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Accumulating evidence demonstrates that dysregulation of ubiquitin-mediated degradation of oncogene or suppressors plays an important role in several diseases. However, the function and molecular mechanisms of ubiquitin ligases underlying hepatocellular carcinoma (HCC) remain elusive. In the current study, we show that overexpression of TRIM54 was associated with HCC progression. TRIM54 overexpression facilitates proliferation and lung metastasis; however, inhibition of TRIM54 significantly suppressed HCC progression both in vitro and in vivo. Mechanically, we demonstrated that TRIM54 directly interacts with Axis inhibition proteins 1 (Axin1) and induces E3 ligase-dependent proteasomal turnover of Axin1 and substantially induces sustained activation of wnt/β-catenin in HCC cell lines. Furthermore, we showed that inhibition of the wnt/β-catenin signaling pathway via small molecule inhibitors significantly suppressed TRIM54-induced proliferation. Our data suggest that TRIM54 might function as an oncogenic gene and targeting the TRIM54/Axin1/β-catenin axis signaling may be a promising prognostic factor and a valuable therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is now the second leading cause of cancer death worldwide and accounts for the majority of primary liver cancers (1). Despite advances in medical and surgical therapies, the outcome for HCC patients was substantially poor, with 5-year survival rates of 10%-20% (2, 3). Up to now, the late diagnosis, organ metastasis, and high rate of recurrence still mainly contributed for the dim survival for HCC patients (4). Therefore, further clarification and identification of the novel molecular markers underlying the HCC progression are urgently needed to provide a potential target for the treatment of HCC.

Ubiquitination is one of the important posttranslational modifications which play crucial roles as a regulator of target protein degradation by the proteasome system (5). Briefly, ubiquitination modification begins with the activation of Ub by the Ub-activating (E1) enzyme and is then transferred onto an E2-conjugating enzyme (6). At the same time, E3 Ub ligases interact with the Ub–E2 complex and the substrate protein and mediate an isopeptide bond formation between the C terminus of Ub and a substrate lysine (7, 8). There are more than 600 Ub E3 ligases were annotated and various types of E3 Ub ligases, such as RING E3 ligases, HECT E3 ligases, and RBR E3 ligases, which with different structures and different functions are involved in tumor development and progression (9, 10).

RING E3 ubiquitin ligases are the largest family of Ub ligase, and one of the subfamilies of RING E3 ligases is tripartite motif (TRIM)-containing proteins. There are approximately 70 known TRIM proteins in humans which are characterized by one or two zinc-binding motifs, named B-boxes, and an associated coiled-coil region (11). Most of the TRIM proteins function as E3 ubiquitin ligases, and several TRIM family members are involved in various regulated biological processes by posttranslational modifications of the ubiquitin–proteasome system (12).

It has been reported that the alteration of TRIM family proteins is involved in results in metastasis, chemotherapy resistance, and recurrence in many cancers, including HCC. For example, an elevated expression of TRIM11 correlates with poor prognosis in HCC patients and exerts its oncogenic effect in HCC by downregulating p53 both in vitro and in vivo (13, 14). Pengbo Guo and colleges reported that TRIM31 exerted its oncogenic effect and promotes anoikis resistance through promoting the E3 ligase-mediated K48-linked ubiquitination of the TSC1–TSC2 complex or regulation of the p53-AMPK axis, respectively (15, 16). Yi Wang and colleagues suggest that TRIM26 silencing can promote cancer cell proliferation, colony formation, migration, and invasion in vitro and determine the progression of hepatocellular carcinoma (17, 18). Moreover, other TRIM proteins, including TRIM52, TRIM25 (also known as EFP), and TRIM50, have been implicated in the progression of HCC by regulating the p53 signaling pathway and ubiquitylating the PPM1A and Keap1-Nrf2 pathway, respectively (19–21). The above studies suggest the important role of TRIM proteins in HCC development, and the identification and targeting of E3 ligases that are involved in the regulation of oncoproteins or tumor-suppressor proteins are a current focus of cancer research.



Materials and Methods


Cell Lines and Cell Culture

Human HCC cell lines (SK-HEP-1, Hep3B, PLC/PRF/5) were purchased from the Cell Bank of Chinese Academy of Sciences (Shanghai, China), and HCCLM3, MHCC97L, MHCC97H, and SUN182 were purchased from the American Type Culture Collection (ATCC); cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen), at 37°C in a 5% CO2 atmosphere in a humidified incubator. The human hepatic stellate cell line (LX2) was purchased from Shanghai Anwei Biotechnology Co., Ltd. (Shanghai, China), and cultured in the specific medium according to the manufacturer’s instructions. SV40 large T antigen-immortalized normal human liver epithelial cells (THLE2) (American Type Culture Collection, Manassas, VA) were cultured in LHC-8 medium supplemented with 70 ng/ml phosphoethanolamine, 5 ng/ml epidermal growth factor, 10% fetal bovine serum, and antibiotics at 37°C in a humidified atmosphere containing 95% air and 5% CO2. All cell lines were authenticated by short tandem repeat (STR) fingerprinting.



Patient Information and Tissue Specimens

A total of 105 paraffin-embedded and archived HCC samples (June 2010 to June 2012) were confirmed pathologically and were collected from the tissue bank of Taizhou Hospital of Zhejiang Province. For all cases, complete follow-up data were available. Clinical information on the samples is summarized in Supplemental Table 1. Freshly collected HCC tissues were frozen and stored in liquid nitrogen until further use. Prior patient consent and approval from the Institutional Research Ethics Committee were obtained for the use of these clinical materials for research purposes.



Plasmids, Virus Constructs, and Retroviral Infection of Target Cells

Human TRIM54-coding sequences were amplified by PCR and cloned into the pCDH-CMV-MCS-3Flag-EF1-CopGFP-T2A-Puro vector by multiple cloning sites (XbaI/BamHI). Human TRIM54-targeting short hairpin RNA (shRNA) oligonucleotide sequences were cloned into PLKO-U6-EGFP-P2A-PURO to generate TRIM54-shRNA. Transfection of TRIM54 plasmids or shRNA was performed using the Lipofectamine 3000 Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instruction. Stable cell lines expressing indicated genes were selected for 10 days with 0.5 μg/ml puromycin after infection. All the primers use in this study are indicated in Supplemental Table 3.



Western Blot Analysis

Western blotting was performed according to the manufacturer’s instruction, using the primary antibodies, anti-flag (Sigma, F3165), anti-TRIM54 (Proteintech, 21074-1-AP), anti-myc (Proteintech, 16286-1-AP), anti-Axin1 (Proteintech, 16541-1-AP), anti-HA (Abcam, ab9110), and anti-β-catenin (Abcam, ab32572). Following the initial Western blot assay, the membranes were stripped and re-probed with anti-α-tubulin or anti-p84 (Sigma, Saint Louis, MO, USA) as a protein loading control.



Immunohistochemistry

Immunohistochemical analysis was performed to detect the protein expression in 105 human HCC tissues according to the manufacturer’s instruction. Paraffin-embedded tissues were analyzed using immunohistochemistry (IHC) with anti-TRIM54, anti-β-catenin anti-PCNA, or anti-Axin1 antibody. The degree of immunostaining of formalin-fixed, paraffin-embedded sections was reviewed and scored separately by two independent pathologists uninformed of the histopathological features and patient data of the samples. The scores were determined by combining the proportion of positively stained tumor cells and the intensity of staining. The scores given by the two independent pathologists were combined into a mean score for further comparative evaluation. Tumor cell proportions were scored as follows: 0, no positive tumor cells; 1, <10% positive tumor cells; 2, 10%–35% positive tumor cells; 3, 35%–75% positive tumor cells; 4, >75% positive tumor cells. Staining intensity was graded according to the following standard: 1, no staining; 2, weak staining (light yellow); 3, moderate staining (yellow brown); 4, strong staining (brown). The staining index (SI) was calculated as the product of the staining intensity score and the proportion of positive tumor cells. Using this method of assessment, we evaluated protein expression in malignant lesions by determining the SI, with possible scores of 0, 2, 3, 4, 6, 8, 9, 12, and 16. Samples with a SI ≥ 8 were determined as high expression, and samples with a SI < 8 were determined as low expression. Cutoff values were determined on the basis of a measure of heterogeneity using the log-rank test with respect to overall survival.



Xenografted Tumor Model, IHC, and H&E Staining

BALB/c-nu mice (4-5 weeks of age) were purchased from the Center of Experimental Animal of Guangzhou University of Chinese Medicine. For the first model, mice were randomly divided into four groups (n = 5/group). Each group of mice was inoculated subcutaneously with Hep3B/Vector cells (1×106), Hep3B/TRIM54 cells (1×106), Hep3B/control cells (1×106), and Hep3B/shTRIM54 cells (1×106), in the right dorsal flank per mouse. Tumors were examined twice weekly; length and width measurements were obtained with calipers, and tumor volumes were calculated using the equation (L*W2)/2. Serial 5.0-μm sections were cut and subjected to IHC staining using anti-PCNA antibodies. The images were captured using the DM500 Leica image analysis system. In the tail vein injection model, the indicated cells (1 × 106) were injected into the tail vein of nude mice. For HCC cells expressing luciferase, bioluminescent imaging was performed using Xenogen IVIS Spectrum (Caliper Life Sciences). All experimental procedures were approved by the Institutional Animal Care and Use Committee of Guangdong Pharmaceutical University.



Colony Formation Assay

Cells plated onto six-well plates at 0.5 × 103) cells per well were cultured for 10 days. Colonies were then fixed with 10% formaldehyde for 10 min and stained for 10 min with 1.0% crystal violet. All experiments were performed in triplicates.



Anchorage-Independent Growth Ability Assay

Cells were trypsinized, and 2 × 103 cells were resuspended in 2 ml complete medium plus 0.33% agar (Sigma). The agar–cell mixture was plated on top of a bottom layer consisting of 0.66% agar in complete medium. After 10 days, colony size was measured using an ocular micrometer, and colonies larger than 0.1 mm in diameter were counted. The experiment was performed three times for each cell line.



Invasion Assay

Cells (2 × 104) were plated on the top side of a polycarbonate Transwell filter (pre-coated with Matrigel) in the upper chamber of a BioCoat Invasion Chamber (BD Biosciences) and incubated at 37°C for 22 h. The cells remaining on the upper surface were removed with cotton swabs. Cells that had migrated to the lower membrane surface were fixed in 1% paraformaldehyde, stained with hematoxylin, and counted under an optical microscope (×100 magnification). Cell counts are expressed as the mean number of cells from 10 random fields per well.



Luciferase Assay

Three thousand cells were seeded in triplicate in 48-well plates and allowed to settle for 24 h. One hundred nanograms of luciferase reporter plasmid or the control-luciferase plasmid, plus 1 ng of pRL-TK Renilla plasmid (Promega), was transfected into cells using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s recommendation. Luciferase and Renilla signals were measured 24 h after transfection using the Dual Luciferase Reporter Assay Kit (Promega) according to a protocol provided by the manufacturer.



Immunoprecipitation and Mass Spectrometry Analysis

Immunoprecipitation and mass spectrometry analysis were performed in accordance with standard procedures. In brief, lysates from 3 × 107 cells transfected with the indicated constructs were incubated with myc- or Flag-conjugated agarose beads (Sigma-Aldrich, Germany) overnight at 4°C. Beads containing affinity-bound proteins were washed six times and then eluted with 200 μl of 1 M glycine (pH 3.0) twice, and the eluates were concentrated to a volume of 30 μl. The collected proteins were separated on SDS-polyacrylamide gels, stained with Coomassie blue, and specific bands were excised and subjected to LC-mass spectrometry (MS)/MS analysis.



Statistical Analysis

Statistical tests for data analysis included Fisher’s exact test, log-rank test, chi-square test, and Student’s two-tailed t test. Multivariate statistical analysis was performed using a Cox regression model. Statistical analyses were performed using the SPSS 21.0 statistical software package. Data represent mean ± SD. p < 0.05 was considered statistically significant.



Microarray Data Process and Visualization

Microarray data were downloaded from the TCGA database (http://www.tcga.org/) and from the GEO database (https://www.ebi.ac.uk/arrayexpress/).

For analysis of the Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/),

GSEA was performed using GSEA 2.0.9 (http://www.broadinstitute.org/gsea/).




Results


TRIM54 Overexpression Correlates With Progression and Poor Prognosis in Hepatocellular Carcinoma

In order to identify the important TRIM protein molecules that are involved in the progression of HCC, we analyze the mRNA expression of approximately 70 known TRIM proteins in multiple published profiles including TCGA, GSE54238, GSE20140, and GSE62043. By using the Venn diagram approach, we found the four TRIM family proteins (TRIM54, TRIM31, TRIM28, TRIM22) which showed significant changes in all four datasets. Among them (Figure 1A), TRIM54, TRIM31, and TRIM28 showed significant overexpression in GSE54238 (advanced HCC vs. early HCC > 1.5, p < 0.05), TCGA (HCC vs. normal > 1.5, p < 0.05), and GSE20140 (HCC tissues vs. chronic tissues > 1.5, p < 0.05) and an mRNA expression of the top 20 TRIM proteins in 100 primaries and matched non-malignant tissues of HCC patients; however, TRIM22 was downregulated in the above multiple published profiles (T/N<0.5, p < 0.05). Further survival analysis of the four TRIM proteins in HCC patients (http://kmplot.com/analysis/index.php?p=service&cancer=liver_rnaseq) showed that a higher TRIM54 expression was associated not only with a shorter overall survival time (HR=2.26, p < 0.001) but also with progression-free survival time (HR=1.54, P = 0.009) and relapse-free survival time (HR=1.50, P = 0.027) compared with a lower TRIM54 expression in HCC patients (Figure 1B), but not TRIM31 and TRIM22 (Supplemental Figure 1A). The mRNA expression of TRIM28 was also associated with overall survival and progression-free survival time (Supplemental Figure 1A), although it has been reported in HCC previously; therefore, we focus on the biological function and molecular mechanism of TRIM54 in HCC in the current study. Interestingly, real-time PCR and Western blotting analyses revealed that TRIM54 was significantly overexpressed in HCC cell lines and HCC tissues at both protein and mRNA levels, compared with the two normal liver cells and two non-tumor specimens (Figures 1C, D and Supplemental Figures 1B, C), suggesting that TRIM54 is upregulated in hepatocellular carcinoma tissues.




Figure 1 | TRIM54 overexpression correlates with progression and poor prognosis in hepatocellular carcinoma. (A) Expression profiling of TRIM54 mRNAs was studied by using VENN diagram. (B) Kaplan-Meier analysis of overall (left) or progression-free (middle) or relapse-free (right)survival curves from public dataset for HCC patients with low TRIM54 expression or high TRIM54 expression. (C) Western blot analysis of TRIM54 in in 2 normal liver cells and in 7 HCC cells. α-Tubulin was used as a loading control. (D) Western blotting analysis of TRIM54 expression in 2 non-tumor tissues (N) and in 8 HCC tissues. α-Tubulin was used as a loading control.  (E) IHC staining indicating the TRIM54 protein expression in normal tissues (A) and HCC (B, C). (F) The Kaplan-Meier survival curves compare HCC patients with low and high TRIM54 expression levels, P < 0.001.



Next, TRIM54 expression was further examined in 105 archived HCC tissues by IHC assay to analyze the clinical relevance of TRIM54 in HCC. As shown in Figure 1D and Supplemental Tables 1, 2, TRIM54 levels were correlated with the pathologic TNM (p = 0.01) in HCC patients. The increased expression of TRIM54 was detected in the clinical hepatocellular carcinoma tissue samples, but not detectable in adjacent normal liver tissue from the same HCC patient (Figure 1E). Importantly, statistical analysis showed that hepatocellular carcinoma patients with a high TRIM54 expression had a significantly worse overall survival and higher recurrent rate than those with a low TRIM54 expression (Figure 1F). These results suggest that TRIM54 has potential clinical value as a predictive biomarker for disease outcome in hepatocellular carcinoma.



Ectopic Expression of TRIM54 Promoted HCC Proliferation and Metastasis In Vivo

We next explore the biological function of TRIM54 in HCC; gene set enrichment analysis (GSEA) revealed that TRIM54 overexpression significantly correlated with gene signatures associated with proliferation and metastasis in the TCGA dataset of HCC, suggesting that TRIM54 might contribute to growth and metastasis in HCC (Figure 2A). To investigate the pro-growth and pro-metastasis roles of TRIM54 in HCC progression, we used the Hep3B cell line with a medium level of TRIM54 expression for both knockdown and overexpression modifications, the knockdown experiment in TRIM54 highly expressing cells, which gradually increases metastatic potential (MHCC97H), and the overexpression experiment in the cells with low TRIM54 expression (SUN182) (Supplemental Figure 2). A subcutaneous xenografted tumor model was firstly used to examine the biological function of TRIM54 in HCC progression in vivo. As shown in Figures 2B–D, the tumors formed by Hep3B/TRIM54-overexpression cells were larger in both volume and weight than the tumors formed by control cells. Conversely, the tumors formed by Hep3B/TRIM54-shRNA cells were smaller and lighter than the control tumors. IHC analysis revealed that TRIM54-overexpressed tumors showed higher percentages of PCNA-positive cells, whereas TRIM54-inhibition tumors displayed lower percentages of PCNA-positive cells than the control tumors (Figure 2E). Furthermore, the tail vein injection model was used to examine the pro-metastasis potential of TRIM54 in HCC. Interestingly, we found that inhibition of TRIM54 significantly represses the distant lung metastasis of MHCC97H cell line (Figures 2F, G). Collectively, these results demonstrate that TRIM54 functions as a tumor oncogenic gene in HCC in vivo.




Figure 2 | Ectopic expression of TRIM54 promoted HCC proliferation and metastasis in vivo. (A) GSEA plot, indicating a significant correlation between the mRNA levels of TRIM54 and the proliferation and metastasis gene signatures in published datasets. (B) Images of the tumors from indicated mice in each group (subcutaneous injection). (C) Tumor volumes were measured on the indicated days. (D) Mean tumor weights. (E) The IHC staining indicating the PCNA protein expression in the indicated group. *P < 0.05. (F) Tail vein injection model examined the lung metastatic ability of MHCC97H-Control and MHCC97H -shTRIM54 cells (n = 5) (left), quantification of bioluminescence signal was measured on the indicated days (right). *P < 0.05. (G) The HE staining indicating the tumor nests in the indicated group. *P < 0.05.  Each bar represents the mean ± SD of three independent.





Ectopic Expression of TRIM54 Promoted HCC Proliferation and Metastasis In Vitro

We further examined the effect of TRIM54 on HCC cell proliferation and metastasis in vitro. An anchorage-independent growth assay revealed that Hep3B and SUN182 cells stably expressing TRIM54 showed more and larger-sized colonies than control cells; however, TRIM54 suppression dramatically decreased the growth rate of HCC cells compared with that of control cells (Figure 3A). In addition, colony formation assay showed that overexpression of TRIM54 significantly increased, but inhibition of TRIM54 repressed, the growth rate of HCC cells compared with that of control cells (Figure 3B). Furthermore, TRIM54-overexpressing cells increased but downregulation of TRIM54 inhibited the metastatic capacity compared with the control cells, as examined by wound heading and transwell assays (Figures 3C, D). These results indicated that TRIM54 is involved in the regulation of the pro-growth and pro-metastasis capability process of HCC cells in vitro.




Figure 3 | Ectopic expression of TRIM54 promoted HCC proliferation and metastasis in vitro. (A) Representative micrographs (left) and quantification of colonies > 0.1 mm (right) were scored. Indicated cells (2 × 103) were suspended in soft agar and cultured for 10 days, and then colonies > 0.1 mm in diameter were counted.  (B) Representative micrographs (left) and quantification (right) of crystal violet-stained cell colonies. Indicated cells (0.8 × 103) were plated into six-well plates and cultured for 10 days, then stained with crystal violet (1.0%). (C) Representative micrographs of wound healing assay of the indicated cells. Wound closures were photographed at 0 and 24 hours after wounding. (D) Quantification of indicated migration cells in ten random fields analyzed by transwell assays, respectively. Each bar represents the mean ± SD of three independent experiments.





Overexpression of TRIM54 Sustains wnt/β-Catenin Activity

The molecular mechanism of TRIM54-promoted tumorigenesis and metastasis on HCC was further examined. Cignal Finder reporter arrays revealed that the overexpression of TRIM54 in Hep3B cells resulted in significant wnt/β-catenin activation; however, inhibition of TRIM54 in Hep3B cells repressed the wnt/β-catenin activity (Figure 4A). Gene ontology enrichment analysis revealed that genes with GO biological process terms “Regulation of Wnt signaling pathway,” “Regulation of Wnt signaling pathway,” “Positive regulation of Wnt signaling pathway,” and “Beta-catenin-TCF complex assembly” were enriched (Figure 4B). The correlation between TRIM54 expression and wnt/β-catenin activation was further determined by using gene set enrichment analysis (GSEA), which showed that TRIM54 overexpression was significantly associated with gene signature-related wnt/β-catenin activation in HCC (Figure 4C), suggesting that TRIM54 might contribute to modulate wnt/β-catenin signaling. This hypothesis was further confirmed by multiple assays, in which overexpression of TRIM54 significantly increased, but inhibition of TRIM54 reduced wnt/β-catenin-driven luciferase activity, nuclear β-catenin nuclear expression, and expression of numerous well-known wnt/β-catenin targets (Figures 4D–F), demonstrating that the TRIM54 overexpression sustains wnt/β-catenin activity.




Figure 4 | Overexpression of TRIM54 sustains wnt/β-catenin activity. (A) Cignal finder reporter arrays showing that overexpression of TRIM54 significantly activated wnt/β-catenin signaling in the indicated cells, **p < 0.01, *p < 0.05. (B) GO enrichment analysis of the TRIM54 regulated-transcripts identified in a published gene set (TCGA and GSE54238). (C) GSEA analysis showing that TRIM54 mRNA levels were correlated with wnt/β-catenin-related gene signature in the TCGA HCC dataset. (D) Indicated cells transfected with TOPflash or FOPflash and Renilla pRL-TK plasmids were subjected to dual-luciferase assays 48 h after transfection. Reporter activity detected was normalized by Renilla luciferase activity. (E) Nuclear fractions of β-catenin in indicated cells were analyzed by western blotting; p84 was used as the loading control. (F) Real-time PCR analysis indicating an apparent overlap between wnt/β-catenin-dependent gene expression and TRIM54-regulated gene expression. The pseudocolor represents the intensity scale of TRIM54 versus the vector, or TRIM54-shRNA versus the control, generated by a log2 transformation. Each bar represents the mean ± SD of three independent experiments.





TRIM54 Activates wnt/β-Catenin Signaling via Ubiquitylation and Destabilization of Axin1

We next preformed affinity purification/mass spectrometry (IP/MS) to identify potent TRIM54-binding proteins that activate wnt/β-catenin activity. As shown in Figure 5A, IP/MS analysis demonstrates that Axin1, which functions as a negative regulator of the wnt/β-catenin signaling pathway, was the potent TRIM54-binding protein. Overexpression of Axin1 significantly decreased the TOP/FOP luciferase activity in TRIM54-overexpression cell-induced β-catenin signaling activation, but inhibition of Axin1 significantly increased the TOP/FOP luciferase activity in TRIM54-shRNA cell-induced β-catenin signaling activation (Supplemental Figure 3). Co-immunoprecipitation (co-IP) analyses demonstrated that TRIM54 directly interacts with Axin1 (Figure 5B). TRIM54 acted as a TRIM protein family containing a RING finger motif, which plays an important role in ubiquitination modification. Consistent with the E3 ubiquitin ligase function, overexpression of TRIM54 increased, but inhibition of TRIM54 decreased the level of the polyubiquitination modification of Axin1 protein in HCC cell lines (Figure 5C). Moreover, the half-life level of Axin1 protein was decreased in TRIM54 overexpression; however, it increased in the inhibition of TRIM54 cell lines but had no effect on its mRNA expression (Figure 5D). In addition, the ubiquitination of β-catenin was reduced by TRIM54 overexpression but increased by TRIM54 knockdown in HCC cells (Figure 5E). Consistently, the promoting effects of TRIM54 overexpression on growth and metastasis were drastically reduced by silencing Axin1 (Figure 5F). These results suggest TRIM54 pro-growth and pro-metastasis via triggering of β-catenin signaling through Axin1 degradation in HCC cells.




Figure 5 | TRIM54 activates wnt/β-catenin signaling via ubiquitylating and destabilizing of Axin1. (A) Representative mass spectrometry plots and sequences of peptides from Axin1. (B) Co-IP assay showing that endogenous TRIM54 interacted with endogenous Axin1 in Hep3B cells. (C) Western blotting analysis of the polyubiquitin levels of Axin1 in the indicated cells. (D) Western blotting analysis of the half-life of Axin1 protein in the indicated cells. a-Tubulin served as a loading control. (E) Western blotting analysis of the polyubiquitin levels of β-catenin in the indicated cells. (F) Relative colony number (left) and migration rate (right) in the indicated cells. Each bar represents the mean ± SD of three independent experiments.





Wnt/β-Catenin Signaling Pathway Is Required for TRIM54-Induced Pro-Proliferation and Pro-Metastasis Ability on Human HCC

Next, we investigated whether TRIM54 mediated HCC proliferation and metastasis through Wnt/β-catenin activation. The proliferation and metastasis effect of TRIM54 on HCC through Wnt/β-catenin activation was determined by anchorage-independent growth assay, colony formation, and invasive assay. Strikingly, we found that blockade of the Wnt/β-catenin pathway by β-catenin siRNA significantly abrogates the effect of TRIM54 on HCC aggressiveness in vitro (Figures 6A–C). Similar to the effect of β-catenin silencing in TRIM54 overexpression cells, treatment with ICG-001, a specific inhibitor of β-catenin signaling via blockage of β-catenin/CBP interaction, also significantly decreased the effect of TRIM54 on HCC proliferation and metastasis (Figures 6A–C). Interestingly, treatment with a WNT inhibitor (ICG-001) significantly inhibited the pro-growth effects of TRIM54 in HCC in vivo (Figures 6D, E). Thus, the above results indicate that the activation of the Wnt/β-catenin signaling pathway plays important effects of TRIM54 on HCC aggressiveness.




Figure 6 | Wnt/β-catenin signaling pathway is required for TRIM54 induced pro-proliferation and pro-metastasis ability on human HCC. (A) Quantification of colony numbers in indicated HCC cells, as determined by colony formation. (B) Quantification of colonies > 0.1 mm in indicated HCC cells, as determined by soft agar assay. (C) Number of invaded cells in indicated HCC cells. (D) Images of the tumors from indicated mice in each group (left); mean tumor weights (right). (E) IHC staining demonstrated the expression of PCNA-positive cells in the indicated tissues, *p < 0.05. Each bar represents the mean ± SD of three independent experiments.





Clinical Relevance of TRIM54-Induced Wnt/β-Catenin Activation in Human HCC

Finally, we examined whether the TRIM54/Axin1/β-catenin axis identified in HCC cell models could be also verified in clinical HCC tumors. Western blot assay showed that TRIM54 was inversely correlated with the expression levels of Axin1(r=-0.76, p = 0.005) and significantly correlated with the mRNA levels of c-myc (r=0.79, p = 0.048), CCND1 (r=0.73, p = 0.021), and MMP7 (r=0.81, p = 0.005) in 10 freshly collected clinical HCC samples (Figure 7A). Consistently, analysis of 105 HCC tissue specimens using IHC analysis showed that TRIM54 expression was correlated with the expression levels of nuclear β-catenin (p < 0.01) and showed an inverse correlation with the expression levels of Axin1 (p < 0.01) (Figure 7B). These data further supported the notion that overexpression of TRIM54 in HCC reduces Axin1 expression and activates Wnt/β-catenin signaling, ultimately leading to tumorigenesis and metastasis and poor clinical outcomes for human HCC (Figure 7C).




Figure 7 | Clinical relevance of TRIM54 and the expression of β-catenin of Axin1 in HCC. (A) Analysis of expression (left) and correlation (right) of TRIM54 with MMP7, c-MYC, and CCND1 mRNA expression, as well as the protein levels of Axin1 in 10 freshly collected HCC samples. (B) TRIM54 levels were positively associated with nuclear β-catenin expression in 105 primary human HCC specimens. Two representative cases are shown. p < 0.01. (C) Schematic diagram illustrating that overexpression of TRIM54 facilitates proliferation and metastasis and activating the Wnt/β-catenin pathway by ubiquitous degradation of Axin1 in hepatocellular carcinoma. Each bar represents the mean ± SD of three independent experiments.






Discussion

TRIM54, also known as MURF, was an identified RING-type E3 ubiquitin-protein ligase and a myogenic regulator of skeletal myoblast differentiation and myotube fusion (22–24). By function as an E3 ubiquitin ligase, TRIM54 was demonstrated to be involved in the development and early postnatal adaptation of skeletal muscle in ubiquitin-mediated muscle protein turnover (25). It is also reported that TRIM54 was a novel and sensitive biomarker for the diagnosis of acute myocardial infarction, and heterozygous TRIM54 mutation may contribute to cardiac and skeletal protein aggregate myopathy (26, 27). These studies suggest a pivotal role of TRIM54 in various pathological processes. However, the clinical significance and biological role of TRIM54 in carcinogenesis remain largely unknown. In this study, by analyzing multiple published mRNA expression profiles, we found that the expression of TRIM54 was significantly higher in all the four datasets. Further analysis of TCGA datasets and our HCC tissue samples showed that TRIM54 was associated with overall survival and progression-free survival in HCC patients. In vitro and in vivo experiments demonstrate that TRIM54 overexpression in tumor cells facilitates tumorigenesis and intrahepatic metastasis; however, inhibition of TRIM54 significantly suppressed hepatocellular carcinoma progression, which indicates that TRIM54 may be a promising prognostic biomarker for HCC.

Axis inhibition protein 1 (Axin1) is an important negative regulator of the Wnt/β-catenin cascade by forming a cytoplasmic phosphorylated destruction complex with adenomatous polyposis coli (APC), glycogen synthase kinase-3 beta (GSK3β), and casein kinase-1 (28, 29). It is reported that constitutive activation of Wnt/β-catenin signaling is achieved mainly by downregulation of protein levels of negative regulators, such as the AXIN genes. However, loss-of-function mutations of AXIN are less frequent, with occurrence rates of ~5%–9% of human HCC samples (30). However, β-catenin nuclear accumulation has been observed in more than 50% of HCC tumors (31), which suggested that there are other mechanisms involved in the downregulation of AXIN protein levels in HCC. In our study, by using affinity purification/mass spectrometry (IP/MS) and co-immunoprecipitation (co-IP) analyses, we found that TRIM54 directly interacts with Axin1. Furthermore, the level of the polyubiquitination modification of Axin1 protein was increased and the half-life level of Axin1 protein was decreased in TRIM54 overexpression HCC cells. These results suggest that overexpression of TRIM54 was contributed to Axin1 protein degradation in HCC cells.

Hyperactivation of the Wnt/β-catenin cascade is one of the most frequent molecular events in various cancers, and activation of this pathway is thought to be an early event in tumorigenesis (32, 33). It is reported that the mutation rates of the β-catenin gene are only 12%–25% in HCCs and APC and AXIN mutations are less frequent (34, 35). However, nuclear accumulation of β-catenin is occurring in 40%–70% of HCCs (36), which suggest that there are other critical regulators involved in activation of the Wnt/β-catenin pathway in HCC. In the current study, by performing Cignal Finder reporter arrays, we found that the overexpression of TRIM54 in HCC cells resulted in significant wnt/β-catenin activation. Gene ontology enrichment analysis and biological experiment further confirmed that overexpression of TRIM54 sustaining wnt/β-catenin activity in HCC. The above studies suggested that TRIM54 may represent an important target for clinical intervention in HCC by controlling Wnt/β-catenin signaling.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics Statement

The studies involving human participants were reviewed and approved by the Institutional Research Ethics Committee of Taizhou Hospital of Zhejiang Province. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Guangdong Pharmaceutical University.



Author Contributions

JZ and RZ designed all experiments, supervised the project, and wrote the manuscript. YW performed all the immunoprecipitation experiments and conducted the MS analysis. YY and JS provided patient tissue samples and analyzed clinical data. JZ and SL established the expressing plasmid and conducted the luciferase assay. JZ and NZ established the real time-PCR analysis. JZ, CF and YL performed the in vivo experiments and conducted the IHC assay. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Science and Technology Department of Guangdong Province (No. 2019A1515110740) and Health Commission of Guangdong Province (No. A2020100).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.759842/full#supplementary-material



References

1. Ferlay, J, Soerjomataram, I, Dikshit, R, Eser, S, Mathers, C, Rebelo, M, et al. Cancer Incidence and Mortality Worldwide: Sources, Methods and Major Patterns in GLOBOCAN 2012. Int J Cancer (2015) 136(5):E359–386. doi: 10.1002/ijc.29210

2. Clark, T, Maximin, S, Meier, J, Pokharel, S, and Bhargava, P. Hepatocellular Carcinoma: Review of Epidemiology, Screening, Imaging Diagnosis, Response Assessment, and Treatment. Curr Problems Diagn Radiol (2015) 44(6):479–86. doi: 10.1067/j.cpradiol.2015.04.004

3. Ghouri, YA, Mian, I, and Rowe, JH. Review of Hepatocellular Carcinoma: Epidemiology, Etiology, and Carcinogenesis. J Carcinogenesis (2017) 16:1. doi: 10.4103/jcar.JCar_9_16

4. Hartke, J, Johnson, M, and Ghabril, M. The Diagnosis and Treatment of Hepatocellular Carcinoma. Semin Diagn Pathol (2017) 34(2):153–9. doi: 10.1053/j.semdp.2016.12.011

5. Zheng, N, and Shabek, N. Ubiquitin Ligases: Structure, Function, and Regulation. Annu Rev Biochem (2017) 86:129–57. doi: 10.1146/annurev-biochem-060815-014922

6. Swatek, KN, and Komander, D. Ubiquitin Modifications. Cell Res (2016) 26(4):399–422. doi: 10.1038/cr.2016.39

7. Hershko, A, and Ciechanover, A. The Ubiquitin System. Annu Rev Biochem (1998) 67:425–79. doi: 10.1146/annurev.biochem.67.1.425

8. Sommer, T, and Wolf, DH. The Ubiquitin-Proteasome-System. Biochim Biophys Acta (2014) 1843(1):1. doi: 10.1016/j.bbamcr.2013.09.009

9. Lipkowitz, S, and Weissman, AM. RINGs of Good and Evil: RING Finger Ubiquitin Ligases at the Crossroads of Tumour Suppression and Oncogenesis. Nat Rev Cancer (2011) 11(9):629–43. doi: 10.1038/nrc3120

10. Henderson, JM, Nisperos, SV, Weeks, J, Ghulam, M, Marin, I, and Zayas, RM. Identification of HECT E3 Ubiquitin Ligase Family Genes Involved in Stem Cell Regulation and Regeneration in Planarians. Dev Biol (2015) 404(2):21–34. doi: 10.1016/j.ydbio.2015.04.021

11. Meroni, G, and Diez-Roux, G. TRIM/RBCC, a Novel Class of ’Single Protein RING Finger’ E3 Ubiquitin Ligases. BioEssays News Rev Molecular Cell Dev Biol (2005) 27(11):1147–57. doi: 10.1002/bies.20304

12. Meroni, G. TRIM E3 Ubiquitin Ligases in Rare Genetic Disorders. Adv Exp Med Biol (2020) 1233:311–25. doi: 10.1007/978-3-030-38266-7_14

13. Chen, Y, Li, L, Qian, X, Ge, Y, and Xu, G. High Expression of TRIM11 Correlates With Poor Prognosis in Patients With Hepatocellular Carcinoma. Clinics Res Hepatol Gastroenterol (2017) 41(2):190–6. doi: 10.1016/j.clinre.2016.09.010

14. Liu, J, Rao, J, Lou, X, Zhai, J, Ni, Z, and Wang, X. Upregulated TRIM11 Exerts Its Oncogenic Effects in Hepatocellular Carcinoma Through Inhibition of P53. Cell Physiol Biochem Int J Exp Cell Physiol Biochem Pharmacol (2017) 44(1):255–66. doi: 10.1159/000484678

15. Guo, P, Ma, X, Zhao, W, Huai, W, Li, T, Qiu, Y, et al. TRIM31 Is Upregulated in Hepatocellular Carcinoma and Promotes Disease Progression by Inducing Ubiquitination of TSC1-TSC2 Complex. Oncogene (2018) 37(4):478–88. doi: 10.1038/onc.2017.349

16. Guo, P, Qiu, Y, Ma, X, Li, T, Ma, X, Zhu, L, et al. Tripartite Motif 31 Promotes Resistance to Anoikis of Hepatocarcinoma Cells Through Regulation of P53-AMPK Axis. Exp Cell Res (2018) 368(1):59–66. doi: 10.1016/j.yexcr.2018.04.013

17. Li, X, Yuan, J, Song, C, Lei, Y, Xu, J, Zhang, G, et al. Deubiquitinase USP39 and E3 Ligase TRIM26 Balance the Level of ZEB1 Ubiquitination and Thereby Determine the Progression of Hepatocellular Carcinoma. Cell Death Differentiation (2021) 28(8):2315–32. doi: 10.1038/s41418-021-00754-7

18. Wang, Y, He, D, Yang, L, Wen, B, Dai, J, Zhang, Q, et al. TRIM26 Functions as a Novel Tumor Suppressor of Hepatocellular Carcinoma and Its Downregulation Contributes to Worse Prognosis. Biochem Biophys Res Commun (2015) 463(3):458–65. doi: 10.1016/j.bbrc.2015.05.117

19. Zhang, Y, Wu, SS, Chen, XH, Tang, ZH, Yu, YS, and Zang, GQ. Tripartite Motif Containing 52 (TRIM52) Promotes Cell Proliferation in Hepatitis B Virus-Associated Hepatocellular Carcinoma. Med Sci Monitor Int Med J Exp Clin Res (2017) 23:5202–10. doi: 10.12659/MSM.907242

20. Liu, Y, Tao, S, Liao, L, Li, Y, Li, H, Li, Z, et al. TRIM25 Promotes the Cell Survival and Growth of Hepatocellular Carcinoma Through Targeting Keap1-Nrf2 Pathway. Nat Commun (2020) 11(1):348. doi: 10.1038/s41467-019-14190-2

21. Ma, X, Ma, X, Qiu, Y, Zhu, L, Lin, Y, You, Y, et al. TRIM50 Suppressed Hepatocarcinoma Progression Through Directly Targeting SNAIL for Ubiquitous Degradation. Cell Death Dis (2018) 9(6):608. doi: 10.1038/s41419-018-0644-4

22. Perera, S, Holt, MR, Mankoo, BS, and Gautel, M. Developmental Regulation of MURF Ubiquitin Ligases and Autophagy Proteins Nbr1, P62/SQSTM1 and LC3 During Cardiac Myofibril Assembly and Turnover. Dev Biol (2011) 351(1):46–61. doi: 10.1016/j.ydbio.2010.12.024

23. Pizon, V, Iakovenko, A, van der Ven, PF, Kelly, R, Fatu, C, Furst, DO, et al. Transient Association of Titin and Myosin With Microtubules in Nascent Myofibrils Directed by the MURF2 RING-Finger Protein. J Cell Sci (2002) 115(Pt 23):4469–82. doi: 10.1242/jcs.00131

24. Spencer, JA, Eliazer, S, Ilaria, RL Jr., Richardson, JA, and Olson, EN. Regulation of Microtubule Dynamics and Myogenic Differentiation by MURF, a Striated Muscle RING-Finger Protein. J Cell Biol (2000) 150(4):771–84. doi: 10.1083/jcb.150.4.771

25. Perera, S, Mankoo, B, and Gautel, M. Developmental Regulation of MURF E3 Ubiquitin Ligases in Skeletal Muscle. J Muscle Res Cell Motil (2012) 33(2):107–22. doi: 10.1007/s10974-012-9288-7

26. Han, QY, Wang, HX, Liu, XH, Guo, CX, Hua, Q, Yu, XH, et al. Circulating E3 Ligases Are Novel and Sensitive Biomarkers for Diagnosis of Acute Myocardial Infarction. Clin Sci (2015) 128(11):751–60. doi: 10.1042/CS20140663

27. Olive, M, Abdul-Hussein, S, Oldfors, A, Gonzalez-Costello, J, van der Ven, PF, Furst, DO, et al. New Cardiac and Skeletal Protein Aggregate Myopathy Associated With Combined MuRF1 and MuRF3 Mutations. Hum Mol Genet (2015) 24(13):3638–50. doi: 10.1093/hmg/ddv108

28. Koyama-Nasu, R, Hayashi, T, Nasu-Nishimura, Y, Akiyama, T, and Yamanaka, R. Thr160 of Axin1 Is Critical for the Formation and Function of the Beta-Catenin Destruction Complex. Biochem Biophys Res Commun (2015) 459(3):411–5. doi: 10.1016/j.bbrc.2015.02.118

29. Li, VS, Ng, SS, Boersema, PJ, Low, TY, Karthaus, WR, Gerlach, JP, et al. Wnt Signaling Through Inhibition of Beta-Catenin Degradation in an Intact Axin1 Complex. Cell (2012) 149(6):1245–56. doi: 10.1016/j.cell.2012.05.002

30. Taniguchi, K, Roberts, LR, Aderca, IN, Dong, X, Qian, C, Murphy, LM, et al. Mutational Spectrum of Beta-Catenin, AXIN1, and AXIN2 in Hepatocellular Carcinomas and Hepatoblastomas. Oncogene (2002) 21(31):4863–71. doi: 10.1038/sj.onc.1205591

31. Wong, CM, Fan, ST, and Ng, IO. Beta-Catenin Mutation and Overexpression in Hepatocellular Carcinoma: Clinicopathologic and Prognostic Significance. Cancer (2001) 92(1):136–45. doi: 10.1002/1097-0142(20010701)92:1<136::AID-CNCR1301>3.0.CO;2-R

32. Merle, P, Kim, M, Herrmann, M, Gupte, A, Lefrancois, L, Califano, S, et al. Oncogenic Role of the Frizzled-7/Beta-Catenin Pathway in Hepatocellular Carcinoma. J Hepatol (2005) 43(5):854–62. doi: 10.1016/j.jhep.2005.05.018

33. Nusse, R, and Clevers, H. Wnt/beta-Catenin Signaling, Disease, and Emerging Therapeutic Modalities. Cell (2017) 169(6):985–99. doi: 10.1016/j.cell.2017.05.016

34. Kondo, Y, Kanai, Y, Sakamoto, M, Genda, T, Mizokami, M, Ueda, R, et al. Beta-Catenin Accumulation and Mutation of Exon 3 of the Beta-Catenin Gene in Hepatocellular Carcinoma. Japanese J Cancer Res Gann (1999) 90(12):1301–9. Inside Front Cover. doi: 10.1111/j.1349-7006.1999.tb00712.x

35. Kim, YD, Park, CH, Kim, HS, Choi, SK, Rew, JS, Kim, DY, et al. Genetic Alterations of Wnt Signaling Pathway-Associated Genes in Hepatocellular Carcinoma. J Gastroenterol Hepatol (2008) 23(1):110–8. doi: 10.1111/j.1440-1746.2007.05250.x

36. Zulehner, G, Mikula, M, Schneller, D, van Zijl, F, Huber, H, Sieghart, W, et al. Nuclear Beta-Catenin Induces an Early Liver Progenitor Phenotype in Hepatocellular Carcinoma and Promotes Tumor Recurrence. Am J Pathol (2010) 176(1):472–81. doi: 10.2353/ajpath.2010.090300




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhu, Wu, Lao, Shen, Yu, Fang, Zhang, Li and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-759842-g003.jpg
TRIM54

BVector B Control
BTRIMS4 BShRNA

ShRNA

5

Pp=ooat

peoots

Colony number (>0.1mm)

Vector

TRIM54

BVector B Control
BTRIMS4 BShRNA

peoor P00y

peoor
s 5
TRIMS4 2 20. . H
o —
HepdB  SUNToZ HepdB  Suntez
Vactor B Control
TRIMS4 __ Control Vecter S
PRETIY
Eos =003 p=0028
SE —
= 310,
= g os
Hep3B. MHCCS7H Hep3B  MHCCOTH
BVector B Control
BTRIMS BhRNA
Vector  TRIM54  Control  ShRNA  Control  ShRNA '] Fxoot
H
§ § wo.
s i st e e % 2
Hep3B MHCCO7H e '
2 JEMNE
Hep3B  MHCCO7H





OEBPS/Images/fonc-11-759842-g001.jpg
Overallsurvivalof  Progression free survivalof  Relapse free survivaof

03 T RS o TRASAnHCC RIS nHCC
csERl ootpoter ) ook piter s kit amays)
D o e e St e

SN e ety s

sirm

e ot
TE BB R & BB o W e o
St e St o) Skt rt
c o
® tients
e T
@”ff%;*ff‘jw"é Se oo s

YKIMN_ Yk“”‘_

aTubulin

) I

Overal survival rate

- Lo M)
N T )

H

o TRIMSA (%)

3528

- v T s

Progression free surviva

T % w0 1
Survival Time (months)

o
T % w1
Survival Time (monthe)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Targeting TRIM54/Axin1/β-Catenin Axis Prohibits Proliferation and Metastasis in Hepatocellular Carcinoma

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Lines and Cell Culture

          



          		

            Patient Information and Tissue Specimens

          



          		

            Plasmids, Virus Constructs, and Retroviral Infection of Target Cells

          



          		

            Western Blot Analysis

          



          		

            Immunohistochemistry

          



          		

            Xenografted Tumor Model, IHC, and H&E Staining

          



          		

            Colony Formation Assay

          



          		

            Anchorage-Independent Growth Ability Assay

          



          		

            Invasion Assay

          



          		

            Luciferase Assay

          



          		

            Immunoprecipitation and Mass Spectrometry Analysis

          



          		

            Statistical Analysis

          



          		

            Microarray Data Process and Visualization

          



        



        



        		

          Results

        

          		

            TRIM54 Overexpression Correlates With Progression and Poor Prognosis in Hepatocellular Carcinoma

          



          		

            Ectopic Expression of TRIM54 Promoted HCC Proliferation and Metastasis In Vivo

          



          		

            Ectopic Expression of TRIM54 Promoted HCC Proliferation and Metastasis In Vitro

          



          		

            Overexpression of TRIM54 Sustains wnt/β-Catenin Activity

          



          		

            TRIM54 Activates wnt/β-Catenin Signaling via Ubiquitylation and Destabilization of Axin1

          



          		

            Wnt/β-Catenin Signaling Pathway Is Required for TRIM54-Induced Pro-Proliferation and Pro-Metastasis Ability on Human HCC

          



          		

            Clinical Relevance of TRIM54-Induced Wnt/β-Catenin Activation in Human HCC

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-11-759842-g006.jpg
A B Cc

[ Control [l sh p-cater [H Control ll sh -catenin [ Vector
I Vehicle E1CG-001 1 Vehicle [ 1G-001 B p-catonin
prat praast 1009202
600 pzo0z3 o E 2 800
H 37
L z )
H £ H
z, € 5 § w00
22 H £
38 22 5 200
H H
] El)
Hep3B/  SUN182/ S o
Hep3Bl  SUNtezI MACGSTH!
TRIMS4 TRINSE TRIMS4 TRIMS4 ShTRIMS4.

Hep3B/TRIMS4.

g
2

H

g

Tumor weight (mg)
H

Vehicle 1G-001





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-759842-g004.jpg
A VepaRITRIMEA ve Hapdiister
B Hop3BITRINSA-shRNA Vs Hop3BICT
s

MLy

Esraer FoR=00t P<0t

TR

GO Enrichment of TRIMS reuglated Genes{(% count)

TcoA

Estous FOR=021 P00kt

s
2 FE 3§ s E S %

e - - [ =
| ———] = == —
Hep3g SUNTEZ  MHCCSTH

Gsesizan
°
Soctor ATRMSK 8 Conor shNA
:
£
HE
B2
21

I —

Hep3s SUN18Z MHCCOTH

WccoTH

log2 rati






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-759842-g002.jpg
GOLORATH_HOMEOSTATIC WINNEPENNINCKX_MELANOMA
BENPORATH_PROLIFERATION PROLIFERATION 2uccH_METASTASIS_UP. TMETASTASIS. UP

N {\ ?

AT T T T ,

Tsion fre R —, frvers Tt et Toion

—Vactor
Z1200] o= TRIMSS

Co UL <cowm

© U © <csmrua  Erop) —Control .
£ w00
G © 080 <o i
i3860+m“§m
et |
B4 N
. dayls)

PCNA

P22 mcontrol

EshANA

PONAIdex (4)  PCNAIndex (%)
Pivarar i TGy
-

MHCCO7H

Tumor nests/LPE

Control_ shANA

[





OEBPS/Images/fonc-11-759842-g005.jpg
o L
38IFlag TRINSS
TRIMS4 IP/Mass Speatrum +§
] 5 8
po wil}
b=
o
SUN182IFlag TRIMS4
Te
BostUnue PSM (Scan 16515, mir=32 2526, -2 RT=38.48,ppn=0.6) -
b=
Axint|s— <
: .
oo s s 5 e vt
ot 4 P
st B
en
II R
o
=== ===
. .
MVector ' Control
o Hiveid
Fooprmmn  peome poote
i foo
2 ]
£ i
3 5 200
3 o 2
o e

SUN182 MHCCOTH





OEBPS/Images/fonc.2021.759842_cover.jpg
’ frontiers
in Oncology

Targeting TRIM54/Axin1/B-Catenin
Axis Prohibits Proliferation and
Metastasis in Hepatocellular
Carcinoma





OEBPS/Images/fonc-11-759842-g007.jpg
caye MICONDY EIMMPT

T1 T2 T3 T4 T5 T6 17 T8 19 TI0

Buow
B Low atenn @Hon -Catenn
[
: i 5
- 80 £ w0
E
@ LGS
“ fo
o s
2 2 Y
§
°Low _High ©Low _High

TRIMSS oxpression  TRIMS4 expression

Z

Aggressive





