A p-value less than 0.05 was set as the benchmark for
statistical relevance.

Results
SLC25A3 Was Up-Regulated in HCC

To assess the expression trends of SLC25A3 in HCC, transcriptomic data from TCGA were analyzed, including 374
tumor samples, 50 normal tissues, and 50 paired tumor—normal samples. The results uncovered that SLC25A3 expression
was dramatically elevated in tumor tissues compared with normal controls in both unpaired and paired cohorts (both P <
0.001) (Figure 1A and B). This upregulation was further validated in six independent GEO datasets, in which SLC25A3
levels were consistently elevated in HCC tissues than in adjacent non-tumor tissues (all P < 0.001) (Figure 1C-H).
Beyond HCC, pan-cancer analysis of TCGA data across 29 tumor types demonstrated aberrant activation of SLC25A3.
Specifically, SLC25A3 was markedly upregulated in 17 cancer types, encompassing ACC, CESC, CHOL, DLBC, GBM,
KICH, KIRP, LGG, LIHC, PAAD, PRAD, SKCM, STAD, TGCT, THYM, UCEC, and UCS, while downregulation was
observed in ESCA, KIRC, LUAD, and LUSC (Figure 11).

Genetic Alterations and Methylation Status of SLC25A3 in HCC

To explore genetic alterations status of SLC25A3 in HCC patients, the genetic alterations of SLC25A3 was identified by
the cBioPortal (https://www.cbioportal.org) using a total of 3853 samples in 12 HCC datasets (CLCA, Nature 2024;
MERIiC/Basel, Nat Commun. 2022; MSK, Clin Cancer Res 2018; MSK, Clin Cancer Res 2024; MSK, JCO Precis Oncol
2023; TCGA, GDC; INSERM, Nat Genet 2015; MSK, PLOS One 2018; AMC, Hepatology 2014; RIKEN, Nat Genet
2012; TCGA, Firehose Legacy; TCGA, PanCancer Atlas). As demonstrated in Figure 2A and B, the overall mutation
frequency of SLC25A3 in HCC is approximately 0.3%, mainly involving missense mutations and gene amplification.

Kaplan—Meier survival analyses revealed that genetic alterations in SLC25A3 were not significantly associated with
overall survival (OS, P = 0.204) or disease-free survival (DFS, P = 0.089) (Figure 2C). As shown in Figure 2D, the
somatic mutation frequency of SLC25A3 in HCC is approximately 0.1% and the mutation sites are mainly located in the
mitochondrial carrier (Mito carr) domain of the SLC25A3 protein. We also found that the alteration frequency of the
NAV3, TP53, LGR5, ULKI, UTP20, MEP1A, EP400 and LRRIQI genes in the SLC25A3 mutant samples were
remarkably elevated compared to those in the group without mutations (Figure 2E). Furthermore, we observed
a marked decrease in DNA methylation within the promoter region of SLC25A3 in HCC tissues against benign
counterparts (Figure 2F), and several DNA methylation sites whose methylation levels were significantly negatively
correlated with the expression levels of SLC25A3 were identified, including cgl6871561, cg00763151, c¢g02923274,
cg12074252, cg09526886, cg20303850 and cg16711096 (Figure 2G).
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Figure | SLC25A3 was up-regulated in HCC. SLC25A3 expression in unpaired (A) and paired (B) HCC tissues were analyzed using TCGA data and validated in six GEO
datasets (C—H). (1) Pan-cancer analysis of SLC25A3 expression across 29 cancer types based on TCGA data. *P < 0.05, ** P <0.01, *** P <0.001.

Abbreviations: ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma; CHOL,
cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and
neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid
leukemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; OV, ovarian serous
cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SKCM, skin cutaneous melanoma; STAD,

stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine
carcinosarcoma.

Association Between SLC25A3 Expression and Clinical Traits of HCC Patients

As illustrated in Figure 3A-E, elevated SLC25A3 expression in HCC tissues showed significant positive associations with
T stage, histological grade, AFP levels, vascular invasion, and residual tumor status (all P < 0.05). Kaplan—-Meier survival
curves (Figure 3F—H) further demonstrated that patients with high SLC25A3 expression had markedly worse OS and DSS
compared with those exhibiting low expression (both P < 0.05), whereas no significant association was observed with PFI,
implying that elevated SLC25A3 could serve as a predictor of unfavorable outcomes in HCC. Univariate Cox regression
study uncovered that SLC25A3 expression (HR = 1.715, P = 0.002), T stage (HR =2.598, P < 0.001) and M stage (HR =
4.077, P = 0.017) showed a notable link with OS (Figure 3I). Subsequent multivariate Cox regression confirmed that
SLC25A3 expression (HR = 1.834, P = 0.008) represents an independent prognostic element for OS in HCC (Figure 3J).
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Figure 3 Association between SLC25A3 expression and clinical characteristics of HCC patients. Violin plot displaying the association between SLC25A3 expression and
T stage (A), histological grade (B), AFP level (C), vascular invasion (D), residual tumor (E). Kaplan-Meier survival curves demonstrating relationship of SLC25A3 expression
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of SLC25A3 level for overall survival. (K) The nomogram model predicting |-, 3- and 5-year overall survival. (L) Calibration curves of the nomogram prediction model. ***
P <0.01, *** P <0.001.

Furthermore, a nomogram integrating SLC25A3 expression and other key prognostic elements from univariate analysis was
developed to forecast 1-, 3-, and 5-year OS (Figure 3K). The calibration plots disclosed a remarkable agreement between
forecasted and actual survival outcomes, highlighting the robustness and reliability of the model (Figure 3L).
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Assessment of the Diagnostic and Prognostic Significance of SLC25A3 in HCC

To determine the diagnostic utility of SLC25A3 in HCC, ROC curve analyses were performed. As illustrated in
Figure 4A-D, SLC25A3 expression displayed strong diagnostic performance for distinguishing HCC (AUC = 0.925),
T1&T2 stage tumors (AUC = 0.920), histological grades G1&G2 (AUC = 0.915), and residual tumor status (AUC =
0.921). In addition, time-dependent ROC study demonstrated that SLC25A3 expression exhibited moderate predictive
capacity for OS at 1-, 3-, and 5-year intervals (AUC = 0.687, 0.608, and 0.606, respectively) and for DSS (AUC = 0.667,
0.586, and 0.591, respectively) (Figure 4E and F).

The Link Between SLC25A3 Expression and Immune Cell Infiltration in HCC

Previous studies have reported that SLC25 family genes, including SLC25A19 and SLC25A35, are closely associated
with immune cell infiltration in HCC."**** To investigate the specific connection between SLC25A3 and the penetration
of immune cell in HCC, we examined the link between SLC25A3 expression and immune cell infiltration across 20
immune cell subtypes in HCC tissues (Figure 5A). SLC25A3 expression was discovered to have an inverse relationship
with Th17 cells, CDS" T cells, B cells, plasmacytoid dendritic cells (pDCs), eosinophils, and neutrophils (|Spearman’s r|
> 0.1, P < 0.05), whereas positive correlations were observed with Th2 cells, follicular helper T (TFH) cells, and
macrophages (Figure 5B and C).

Co-Expression Network Analysis of SLC25A3 in HCC

To characterize the co-expression landscape of SLC25A3 in HCC, genes positively correlated with SLC25A3 expression
were systematically screened. A total of 1,044 genes exhibiting strong positive correlations were identified based on the
criteria of [Spearman’s r| > 0.4 and adjusted P < 0.01 (Supplementary Table 1). A PPI network constructed from these co-
expressed genes revealed 10 hub genes (SNRPF, SNRPB, SNRPE, SNRPD1, SNRPG, EFTUD2, SNRNP200, SF3A3,
SNRPA1, LSM2), whose expression levels were robustly positively correlated with SLC25A3 in HCC (Figure 6A—C).

Moreover, all 10 hub genes were significantly upregulated in HCC tissues (Figure 6D) and were positively associated

with advanced pathologic T stage, higher histological grade, and poorer overall survival (OS) (all P < 0.05)
(Figure 7A—C).

A 10 HCC vs Normal B 10 Pathologic T stage: T1&T2 vs Normal C 10 Histologic grade: G1&G2 vs Normal D 4 0Residual tumor: RO&R1&R2 vs Normal
0.8 0.8 0.8 0.8 1
3 3 2 o
a a a a
Eo6 206 Z o6 £ 06
2 2 2 2
2 = 2 2
G 04 G 04 G 04 G 0.4
L3 [ Q Q
%} %] y n . 12} .
0.2 SLC25A3 0.2 . : SLC25A3 0.2 . SLC25A3 0.2 e SLC25A3
AUC: 0.925 o AUC: 0.920 e AUC: 0.915 7 AUC: 0.921
: 0.892-0.957 . .885-0. a 1: 0.877-0. il : 0.888-0.
00 Cl: 0.892-0.95 00 Cl: 0.885-0.956 00 Cl: 0.877-0.953 00 Cl: 0.888-0.955
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
1-Specificity (FPR) 1-Specificity (FPR) 1-Specificity (FPR) 1-Specificity (FPR)
E Overall Survival F Disease Specific Survival
1.0 1.0
038 038
2 2
o o
= 06 o E 06
2 2
2 2
=1 - =
2 04 2 04 B
L7 SLC25A3 |+ SLC25A3
02 — 1-year (AUC = 0.687) 02 — 1-year (AUC = 0.667)
3-year (AUC = 0.608) ’ 3-year (AUC = 0.586)
— 5-year (AUC = 0.606) — 5-year (AUC = 0.591)
0.0 T T T T 0.0 T T T T
00 02 04 06 08 10 00 02 04 06 08 10
1-Specificity (FPR) 1-Specificity (FPR)

Figure 4 Diagnostic and prognostic ROC curves of SLC25A3 level in HCC. (A) HCC vs normal. (B) T stage T1&T2 vs normal. (C) histologic grade G1&G2 vs normal. (D)
Residual tumor RO&R1&R2 vs normal. (E) |-, 3-, and 5-year overall survival. (F) |-, 3-, and 5-year disease specific survival.

Journal of Hepatocellular Carcinoma 2026:13 hetps: 9


https://www.dovepress.com/article/supplementary_file/566459/Supplementary%20Material.pdf

Bie et al

Figure 5 Relevance between SLC25A3 level and immune cell infiltration in HCC. (A) Lollipop chart showing the correlation between SLC25A3 level and 20 different types
of immune cells. (B) Violin plot displaying the infiltration degree of 20 immune cell types in HCC patients with high and low expression of SLC25A3. (C) The scatter plot
showing the correlation between the expression level of SLC25A3 and the degree of immune cell enrichment in HCC. NS represents not significant, *P < 0.05, **P < 0.0,
P < 0.001.
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Figure 6 Construction of protein-protein interaction network based on positively co-expressed genes of SLC25A3 in HCC. (A) The top 10 hub genes were identified based
on the MCC methods. The correlation between the expression of hub genes and SLC25A3 in HCC was shown by heatmap (B) and scatter plot (C). (D) Analysis of the
expression status of the top 10 hub genes in HCC based on TCGA data. ***P < 0.001.

Establishment and Evaluation of a Hub-Gene-Based Prognostic Model from SLC25A3
Co-Expressed Genes in HCC

Following LASSO regression analysis, a prognostic signature was established based on four hub genes (SF3A3,
EFTUD2, SNRPB, SNRPA1) (Figure 8A and B), and individual risk scores were determined employing the formula:
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Figure 7 The clinical significance of the top 10 hub genes in HCC. (A) T stage. (B) Histologic grade. (C) Overall survival. *P < 0.05, ** P <0.01, *** P <0.001.
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Risk score = (SF3A3 x 0.502) + (EFTUD2 x 0.098) + (SNRPB x 0.129) + (SNRPA1 x 0.003). To examine the
prognostic utility of this model, patients were allocated to high- and low-risk cohorts using the median risk score as
a cutoff. As shown in Figure 8C, individuals classified as high-risk experienced elevated mortality and decreased survival
times, which was further confirmed by Kaplan—Meier analysis demonstrating significantly worse OS for the high-risk
group (P < 0.01) (Figure 8D). Time-dependent ROC analysis signified satisfactory predictive accuracy of the model for
1-, 3-, and 5-year OS, with all AUC values exceeding 0.6 (Figure 8E). Investigations employing both univariate and
multivariate Cox regression uncovered a notable correlation between the risk score and OS, serving as an independent
predictive factor (HR = 1.648, P = 0.005) (Figure 8F and G). Furthermore, a nomogram incorporating the risk score
along with clinical variables consisting of age, gender, T, N, M stages, and histological grade was constructed,
highlighting the risk score as a key determinant among these parameters (Figure 8H). Calibration plots confirmed the
model’s robust predictive capability for 1-, 3-, and 5-year OS probabilities (Figure 8I).

Prediction of Potential Roles and Mechanisms of SLC25A3 in HCC Based on

Co-Expression Networks

To explore potential biological functions and pathways of SLC25A3 in HCC, GO and KEGG enrichment analyses were
performed based on SLC25A3 co-expressed genes. The top 10 enriched terms in biological processes (BP), cellular
components (CC), molecular functions (MF), and KEGG routeways was identified. The results uncovered that these
genes were predominantly associated with RNA splicing, ribosome biogenesis, chromosome segregation, cell cycle
regulation, and DNA replication (Figure 9A—D). Furthermore, the GSCALite study indicated a primary link between the
top 10 hub genes and activation of the cell cycle and epithelial-mesenchymal transition (EMT) in HCC (Figure 9E).

Experimental Verification of SLC25A3 Expression and Its Functional Roles in HCC
For elucidating the status of SLC25A3 expression in HCC, we detected the expression of SLC25A3 in five HCC cell
lines (Bel-7404, Hep3B, HepG2, MHCC97H and MHCC97L) and human normal hepatocyte cell line L-O2. As exhibited
in Figure 10A, there was a notable increase in the expression of SLC25A3 across all HCC cell lines that were detected,
aligning with the previously mentioned bioinformatics discoveries.

To investigate the biological roles of SLC25A3 in HCC, MHCC97L and HepG2 cell lines, which exhibit high
SLC25A3 expression, were selected for loss-of-function experiments (Figure 10A). Three siRNAs were designed to mute
the expression of SLC25A3 in HCC cells, and all of them displayed effective knockdown effects (Figure 10B).
Subsequently, we selected the two siRNAs (siRNA-1 and siRNA-2) with the most effective knockdown effect for
functional studies. The impact of SLC25A3 knockdown on HCC cell proliferation, apoptosis, migration, and invasion
was assessed following siRNA transfection. As demonstrated in Figure 10C—G, silencing SLC25A3 markedly reduced
cell growth, colony establishment, migration, and invasion, while markedly increasing the proportion of apoptotic cells.
In addition, the methylation status of the CpG island within the SLC25A3 promoter region in MHCC97L and HepG2 cell
lines was validated using bisulfite sequencing PCR, and the results indicated that the CpG island in the SLC25A3
promoter exhibits an extremely low level of DNA methylation in both HCC cell lines (Figure 10H and I), which is
consistent with the findings derived from bioinformatics database analyses. Collectively, these discoveries propose that
SLC25A3 functions as a promoter of malignant phenotypes in HCC.

Discussion

SLC25 family genes have recently attracted considerable attention in HCC research. As the principal channels for
metabolite exchange across the inner mitochondrial membrane, SLC25 proteins directly govern cellular energy metabo-
lism, redox homeostasis and apoptotic signaling; dysregulation of these carriers is closely associated with HCC initiation
and progression.'*'> Multiple SLC25 paralogs are aberrantly expressed in HCC, where they contribute to metabolic
reprogramming that supports tumor proliferation, survival and drug resistance.'**> Beyond metabolic roles, several
SLC25 members have been linked to prognosis and to remodeling of the tumor immune microenvironment, suggesting
their value as biomarkers and potential therapeutic targets.'>>*® Therefore, the exploration of novel SLC25 family genes
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in pan-cancer was analyzed by GSCALite.

related to HCC will be beneficial for providing effective diagnostic indicators and therapeutic targets for HCC. In this

study, we performed a comprehensive evaluation of SLC25A3 in HCC by integrating bioinformatics analysis with

experimental validation, aiming to elucidate its clinical significance and biological functions.
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Figure 10 Experimental validation of the expression of SLC25A3 and its biological roles in HCC. (A) Validation of the expression status of SLC25A3 in HCC cell lines by
qRT-PCR. (B) The knockdown efficiency of siRNAs targeting SLC25A3 in HCC cells was evaluated by qRT-PCR. The proliferative ability of HCC cells was detected by CCK8
(C) and colony formation assay (D). (E) The cell apoptosis was determined by flow cytometry. The migration (F) and invasion (G) of HCC cells was assessed by transwell
assay, scale bar = 50 um. (H) The CpG island near the promoter of SLC25A3 was shown by UCSC Genome Browser. (I) The hypomethylation of the SLC25A3 promoter in
HCC cell lines was validation by bisulfite sequencing PCR. *P < 0.05, **P < 0.01.

First, SLC25A3 was revealed to show a notable increase in expression in HCC when contrasted with benign liver
tissues, a finding consistently validated across TCGA and multiple GEO cohorts. The findings of the Pan-Cancer
evaluation indicate that SLC25A3 was elevated in most cancer types, including HCC, suggesting that SLC25A3 may
have a carcinogenic effect and was a potential tumor diagnostic marker. Furthermore, we found the mutation frequency
of SLC25A3 in HCC was relatively low and its expression was partly regulated by DNA methylation, indicating that
epigenetic mechanisms rather than genetic alterations may underlie its dysregulation. Moreover, the observed co-
alteration of genes such as TP53 and NAV3 in SLC25A3-mutant cases implies potential cooperative oncogenic
interactions.

Secondly, high SLC25A3 expression in HCC was uncovered to be closely linked with progressive clinicopathological
traits, encompassing higher T stage, histological grade, AFP levels, vascular invasion, and residual tumor. Moreover,
survival analyses and Cox regression models implied that SLC25A3 serves as an independent prognostic predictor of
risk, further supporting its potential as a clinically relevant biomarker. The diagnostic accuracy of SLC25A3 was also
robust, as reflected by high AUC values in ROC analyses across multiple subgroups, indicating that SLC25A3 holds
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promise as an innovative molecular indicator for the early detection and prediction of HCC. Moreover, we disclosed that
SLC25A3 expression correlated with altered immune cell infiltration, characterized by decreased Th17, CD8" T cells,
B cells, pDC, eosinophils and neutrophils but increased Th2, TFH, macrophage populations, implying a role in shaping
an immunosuppressive tumor microenvironment. Recently, several other members of the SLC25 family have also been
reported to be associated with immune cell infiltration in HCC. For example, SLC25A35 was found to be positively
correlated with the infiltration of B cells, CD8" T cells, CD4" T cells, macrophages, neutrophils, and DC." In contrast,
SLC25A19 was reported to be negatively correlated with DC, Th17 cells, neutrophils, pDC, mast cells, and B cells, while
showing a positive correlation with Th2 cells.** Collectively, these findings highlight SLC25A3 not only as a prognostic
and diagnostic biomarker but also as a possible immunometabolic regulator in HCC.

Thirdly, the importance in biology of SLC25A3 in HCC was highlighted through constructing co-expression network
and conducting functional enrichment. The co-expressed genes of SLC25A3 were primarily enriched in routeways linked
to RNA splicing, ribosome biogenesis, and cell cycle regulation, suggesting that SLC25A3 may exert oncogenic
functions by bridging mitochondrial metabolism with transcriptional and post-transcriptional regulation. Notably,
aberrant RNA splicing is increasingly recognized as a major driver of HCC advancement and therapeutic
resistance.”’*® Furthermore, a predictive model consisting of four hub genes (SNRPB, EFTUD2, SF3A3, and
SNRPAT1) derived from the top 10 SLC25A3 co-expressed hub genes was established using LASSO regression, and
this model exhibited robust predictive performance and was recognized as an independent predictive element for HCC.
Notably, each of the four hub genes have been reported to be critical contributors to HCC progression. For instance,
a recent finding demonstrated that SNRPB can promote the HCC development by regulating the alternative splicing of
EZH2.?° Collectively, these findings underscore the potential clinical utility of incorporating SLC25A3-related molecular
features into risk stratification systems for HCC.

In the end, we experimentally validated the oncogenic role of SLC25A3 in HCC. Consistent with the bioinformatics
analysis, SLC25A3 expression was markedly elevated in HCC cell lines compared with normal hepatocytes, confirming
its abnormal activation at the cellular level. Functional assays further demonstrated that silencing SLC25A3 markedly
impaired proliferation, colony formation, migration, and invasion, and concurrently triggered apoptotic cell death,
indicating that SLC25A3 contributes to multiple malignant phenotypes of HCC and may represent a promising target
for therapeutic intervention in HCC. Notably, most SLC25 family genes that have been functionally characterized in
HCC are acting as oncogenes. For instance, SLC25A35 was recently discovered to promote fatty acid oxidation and
mitochondrial biogenesis through elevating PGC-1a, thereby accelerating the HCC progression.'* SLC25A19 was found
to be able to promote the progression of HCC by inhibiting ferroptosis.”* Interestingly, SLC25A20 was found to be
markedly reduced in HCC, and acts as a negative regulator of tumor progression by facilitating fatty acid oxidation,
thereby restraining cancer growth and metastatic potential.'®

Despite the present study providing preliminary evidence for the involvement of SLC25A3 in HCC, several
limitations should be acknowledged. First, the bulk of our analyses relied on retrospective public datasets, including
TCGA and GEO, which are inherently susceptible to selection bias, and prospective validation in larger, well-
characterized clinical cohorts is still warranted. Second, the association between SLC25A3 expression and immune
cell infiltration was mainly derived from computational deconvolution and therefore reflects correlative rather than causal
relationships. Functional immune-related experiments, such as immune cell co-culture assays or in vivo modeling, were
not performed in the current study, and the mechanisms by which SLC25A3 may modulate the tumor immune
microenvironment in HCC require further experimental validation. Third, the oncogenic role of SLC25A3 in HCC
was evaluated mainly through in vitro cellular experiments, and future studies should employ animal models to further
elucidate the pro-tumorigenic function and underlying mechanisms of SLC25A3 in vivo.

Conclusion

The present study comprehensively disclosed that SLC25A3 is markedly upregulated in HCC and functions as an
oncogenic molecule, serving as a prognostic and diagnostic biomarker while also representing a promising therapeutic
target. These findings provide a theoretical foundation for future mechanistic exploration and clinical translational
research on SLC25A3 in HCC.
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