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Hepatocellular carcinoma (HCC) is a highly aggressive malignancy with poor prognosis, driven by 
complex molecular mechanisms that remain inadequately understood. Among these, the ubiquitin–
proteasome system plays a crucial role in regulating protein stability and function, with E3 ubiquitin 
ligases emerging as key players in cancer progression. Here, we identify Tripartite Motif-containing 6 
(TRIM6), an E3 ubiquitin ligase, as a critical regulator of HCC metastasis. We demonstrate that TRIM6 
is significantly upregulated in HCC tissues and correlates with poor overall survival. Mechanistically, 
we uncover that STAT3 directly regulates TRIM6 by binding to its promoter and enhancing its 
transcription. Functionally, TRIM6 promotes epithelial-mesenchymal transition (EMT) and cell invasion 
by upregulating the key EMT transcription factor Snail1. Importantly, we reveal that TRIM6 interacts 
with and ubiquitinates DDX58 (RIG-I), leading to its proteasomal degradation. The degradation of 
DDX58 by TRIM6 alleviates its inhibitory effects on Snail1, thereby facilitating EMT and enhancing 
the invasive potential of HCC cells. These findings establish the STAT3-TRIM6-DDX58-Snail1 axis as a 
pivotal pathway in HCC progression, offering novel insights into the molecular underpinnings of HCC 
metastasis and highlighting TRIM6 as a potential therapeutic target and prognostic biomarker in HCC.
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Hepatocellular carcinoma (HCC) is one of the most prevalent and deadly forms of cancer worldwide, accounting 
for the majority of primary liver cancers1. Despite advances in early detection and therapeutic strategies, HCC 
remains a major global health challenge due to its aggressive nature, high recurrence rates, and poor prognosis. 
The molecular mechanisms underlying HCC progression and metastasis are complex and multifaceted, involving 
dysregulated signaling pathways, genomic instability, and a hostile tumor microenvironment2. Identifying the 
key molecular drivers of HCC is crucial for developing targeted therapies that can improve patient outcomes.

Among the various molecular alterations in HCC, the dysregulation of the ubiquitin–proteasome system 
(UPS) has emerged as a significant contributor to tumorigenesis and cancer progression3. The UPS is responsible 
for the selective degradation of proteins, thereby regulating a wide array of cellular processes, including cell 
cycle progression, apoptosis, and signal transduction4. E3 ubiquitin ligases, which confer specificity to the 
ubiquitination process, are particularly important in maintaining cellular homeostasis. Dysregulation of E3 
ligases has been implicated in the development of various cancers, including HCC, by promoting the degradation 
of tumor suppressors and stabilizing oncogenic proteins5.

Tripartite motif-containing protein 6 (TRIM6) is a member of the TRIM family of E3 ubiquitin ligases, 
characterized by a conserved tripartite motif comprising a RING finger domain, one or two B-box domains, 
and a coiled-coil region6. TRIM proteins are involved in numerous biological processes, including antiviral 
responses, immune regulation, and cell proliferation7,8. However, the role of TRIM6 in cancer, particularly in 
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HCC, remains largely unexplored. Emerging evidence suggests that TRIM6 may play a pivotal role in cancer 
progression by modulating key signaling pathways involved in cell survival, proliferation, and metastasis9–11.

Epithelial-mesenchymal transition (EMT) is a well-recognized process by which epithelial cells acquire 
mesenchymal characteristics, leading to enhanced migratory and invasive capabilities12,13. EMT is critical for the 
progression of cancers, including HCC, as it facilitates the dissemination of cancer cells from the primary tumor 
to distant organs14. Central to the regulation of EMT are transcription factors such as Snail1, which repress 
epithelial markers like E-cadherin and induce the expression of mesenchymal markers such as N-cadherin and 
vimentin15,16. The molecular mechanisms that regulate Snail1 expression and activity are complex and involve 
multiple signaling pathways, including those mediated by E3 ubiquitin ligases17.

In addition to its well-established role in antiviral immunity, DDX58 (RIG-I) has recently been implicated in 
the regulation of EMT and cancer cell migration. DDX58 is an RNA helicase that plays a key role in the innate 
immune response by detecting viral RNA and initiating downstream signaling cascades18. Interestingly, DDX58 
has been shown to inhibit EMT and metastasis in various cancers19,20. However, the regulatory mechanisms 
governing DDX58 stability and function in cancer cells remain poorly understood.

Given the potential interplay between TRIM6 and DDX58 in HCC, we hypothesized that TRIM6 may 
promote HCC progression by regulating DDX58 through ubiquitination, thereby influencing EMT and 
metastatic potential. In this study, we aimed to elucidate the role of TRIM6 in HCC and explore its potential as 
a therapeutic target. We employed a combination of bioinformatic analyses, in vitro experiments, and molecular 
biology techniques to investigate the expression and function of TRIM6 in HCC. Our findings reveal that TRIM6 
is significantly upregulated in HCC and plays a critical role in promoting EMT and cell migration through the 
degradation of DDX58 and the subsequent regulation of Snail1. These insights contribute to our understanding 
of the molecular mechanisms driving HCC progression and highlight the TRIM6-DDX58-Snail1 axis as a novel 
target for therapeutic intervention.

Materials and methods
Identification of differentially expressed genes (DEGs)
To identify differentially expressed genes (DEGs) associated with HCC, we utilized two publicly available 
microarray datasets: GSE50579 and GSE112791. Raw microarray data were downloaded from the Gene 
Expression Omnibus (GEO) database and preprocessed using the R programming language with the 
Bioconductor packages. Background correction and normalization were performed using the Robust Multi-array 
Average (RMA) method. For differential expression analysis, the limma package was employed to compare gene 
expression profiles between HCC tissues and normal liver tissues in both datasets. The criteria for identifying 
DEGs were set as a p value < 0.05 and |log2 fold change (log2FC)|> 1.5. Volcano plots were generated using the 
ggplot2 package in R to visualize the distribution of upregulated and downregulated genes. Venn diagrams were 
constructed to identify common DEGs across the datasets using the VennDiagram package.

Enrichment analysis
To gain insights into the biological processes and pathways associated with TRIM6, we performed Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses21. The clusterProfiler 
package in R was used to analyze the enrichment of GO terms and KEGG pathways among the DEGs identified 
in TRIM6_Knockout versus wild-type (WT) cells (GSE138841 dataset). DEGs with a p value < 0.05 and a false 
discovery rate (FDR) < 0.25 were considered significantly enriched. The results were visualized using bar plots 
and dot plots generated by the enrichplot package in R.

Transcription factor binding site prediction
To predict potential transcription factors regulating TRIM6 expression, we used the TF_Target_Finder online 
tool (https://jingle.shinyapps.io/TF_Target_Finder/). This tool integrates data from several databases, including 
KnockTF, CHEA, GTRD, ChIP_Atlas, and the cor_TCGA database. STAT3 was identified as a potential 
transcription factor regulating TRIM6.

Molecular docking simulation
Molecular docking simulations were performed to predict the binding interface between TRIM6 and DDX58. 
The three-dimensional structures of TRIM6 and DDX58 were obtained from the Protein Data Bank (PDB) or 
predicted using the Alphafold3 model if the crystal structures were unavailable. The docking simulations were 
conducted using AutoDock Vina, a widely used docking software for predicting protein–ligand interactions. 
The grid box for docking was centered around the predicted interaction interface based on the PPI network 
analysis, with grid dimensions large enough to cover all potential binding sites. Docking parameters were set 
to default values, and the docking results were analyzed to identify the most favorable binding conformation 
based on the binding energy scores. The binding interactions between TRIM6 and DDX58 were visualized using 
PyMOL software, highlighting key residues involved in the interaction, such as ASN-409, PRO-429, and ARG-
431 on TRIM6. These residues were predicted to form stable hydrogen bonds and hydrophobic interactions with 
DDX58, supporting the hypothesis that TRIM6 may regulate DDX58 through direct binding and subsequent 
ubiquitination.

Kaplan–Meier survival analysis
To assess the prognostic significance of TRIM6 expression in HCC, Kaplan–Meier survival analysis was 
performed using the Kaplan–Meier Plotter database (http://kmplot.com/). HCC patients were stratified into high 
and low TRIM6 expression groups based on the median expression value. Overall survival (OS) was compared 
between the two groups using the log-rank test, and a  p value < 0.05 was considered statistically significant.
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Cell lines and culture conditions
HCC cell lines HCCLM3 and Huh-7 were obtained from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented 
with 10% fetal bovine serum (FBS, Gibco), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco) at 37 °C 
in a humidified atmosphere containing 5% CO₂. Cells were passaged every 2–3 days and maintained at 70–80% 
confluency for all experiments.

Gene knockdown and overexpression in HCC cells
TRIM6 and DDX58 knockdown were achieved using lentivirus-delivered short hairpin RNAs (shRNAs) 
specifically targeting human TRIM6 or DDX58 mRNA. Two independent shRNA sequences for each gene were 
cloned into the pLKO.1-puro vector (Addgene). Lentiviral particles were produced in HEK293T cells by co-
transfection with standard packaging plasmids using Lipofectamine 3000 (Invitrogen). Target HCC cell lines 
(HCCLM3 and Huh-7) were infected with viral supernatants in the presence of 8 μg/mL polybrene, followed by 
selection with 2 μg/mL puromycin for 48–72 h. Knockdown efficiency was confirmed by qRT-PCR and Western 
blot analysis. TRIM6 and DDX58 overexpression were performed by subcloning the full-length human TRIM6 
or DDX58 coding sequences into the pcDNA3.1(+) mammalian expression vector (Invitrogen). Transient 
transfection of expression plasmids was carried out using Lipofectamine 3000 following the manufacturer’s 
instructions. Cells were harvested 48 h post-transfection for subsequent assays. Overexpression efficiency was 
validated by immunoblotting.

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from HCCLM3 and Huh-7 cells using TRIzol reagent (Invitrogen) according to 
the manufacturer’s instructions. The concentration and purity of RNA were measured using a NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized from 1 µg of total RNA using the 
PrimeScript RT reagent Kit with gDNA Eraser (Takara) following the manufacturer’s protocol. Quantitative real-
time PCR (qRT-PCR) was performed using TB Green Premix Ex Taq II (Takara) on a StepOnePlus Real-Time 
PCR System (Applied Biosystems). The PCR conditions were as follows: initial denaturation at 95 °C for 30 s, 
followed by 40 cycles of denaturation at 95 °C for 5 s, annealing at 60 °C for 30 s, and extension at 72 °C for 30 s. 
The relative expression levels of target genes were normalized to GAPDH as the internal control, and the fold 
change in gene expression was calculated using the 2−ΔΔCt method.

Western blotting
Cells were lysed in RIPA buffer (Beyotime) containing protease and phosphatase inhibitors (Roche). Protein 
concentrations were determined using the BCA Protein Assay Kit (Thermo Fisher Scientific). Equal amounts 
of protein (20–40 µg) were separated by SDS-PAGE on 10% or 12% polyacrylamide gels and transferred onto 
polyvinylidene fluoride (PVDF) membranes (Millipore). Membranes were blocked with 5% non-fat milk in 
TBS-T (Tris-buffered saline with 0.1% Tween-20) for 1  h at room temperature and incubated overnight at 
4  °C with the following primary antibodies: Anti-TRIM6 (1:1000, Abcam, ab141413), Anti-DDX58 (1:1000, 
Cell Signaling Technology, #4200), Anti-Snail1 (1:1000, Cell Signaling Technology, #3879), Anti-GAPDH 
(1:2000, Proteintech, 60004-1-Ig), Anti-β-Actin (1:2000, Proteintech, 66009-1-Ig). After washing with TBS-T, 
membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:5000, Jackson 
ImmunoResearch) for 1  h at room temperature. Protein bands were visualized using the ECL Plus Western 
Blotting Detection System (GE Healthcare) and detected with the ChemiDoc MP Imaging System (Bio-Rad). 
Densitometric analysis was performed using ImageJ software.

Luciferase reporter assay
The TRIM6 promoter region, including putative STAT3 binding sites, was amplified by PCR from human 
genomic DNA and cloned into the pGL3-Basic vector (Promega) to generate the wild-type TRIM6 promoter 
luciferase reporter construct (TRIM6-WT). Site-directed mutagenesis was performed to create mutant 
constructs with disrupted STAT3 binding sites (TRIM6-Mut1, TRIM6-Mut2, and TRIM6-Mut3) using the 
QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies). HCCLM3 and Huh-7 cells were 
co-transfected with 500 ng of the luciferase reporter construct (WT or mutant), 100 ng of Renilla luciferase 
plasmid (pRL-TK, Promega) as an internal control, and 500 ng of STAT3 overexpression plasmid or control 
vector using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. After 48 h, luciferase 
activity was measured using the Dual-Luciferase Reporter Assay System (Promega) on a GloMax 96 Microplate 
Luminometer (Promega). Firefly luciferase activity was normalized to Renilla luciferase activity, and the results 
were expressed as relative luciferase activity.

Chromatin immunoprecipitation (ChIP) assay
Chromatin immunoprecipitation (ChIP) was performed using the EZ-Magna ChIP A/G Kit (Millipore) following 
the manufacturer’s protocol. Briefly, HCCLM3 and Huh-7 cells were cross-linked with 1% formaldehyde for 
10  min at room temperature, followed by quenching with 125  mM glycine. Cells were then lysed, and the 
chromatin was sonicated to obtain DNA fragments of approximately 200–1000 bp. The sonicated chromatin 
was incubated overnight at 4 °C with 5 µg of anti-STAT3 antibody (Cell Signaling Technology, #4904) or normal 
rabbit IgG as a negative control. Protein-DNA complexes were precipitated using protein A/G magnetic beads 
and washed extensively. The cross-links were reversed by incubation at 65 °C for 4 h, and the DNA was purified 
using the provided spin columns. The presence of STAT3 binding sites in the TRIM6 promoter region was 
analyzed by qPCR using specific primers: The qPCR conditions were identical to those described for qRT-PCR. 
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The data were analyzed using the 2−ΔΔCt method, and the results were presented as the percentage of input 
chromatin.

Co-immunoprecipitation (Co-IP)
HCCLM3 and Huh-7 cells were lysed in IP lysis buffer (Thermo Fisher Scientific) containing protease and 
phosphatase inhibitors. The lysates were pre-cleared with protein A/G magnetic beads (Pierce) for 1 h at 4 °C, 
followed by incubation with 2 µg of anti-TRIM6 antibody (Abcam, ab141413) or anti-DDX58 antibody (Cell 
Signaling Technology, #4200) overnight at 4 °C. Normal rabbit IgG (Millipore) was used as a negative control. 
Immune complexes were captured by incubation with protein A/G magnetic beads for 2 h at 4 °C, and the beads 
were washed extensively with lysis buffer. Bound proteins were eluted by boiling in SDS loading buffer and 
analyzed by Western blotting as described above.

Transwell inviasion assay
The invasive capacity of HCCLM3 and Huh-7 cells was evaluated using 24-well transwell invasion chambers with 
8 µm pore size polycarbonate membranes (Corning), pre-coated with Matrigel (BD Biosciences) to simulate the 
extracellular matrix barrier. A total of 5 × 104 cells suspended in serum-free DMEM were seeded into the upper 
chamber, while the lower chamber was filled with DMEM containing 10% FBS to act as a chemoattractant. 
Following 24 h of incubation at 37 °C, non-invaded cells on the upper surface of the membrane were carefully 
removed using a cotton swab. The invaded cells on the lower surface of the membrane were fixed with 4% 
paraformaldehyde, stained with 0.1% crystal violet, and subsequently quantified under a light microscope. The 
number of invaded cells was counted in five randomly selected fields to assess the invasive potential of the cells.

Statistical analysis
All experiments were performed in triplicate and independently repeated at least three times. Data are presented 
as the mean ± standard deviation (SD). Statistical comparisons were made using Student’s t-test for two-group 
comparisons or one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. Kaplan–Meier 
survival analysis was conducted using the log-rank test. A  p value of < 0.05 was considered statistically significant. 
Statistical analyses were performed using GraphPad Prism 8.0 software.

Results
Upregulation of TRIM6 is associated with poor prognosis in hepatocellular carcinoma
To identify key regulatory genes in hepatocellular carcinoma (HCC), we conducted differential expression 
analysis on two microarray datasets, GSE50579 and GSE112791, which profile gene expression in HCC versus 
normal liver tissues. The GSE50579 dataset includes 67 tumor samples and 10 normal samples, while GSE112791 
comprises 183 tumor samples and 15 normal samples. Applying a stringent cutoff of p < 0.05 and |log2FC|> 1.5, 
we identified 667 upregulated and 587 downregulated genes in HCC tissues compared to normal tissues in 
the GSE50579 dataset (Supplementary Table 1). These differentially expressed genes (DEGs) were visualized 
using volcano plots (Fig. 1A, B). Similarly, analysis of the GSE112791 dataset revealed 245 upregulated and 362 
downregulated genes (Supplementary Table 2), also depicted in volcano plots (Fig. 1C, D). To identify potential 
key drivers of HCC tumorigenesis, we intersected the upregulated genes from both datasets with a curated list of 
E3 ubiquitin ligases. This approach identified TRIM6 as the only gene consistently upregulated in both datasets 
(Fig. 1E). Validation in the TCGA-LIHC cohort confirmed that TRIM6 expression is significantly elevated in 
HCC tissues compared to normal liver tissues (Fig. 1F). To explore the clinical relevance of TRIM6 expression, 
we used the UALCAN platform, which demonstrated a strong correlation between TRIM6 mRNA levels and 
both tumor grade and stage in HCC samples (Fig. 1G, H). These findings were further validated across three 
independent HCC cohorts (GSE62232, GSE84402, and GSE45267), where TRIM6 expression was consistently 
higher in tumor tissues compared to normal liver tissues (Fig. 1I, K). Kaplan–Meier survival analysis using the 
Kaplan–Meier Plotter database revealed that elevated TRIM6 expression is significantly associated with poorer 
overall survival in HCC patients (Fig. 1L). Together, these results indicate that TRIM6 is not only upregulated 
in HCC but also closely linked to adverse clinical outcomes, positioning TRIM6 as a potential prognostic 
biomarker and therapeutic target in HCC.

STAT3 directly regulates TRIM6 expression in hepatocellular carcinoma
To further explore the mechanisms underlying TRIM6 upregulation in hepatocellular carcinoma (HCC), we 
sought to identify its potential upstream regulatory factors. Using the TF_Target_Finder online tool ​(​​​h​t​t​p​s​:​/​/​j​i​
n​g​l​e​.​s​h​i​n​y​a​p​p​s​.​i​o​/​T​F​_​T​a​r​g​e​t​_​F​i​n​d​e​r​/​​​​​)​, we conducted a comprehensive transcription factor prediction analysis. 
This analysis integrated data from multiple sources, including KnockTF, CHEA, GTRD, ChIP_Atlas, and the 
cor_TCGA database. Through this integrative approach, we identified STAT3 as a potential transcription factor 
that may regulate TRIM6 expression (Fig.  2A). To confirm the regulatory relationship between STAT3 and 
TRIM6, we first analyzed the correlation between TRIM6 and STAT3 expression across multiple cancer types 
using TCGA data. Specifically, a scatter plot analysis of TRIM6 versus STAT3 expression levels in LIHC revealed 
a significant positive correlation, underscoring a strong association between STAT3 and TRIM6 expression 
(Fig. 2B, C). To determine whether STAT3 directly regulates TRIM6 transcription, we conducted an in silico 
analysis of the TRIM6 promoter region, identifying two putative STAT3 binding sites (Fig. 2D). To experimentally 
validate this regulatory relationship, we constructed luciferase reporter plasmids containing either the wild-type 
(WT) TRIM6 promoter or mutant promoters with disrupted STAT3 binding sites (Mut1, Mut2, and Mut3). The 
WT TRIM6 promoter construct included the entire promoter region with both intact STAT3 binding sites, while 
the mutant constructs contained site-specific mutations designed to disrupt STAT3 binding. HCCLM3 cells 
were co-transfected with these luciferase reporter constructs along with a STAT3 expression plasmid. Luciferase 
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activity assays showed a significant increase in promoter activity with the WT TRIM6 construct upon STAT3 
overexpression, indicating that STAT3 enhances TRIM6 promoter activity through direct binding (Fig. 2F). In 
contrast, mutation of one (Mut1 or Mut2) or both (Mut3) STAT3 binding sites resulted in a marked reduction in 
luciferase activity, particularly in the Mut3 construct, where both binding sites were disrupted (Fig. 2E, F). These 
findings suggest that STAT3’s transcriptional regulation of TRIM6 is directly dependent on its ability to bind 
specific sites within the TRIM6 promoter. To further confirm STAT3 binding to the TRIM6 promoter in vivo, 
we performed chromatin immunoprecipitation (ChIP) assays in HCCLM3 cells. The ChIP results confirmed 
that STAT3 binds directly to the TRIM6 promoter region (Fig. 2G). Additionally, treatment of HCC cells with 
Stattic, a specific STAT3 inhibitor22, led to a significant reduction in TRIM6 mRNA levels, underscoring the 
necessity of STAT3 for TRIM6 expression (Fig. 2H). Overexpression of STAT3 significantly elevated the mRNA 
levels of TRIM6, as well as SOCS3, a known STAT3 target gene23, confirming that STAT3 positively regulates 
TRIM6 transcription (Fig. 2I). Conversely, STAT3 knockdown via shRNA resulted in a marked reduction in 
the mRNA levels of both TRIM6 and SOCS3, indicating that STAT3 is crucial for sustaining TRIM6 expression 
(Fig. 2J). Furthermore, treatment with SD-36, a specific STAT3-targeted degrader24,25, resulted in substantial 
reduction of STAT3 protein levels, which in turn led to a significant decrease in TRIM6 protein levels (Fig. 2K). 
These findings underscore STAT3 as a key regulator of TRIM6 expression at both the mRNA and protein levels 
in HCC cells.

Fig. 1.  Upregulation of TRIM6 is associated with poor prognosis in hepatocellular carcinoma. (a) Volcano 
plot showing differentially expressed genes in the GSE50579 dataset. (B) Bar chart depicting the number of 
upregulated (667) and downregulated (587) genes identified in the GSE50579 dataset based on differential 
expression analysis. (C) Volcano plot showing differentially expressed genes in the GSE112791 dataset. (D) Bar 
chart depicting the number of upregulated (245) and downregulated (362) genes identified in the GSE112791 
dataset based on differential expression analysis. (E) Venn diagram showing the intersection of upregulated 
genes from GSE50579 and GSE112791 with a curated list of E3 ubiquitin ligase genes, identifying TRIM6 as 
the only common gene. (F) Box plot showing TRIM6 expression in HCC tissues compared to normal liver 
tissues in the TCGA-LIHC cohort. (G) Box plot showing the correlation between TRIM6 expression and 
tumor grade in HCC samples. (H) Box plot showing the correlation between TRIM6 expression and tumor 
stage in HCC samples. (I–K) Box plots showing TRIM6 expression in three independent HCC cohorts 
(GSE62232, GSE84402, GSE45267) compared to normal liver tissues. (L) Kaplan–Meier survival curve 
showing the association between high TRIM6 expression and poor overall survival in HCC patients.
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TRIM6 promotes epithelial-mesenchymal transition (EMT) and cell invasion in HCC
To investigate the potential mechanisms by which TRIM6 influences cancer progression, we utilized the 
GSE138841 dataset to analyze gene expression differences between the TRIM6_Knockout group and the WT 
(wild-type) group. Differentially expressed genes were identified using stringent criteria (p < 0.05, |log2FC|> 1.2), 
and the results were visualized using a heatmap (Fig. 3A) and a volcano plot (Fig. 3B). The analysis revealed 
that in the TRIM6_Knockout group, 61 genes were upregulated, and 142 genes were downregulated compared 
to the WT group (Fig. 3C and Supplementary Tables 3). Gene Set Enrichment Analysis (GSEA) showed that 
TRIM6 significantly activates several biological pathways, including CHOLESTEROL HOMEOSTASIS, 
COAGULATION, EPITHELIAL MESENCHYMAL TRANSITION (EMT), INFLAMMATORY RESPONSE, 
INTERFERON ALPHA RESPONSE, and INTERFERON GAMMA RESPONSE (Fig.  3D). The activation of 
the EMT pathway, in particular, is of interest due to its known role in enhancing the migratory and invasive 
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capabilities of cancer cells. To gain further insights into the functional impact of TRIM6 knockout, we conducted 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses on the 142 
downregulated genes in the TRIM6_Knockout group. GO enrichment analysis revealed significant involvement 
of these genes in biological processes such as extracellular structure organization, extracellular matrix 
organization, and external encapsulating structure organization (Fig.  3E). KEGG pathway analysis indicated 
that these downregulated genes were predominantly associated with ECM-receptor interaction, Focal adhesion, 
and Axon guidance pathways (Fig. 3F). These findings suggest that TRIM6 plays a critical role in the activation 
of the EMT signaling pathway, potentially contributing to the enhanced migration and invasion capabilities of 
cancer cells.

EMT is a critical process in cancer progression that enhances the migratory and invasive capabilities 
of cancer cells. Snail1 is a key transcription factor that drives EMT by repressing epithelial markers, such as 
E-cadherin, and upregulating mesenchymal markers, such as N-cadherin and vimentin15. Given the importance 
of Snail1 in EMT, we sought to determine whether TRIM6 influences EMT in HCC through the regulation 
of Snail1 expression. To explore this, we performed experiments in HCC cell lines HCCLM3 and Huh-7, 
where TRIM6 expression was either knocked down using shRNAs or overexpressed. Western blot analysis 
confirmed the effective knockdown of TRIM6 in both HCCLM3 and Huh-7 cells (Fig. 4A, B). Correspondingly, 
TRIM6 knockdown significantly reduced Snail1 mRNA and protein levels in both cell lines, suggesting that 
TRIM6 positively regulates Snail1 expression (Fig. 4A, B, E). This reduction in Snail1 expression upon TRIM6 
knockdown indicates that TRIM6 may be an upstream regulator of EMT in HCC. Conversely, overexpression of 
TRIM6 in HCCLM3 and Huh-7 cells led to an increase in Snail1 mRNA and protein levels, further supporting 
the role of TRIM6 in promoting EMT (Fig. 4C, D, F). To assess the functional impact of TRIM6 on cell invasion, 
we conducted transwell invasion assays. In these assays, TRIM6 knockdown resulted in a marked decrease 
in the invasive capacity of both HCCLM3 and Huh-7 cells, as evidenced by the reduced number of invading 
cells (Fig. 4G, H). This reduction in invasion highlights the potential role of TRIM6 in facilitating EMT-related 
processes. Conversely, TRIM6 overexpression significantly enhanced cell invasion in both cell lines (Fig. 4G, 
J), consistent with its role in promoting Snail1 expression and EMT. These results suggest that TRIM6 plays a 
crucial role in promoting EMT and enhancing the invasive potential of HCC cells through the regulation of 
Snail1, potentially contributing to cancer metastasis.

TRIM6 interacts with and promotes the degradation of DDX58 (RIG-I)
To identify potential protein interactions involving TRIM6 that could contribute to its role in HCC progression, 
we analyzed the TRIM6 protein interaction network using the BioGRID database. This analysis revealed DDX58 
(also known as RIG-I) as a potential interacting partner of TRIM6 (Fig. 5A). DDX58 is primarily known for its 
role in the innate immune response as an RNA helicase that detects viral RNA18. However, literature research 
indicates that DDX58 also plays a role in regulating cancer cell migration and invasion26. To experimentally 
validate the interaction between TRIM6 and DDX58, we performed co-immunoprecipitation (Co-IP) assays in 
HCC cell lines. The results confirmed that TRIM6 physically interacts with DDX58 in both HCCLM3 (Fig. 5B) 
and Huh-7 (Fig. 5C) cells. This suggests that TRIM6 may influence DDX58-mediated signaling pathways that 

Fig. 2.  STAT3 directly regulates TRIM6 expression in hepatocellular carcinoma. (A) Identification of 
STAT3 as a potential upstream regulator of TRIM6 using the TF_Target_Finder tool, which integrates data 
from KnockTF, CHEA, GTRD, ChIP_Atlas, and cor_TCGA databases. (B) Scatter plot demonstrating the 
correlation between TRIM6 and STAT3 expression levels across different cancer types, highlighting the 
significant positive correlation in LIHC. (C) Correlation analysis of TRIM6 and STAT3 expression in LIHC, 
indicating a positive correlation with a linear regression line. (D) Schematic representation of the TRIM6 
promoter region, showing the two predicted STAT3 binding sites. Red bars represent the positions of the 
putative binding sites. (E) Diagram of the wild-type (WT) and mutated (Mut1, Mut2, Mut3) TRIM6 promoter 
constructs used in luciferase reporter assays. The WT construct includes the full promoter region with both 
intact STAT3 binding sites, while the mutant constructs have specific mutations that disrupt one (Mut1, 
Mut2) or both (Mut3) STAT3 binding sites. (F) Luciferase reporter assay results showing TRIM6 promoter 
activity in STAT3-overexpressing (STAT3-OE) cells compared to control cells (Con-OE). Overexpression of 
STAT3 significantly increases luciferase activity in the WT construct, indicating enhanced TRIM6 promoter 
activity. In contrast, mutations in either of the STAT3 binding sites (Mut1, Mut2) lead to a partial reduction 
in luciferase activity, while mutation of both sites (Mut3) results in a substantial decrease in promoter 
activity, demonstrating that both STAT3 binding sites are crucial for full activation of the TRIM6 promoter. 
Statistical significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (G) Chromatin 
immunoprecipitation (ChIP) assay confirming STAT3 binding to the TRIM6 promoter in HCC cells. *p < 0.05. 
(H) Relative TRIM6 mRNA levels in HCC cells treated with DMSO or the STAT3 inhibitor Stattic, showing 
that inhibition of STAT3 reduces TRIM6 expression. **p < 0.01. (I) Relative mRNA expression levels of SOCS3, 
TRIM6, and STAT3 in STAT3-overexpressing (STAT3-OE) and control (Con-OE) cells, as determined by qRT-
PCR. Overexpression of STAT3 significantly increases the expression of TRIM6 and SOCS3. ****p < 0.0001. 
(J) Relative mRNA expression levels of SOCS3, TRIM6, and STAT3 in STAT3-knockdown (STAT3-shRNA) 
and control (Con-shRNA) cells. Knockdown of STAT3 leads to a significant reduction in TRIM6 and SOCS3 
mRNA levels. ****p < 0.0001. (K) Western blot analysis of STAT3 and TRIM6 protein levels in HCC cells 
treated with DMSO (control) or the STAT3-targeted degrader SD-36. Overexpression of STAT3 increases 
TRIM6 protein levels, while STAT3 knockdown or targeted degradation by SD-36 significantly reduces TRIM6 
protein levels. β-Actin serves as the loading control.
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regulate migration and invasion in HCC cells. To further explore the molecular details of the TRIM6-DDX58 
interaction, we utilized the Alphafold3 online platform to predict the interaction interface between TRIM6 
and DDX58. The structural prediction revealed that TRIM6 recognizes and binds to DDX58 through specific 
residues, including ASN-409, PRO-429, and ARG-431 (Fig. 5D). These residues form a stable binding interface 
with DDX58, which may facilitate TRIM6’s regulatory effects on EMT and metastatic processes in HCC.

Given the known functions of TRIM family proteins as E3 ubiquitin ligases, we hypothesized that TRIM6 
may regulate DDX58 through ubiquitination and subsequent proteasomal degradation. We first assessed the 
effect of TRIM6 overexpression on DDX58 protein levels in HCCLM3 and Huh-7 cell lines. Western blot 
analysis revealed that overexpression of TRIM6 resulted in a significant reduction in DDX58 protein levels 
in both cell lines (Fig. 6A, B). Quantification of these results showed a consistent decrease in DDX58 protein 
levels in TRIM6-overexpressing cells compared to empty vector controls. Interestingly, this reduction in DDX58 
protein was not accompanied by a corresponding decrease in DDX58 mRNA levels, as determined by qRT-PCR, 
indicating that TRIM6 regulates DDX58 primarily at the post-transcriptional level (Fig. 6C, D). This suggests 
that TRIM6 may target DDX58 for degradation, rather than affecting its transcription. To further validate the 
role of TRIM6 in regulating DDX58 stability, we performed TRIM6 knockdown experiments using shRNA. 
Western blot analysis showed that TRIM6 knockdown led to a substantial increase in DDX58 protein levels in 
both HCCLM3 and Huh-7 cells (Fig. 6E, F). This increase was quantified and found to be statistically significant. 

Fig. 3.  TRIM6 Activates the EMT Signaling Pathway. (A) Heatmap displaying the differential gene 
expression between TRIM6_Knockout and WT groups in the GSE138841 dataset. The analysis identified 
61 upregulated and 142 downregulated genes in the TRIM6_Knockout group compared to the WT group. 
(B) Volcano plot illustrating the distribution of differentially expressed genes between TRIM6_Knockout 
and WT groups, highlighting 61 upregulated and 142 downregulated genes in the TRIM6_Knockout group. 
(C) Summary table showing the number of upregulated, downregulated, and insignificant genes in the 
TRIM6_Knockout group versus WT. (D) GSEA results showing the enrichment of several pathways, including 
CHOLESTEROL HOMEOSTASIS, COAGULATION, EPITHELIAL MESENCHYMAL TRANSITION 
(EMT), INFLAMMATORY RESPONSE, INTERFERON ALPHA RESPONSE, and INTERFERON GAMMA 
RESPONSE, in the TRIM6_Knockout group. (E) GO enrichment barplot showing the biological processes 
significantly enriched among the 142 downregulated genes in the TRIM6_Knockout group, focusing on 
extracellular structure organization, extracellular matrix organization, and external encapsulating structure 
organization. (F) KEGG enrichment barplot displaying the pathways significantly enriched among the 142 
downregulated genes in the TRIM6_Knockout group, highlighting ECM-receptor interaction, Focal adhesion, 
and Axon guidance.
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Similar to the overexpression experiments, changes in DDX58 protein levels upon TRIM6 knockdown were not 
associated with changes in DDX58 mRNA levels, as determined by qRT-PCR (Fig. 6G, H). This reinforces the 
idea that TRIM6 modulates DDX58 stability at the protein level, likely through post-translational mechanisms. 
To determine whether TRIM6 affects the degradation rate of DDX58, we conducted a cycloheximide (CHX) 
chase assay to monitor the decay of DDX58 protein over time. In cells overexpressing TRIM6, the degradation 
of DDX58 was significantly accelerated, as indicated by a faster decline in DDX58 protein levels over a 10-h 
period compared to control cells (Fig. 6I). Conversely, in TRIM6 knockdown cells, the degradation of DDX58 
was markedly slower, suggesting that TRIM6 is essential for the rapid turnover of DDX58 protein in HCC 
cells (Fig. 6J). These findings suggest that TRIM6 promotes the proteasomal degradation of DDX58. Finally, to 
investigate whether TRIM6 promotes the ubiquitination of DDX58, we performed a TUBE2 pulldown assay to 
isolate ubiquitinated proteins, followed by Western blotting to detect DDX58. The results showed that TRIM6 
overexpression significantly increased the levels of ubiquitinated DDX58, while TRIM6 knockdown led to a 
noticeable decrease in DDX58 ubiquitination (Fig. 6K, L). Moreover, pharmacological inhibition of STAT3 using 
Stattic had no effect on DDX58 mRNA levels, but significantly increased DDX58 protein expression (Fig. 6M, P). 
This suggests that STAT3 regulates DDX58 at the post-transcriptional level. Given that TRIM6 is a transcriptional 
target of STAT3 and functions as an E3 ubiquitin ligase, the observed increase in DDX58 protein upon STAT3 
inhibition is likely due to reduced TRIM6-mediated ubiquitination and proteasomal degradation of DDX58.

DDX58 mediates the effects of TRIM6 on Snail1 expression and cell invasion in HCC
Given that TRIM6 promotes the degradation of DDX58, we sought to determine whether DDX58 is a critical 
mediator of TRIM6’s effects on EMT and cell invasion in HCC. Specifically, we investigated whether manipulating 
DDX58 expression could rescue or reverse the changes in Snail1 expression and cell invasive capacity induced by 
TRIM6 modulation. We first examined the functional interaction between TRIM6 and DDX58 by performing 
simultaneous knockdown of both genes in HCCLM3 cells. TRIM6 was silenced using shRNA, and DDX58 was 
concurrently knocked down to determine whether loss of DDX58 could counteract the inhibitory effects of 
TRIM6 depletion on Snail1 expression and cell invasion. Conversely, to evaluate whether DDX58 overexpression 
could antagonize the pro-invasive effects of TRIM6 overexpression, we co-transfected HCCLM3 cells with TRIM6 
and DDX58 expression constructs. This double overexpression approach allowed us to assess the functional 
hierarchy between TRIM6 and DDX58 in regulating EMT and metastatic potential. Simultaneous knockdown 
of DDX58 in TRIM6-deficient cells restored Snail1 expression, supporting the role of DDX58 as a suppressor of 
Snail1 downstream of TRIM6 (Fig. 7A). This observation was further supported by qRT-PCR analysis, which 
demonstrated a significant reduction in Snail1 mRNA levels upon TRIM6 knockdown, with partial recovery 
of Snail1 expression upon co-knockdown of DDX58 (Fig. 7B). These results suggest that DDX58 is involved 
in the regulation of Snail1 expression downstream of TRIM6. To assess the functional consequences of these 
molecular changes, we performed transwell invasion assays to measure the invasive capacity of HCCLM3 cells 
under the same experimental conditions. Consistent with the effects on Snail1 expression, TRIM6 knockdown 
led to a significant reduction in cell invasion, as evidenced by a marked decrease in the number of invading cells 
compared to control cells. However, the depletion of DDX58 in TRIM6-knockdown cells partially rescued the 
invasive ability, indicating that DDX58 plays a role in mediating the pro-invasive effects of TRIM6 (Fig. 7C, D). 
To further investigate the role of DDX58 in TRIM6-induced EMT and invasion, we reversed the experimental 
setup by overexpressing TRIM6 and then co-expression of DDX58 to observe if it could negate the TRIM6-
induced effects. Western blot analysis showed that overexpression of TRIM6 resulted in a significant increase 
in Snail1 protein levels, consistent with the promotion of EMT. Co-overexpression of DDX58 in TRIM6-
overexpressing cells counteracted the upregulation of Snail1, further confirming that TRIM6 regulates Snail1 via 
degradation of DDX58 (Fig. 7E). qRT-PCR analysis confirmed these findings at the mRNA level, where Snail1 
expression increased with TRIM6 overexpression and was subsequently reduced by co-expression of DDX58 
(Fig.  7F). The functional impact of these molecular changes was further evaluated using transwell invasion 
assays. TRIM6 overexpression significantly enhanced the invasive capacity of HCCLM3 cells, as indicated by a 
substantial increase in the number of invading cells. However, when DDX58 was overexpressed in the TRIM6-
overexpressing cells, the enhanced invasive capacity was largely abrogated, leading to a significant reduction in 
invasion (Fig. 7G, H). This result highlights the importance of DDX58 as a mediator of TRIM6’s effects on cell 
invasion.

Discussion
In this study, we identified TRIM6 as a novel player in HCC progression, demonstrating its significant 
upregulation in HCC tissues and its strong association with poor clinical outcomes. Our findings elucidate the 
mechanisms by which TRIM6 promotes HCC progression, specifically through the regulation of EMT and cell 
migration, mediated by its interaction with DDX58 and the downstream effects on Snail1 expression. These 
insights provide a deeper understanding of the molecular underpinnings of HCC metastasis and highlight 
TRIM6 as a potential therapeutic target in this aggressive cancer.

The upregulation of TRIM6 across multiple HCC datasets, as well as its correlation with tumor grade 
and stage, underscores its clinical relevance. These observations are consistent with prior studies indicating 
that the dysregulation of E3 ubiquitin ligases is a hallmark of various cancers, contributing to tumorigenesis 
through the modulation of protein stability and function27,28. Our analysis identified TRIM6 as a key E3 ligase 
consistently upregulated in HCC, suggesting its role in the oncogenic processes driving HCC progression. 
We further identified STAT3 as a direct upstream regulator of TRIM6, providing a mechanistic link between 
TRIM6 upregulation and STAT3 signaling, which is well-known for its role in inflammation and cancer29,30. The 
direct binding of STAT3 to the TRIM6 promoter, confirmed through chromatin immunoprecipitation (ChIP) 
assays, and the subsequent regulation of TRIM6 transcription, establish STAT3 as a critical driver of TRIM6 
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expression in HCC. This finding aligns with previous research showing that aberrant STAT3 activation promotes 
tumorigenesis by regulating a host of oncogenes31,32. The inhibition of TRIM6 expression following treatment 
with the STAT3 inhibitor or degrader further solidifies the role of STAT3 in controlling TRIM6 levels, offering a 
potential therapeutic avenue for targeting STAT3-TRIM6 signaling in HCC.

Beyond STAT3, TRIM6 expression also correlates with several other oncogenic transcription factors, 
including NF-κB (RELA), MYC, and HIF1A, in the TCGA-LIHC dataset. This raises the possibility that 
TRIM6 may be under complex transcriptional regulation involving multiple oncogenic pathways. While our 
experimental validation confirms direct transcriptional activation of TRIM6 by STAT3, further studies are 
warranted to investigate whether NF-κB, MYC, or HIF1A also participate in TRIM6 induction under specific 
tumor microenvironmental stimuli, such as inflammation or hypoxia. These interactions may contribute to the 
dynamic regulation of TRIM6 during hepatocellular carcinoma progression and metastasis.

Our study also reveals that TRIM6 exerts its oncogenic effects by promoting EMT. We demonstrated that 
TRIM6 promotes EMT in HCC by upregulating Snail1, a master regulator of EMT, and enhancing cell migration. 
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The knockdown of TRIM6 resulted in a marked reduction of Snail1 expression and a corresponding decrease in 
cell migratory capacity, while TRIM6 overexpression had the opposite effect. These results are consistent with 
previous studies linking Snail1 to enhanced migratory and invasive behavior in various cancers33,34. The TRIM6-
Snail1 axis thus appears to be a crucial pathway by which TRIM6 drives EMT and metastasis in HCC. In addition 
to its role in regulating Snail1, we discovered that TRIM6 interacts with and ubiquitinates DDX58, leading to 
its proteasomal degradation. DDX58, or RIG-I, is traditionally recognized for its role in antiviral responses, but 
recent studies have highlighted its involvement in cancer, where it functions as a tumor suppressor by inhibiting 
migration and invasion26,35.

Our findings suggest that TRIM6-mediated degradation of DDX58 alleviates its suppressive effects on 
Snail1 and EMT, thereby facilitating cancer cell migration and invasion. The ability of DDX58 overexpression 
suppressed Snail1 protein levels, further confirming its role as a negative regulator of Snail1 downstream of 
TRIM6. In addition to regulating Snail1, DDX58 may influence EMT and metastasis through broader signaling 
mechanisms. Emerging evidence suggests that activation of DDX58 can exert tumor-suppressive effects beyond 
antiviral immunity, including inhibition of key oncogenic pathways such as NF-κB and TGF-β, which are 
critically involved in EMT regulation26,35.

Specifically, DDX58 activation has been reported to suppress NF-κB signaling, thereby reducing transcription 
of EMT-promoting cytokines such as IL-6 and TNF-α. Furthermore, DDX58 can enhance type I IFN production, 
which in turn may antagonize TGF-β signaling and maintain epithelial differentiation. These findings raise 
the possibility that TRIM6-mediated degradation of DDX58 not only derepresses Snail1 but may also relieve 
inhibitory constraints on additional EMT-associated signaling cascades. Although our current study centers on 
the TRIM6–DDX58–Snail1 axis, future work will explore whether other EMT drivers or microenvironmental 
modulators are regulated downstream of DDX58. Such investigations may further elucidate the multifaceted 
tumor-suppressive role of DDX58 in hepatocellular carcinoma progression.

Furthermore, our data reveal that STAT3 indirectly regulates DDX58 protein stability via transcriptional 
activation of TRIM6, rather than by directly modulating DDX58 gene expression. Specifically, pharmacological 
inhibition of STAT3 with Stattic did not alter DDX58 mRNA levels, but led to a marked increase in DDX58 
protein abundance. This effect coincided with a decrease in TRIM6 expression, suggesting that reduced TRIM6-
mediated ubiquitination permits DDX58 stabilization. These findings support a post-translational regulatory 
model in which STAT3 promotes the degradation of DDX58 through upregulation of the E3 ligase TRIM6, 
rather than suppressing DDX58 transcription directly. This layered regulatory mechanism highlights how 
oncogenic signaling pathways can exert fine-tuned control over innate immune sensors like DDX58 to influence 
EMT. By driving TRIM6 expression, STAT3 indirectly facilitates the degradation of DDX58, thereby releasing 
its suppressive effect on Snail1. These results further reinforce the central role of the STAT3–TRIM6–DDX58–
Snail1 axis in HCC metastasis and suggest that targeting STAT3 or TRIM6 may offer a means to restore DDX58-
mediated tumor suppression.

This study has several strengths, including the integration of multiple datasets to validate the upregulation 
of TRIM6, the identification of STAT3 as a direct regulator of TRIM6, and the elucidation of the TRIM6-
DDX58-Snail1 pathway as a key driver of EMT and migration in HCC. However, there are limitations that 
warrant further investigation. While we demonstrated the regulatory role of STAT3 in TRIM6 expression, the 
broader regulatory network involving other transcription factors and signaling pathways remains to be explored. 
Additionally, the functional role of TRIM6 in vivo and its impact on HCC metastasis in animal models need 
to be assessed to validate our findings in a physiological context. Future studies should also investigate the 
therapeutic potential of targeting the TRIM6-DDX58 axis in HCC. The use of small molecules or biologics to 
inhibit TRIM6 function, restore DDX58 activity, or disrupt the interaction between TRIM6 and STAT3 could 
offer novel treatment strategies for HCC patients. Moreover, given the role of STAT3 in regulating multiple 
oncogenic pathways, combination therapies that target both STAT3 and TRIM6 may enhance therapeutic 
efficacy and prevent resistance.

In conclusion, our study highlights TRIM6 as a critical regulator of EMT and migration in HCC, mediated by 
its interaction with DDX58 and regulation of Snail1. The STAT3-TRIM6-DDX58-Snail1 axis represents a novel 
pathway in HCC metastasis, offering potential targets for therapeutic intervention. These findings contribute to 
our understanding of the molecular mechanisms driving HCC progression and underscore the importance of 
TRIM6 as both a prognostic biomarker and a therapeutic target in this malignancy.

Fig. 4.  TRIM6 Activates EMT and Promotes Snail1-Mediated Cell Migration in HCC. (A, B) Western blot 
analysis confirming the knockdown of TRIM6 in HCCLM3 (A) and Huh-7 (B) cells using two different 
shRNAs (sh#1 and sh#2). β-Actin was used as a loading control. (C, D) Western blot analysis showing the 
overexpression of TRIM6 in HCCLM3 (C) and Huh-7 (D) cells. β-Actin was used as a loading control. (E) 
Relative Snail1 mRNA levels in HCCLM3 and Huh-7 cells after TRIM6 knockdown (sh#1 and sh#2). TRIM6 
knockdown significantly reduces Snail1 expression. ***p < 0.001. (F) Relative Snail1 mRNA levels in HCCLM3 
and Huh-7 cells after TRIM6 overexpression. TRIM6 overexpression significantly increases Snail1 expression. 
**p < 0.01, ***p < 0.001. (G, H) Transwell migration assays showing the effect of TRIM6 knockdown on cell 
migration in HCCLM3 and Huh-7 cells. Knockdown of TRIM6 significantly reduces the number of migrating 
cells. ***p < 0.001, ****p < 0.0001. (I, J) Transwell migration assays showing the effect of TRIM6 overexpression 
on cell migration in HCCLM3 and Huh-7 cells. Overexpression of TRIM6 significantly increases the number 
of migrating cells. **p < 0.01, ***p < 0.001. These results demonstrate that TRIM6 enhances EMT and cell 
migration in HCC cells through the regulation of Snail1, highlighting its potential role in promoting cancer 
metastasis by facilitating the EMT process.
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Fig. 5.  TRIM6 Interacts with DDX58. (A) Protein–protein interaction (PPI) network analysis using the 
BioGRID database, identifying DDX58 as a potential interacting partner of TRIM6. (B, C) Co-IP assays 
performed in HCCLM3 (B) and Huh-7 (C) cell lines demonstrate the physical nteraction between TRIM6 and 
DDX58. In (B), TRIM6 was immunoprecipitated, and the presence of DDX58 in the complex was confirmed 
by Western blotting. In (C), DDX58 was immunoprecipitated, and TRIM6 was detected in the complex. (D) 
Predicted interaction interface between TRIM6 and DDX58 based on structural modeling using Alphafold3. 
The zoomed-in view highlights key interacting residues on TRIM6 (ASN-409, PRO-429, and ARG-431) that 
recognize and bind to DDX58.
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Fig. 6.  TRIM6 Promotes Ubiquitination and Degradation of DDX58 in Hepatocellular Carcinoma Cells. 
(A, B) Western blot analysis of DDX58 protein levels following TRIM6 overexpression in HCCLM3 (A) 
and Huh-7 (B) cells. TRIM6 overexpression significantly reduces DDX58 protein levels. β-Actin was used 
as a loading control. (C, D) Quantification of DDX58 protein and mRNA levels in HCCLM3 (C) and Huh-
7 (D) cells after TRIM6 overexpression. The reduction in DDX58 protein levels is not accompanied by 
changes in DDX58 mRNA levels, suggesting post-transcriptional regulation. **p < 0.01, ***p < 0.001, ns = not 
significant. (E, F) Western blot analysis of DDX58 protein levels following TRIM6 knockdown in HCCLM3 
(E) and Huh-7 (F) cells. TRIM6 knockdown increases DDX58 protein levels. β-Actin was used as a loading 
control. (G, H) Quantification of DDX58 protein and mRNA levels in HCCLM3 (G) and Huh-7 (H) cells 
after TRIM6 knockdown. The increase in DDX58 protein levels is not reflected in DDX58 mRNA levels. 
**p < 0.01, ***p < 0.001, ns = not significant. (I, J) Cycloheximide (CHX) chase assay showing the degradation 
rate of DDX58 in HCCLM3 cells. (I) TRIM6 overexpression accelerates DDX58 degradation, while (J) 
TRIM6 knockdown slows down DDX58 degradation. ***p < 0.001. (K, L) TUBE2 pulldown assay detecting 
ubiquitinated DDX58 in HCCLM3 cells. (K) TRIM6 overexpression increases DDX58 ubiquitination, 
whereas (L) TRIM6 knockdown reduces DDX58 ubiquitination. (M, N) Quantitative RT-PCR analysis of 
DDX58 mRNA levels in HCCLM3 (M) and Huh-7 (N) cells treated with the STAT3 inhibitor Stattic. ns = not 
significant. (O, P) Western blot analysis (O) and quantification (P) of DDX58 protein levels in HCCLM3 
cells following Stattic treatment. Pharmacological inhibition of STAT3 with Stattic markedly elevates DDX58 
protein abundance. **p < 0.01.
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Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.
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