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Hypoxia microenvironment, a critical feature of hepatocellular carcinoma, contributes to hepatocarcinogenesis, tumor progression and therapeutic resistance. Hypoxia-inducible factors (HIFs)-activated target genes are the main effectors in hypoxia-induced HCC progression. In this study, we identified ubiquitin E3 ligase ring finger protein 146 (RNF146) as a novel HIFs target gene. Either HIF-1α or HIF-2α knockdown significantly repressed hypoxia-induced RNF146 upregulation in Hep3B and Huh7 cells. TCGA data and our immunohistochemistry analysis consistently revealed the overexpression of RNF146 in HCC tissues. The upregulated expression of RNF146 was also detected in HCC cell lines. The high RNF146 level was correlated with poor clinical features and predicted a shorter overall survival of patients with HCC. RNF146 knockdown suppressed the proliferation, colony formation and glycolysis of HCC cells, but suppressed but RNF146 overexpression promoted these malignant behaviors. Moreover, RNF146 silencing weakened HCC growth in mice. RNF146 inversely regulated phosphatase and tensin homolog (PTEN) protein level, thereby activating the AKT/mechanistic target of rapamycin kinase (mTOR) pathway in HCC cells. MG132 reversed RNF146 overexpression-induced PTEN reduction. RNF146 knockdown decreased the ubiquitination and degradation of PTEN in HCC cells. Therefore, we clarified that PTEN knockdown notably abolished the effects of RNF146 silencing on the AKT/mTOR pathway and Hep3B cells’ proliferation, colony formation and glycolysis. To conclude, our data confirmed that RNF146 was transcriptionally regulated by HIF-1/2α and activated the AKT/mTOR pathway by promoting the ubiquitin proteolysis of PTEN, thereby contributing to HCC progression. RNF146 may be a potential new drug target for anti-HCC.
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1 INTRODUCTION
Hepatocellular carcinoma (HCC) accounts for 75–85% of all primary liver cancer cases and is the third leading cause of cancer-related death worldwide (Sung et al., 2021). In 2020, there are 910,000 new cases of liver cancer worldwide, of which 45% are from China (Sung et al., 2021). Surgical resection is still the best choice for HCC treatment, but most patients are diagnosed with advanced stage and lose the opportunity for surgery (Llovet et al., 2021a). The application of targeted therapy and immunotherapy has brought light to some patients with advanced HCC, but the overall prognosis has not improved significantly (Llovet et al., 2021a). Therefore, it is of great significance to further reveal the precise molecular mechanism of the occurrence and development of HCC and carry out new target discovery and intervention research of anti-cancer drugs to improve the curative effect and prognosis of patients.
Extracellular matrix deposition results in decreased blood flow to the liver, and rapid tumor growth, intense metabolic activity, and poor angiogenesis lead to the formation of a hypoxic microenvironment in HCC (Gilkes et al., 2014; Singleton et al., 2021). Multiple target genes transcriptionally regulated by hypoxia-inducible factors (HIFs) promote HSCs activation as well as the growth, metabolic reprogramming, stem cell-like properties, angiogenesis, invasion and metastasis of HCC (Liu et al., 2019; Cramer and Vaupel 2022). Hypoxia-induced ubiquitin-specific peptidase 13 (USP13) deubiquitinated and stabilized toll-like receptor 4 (TLR4) to activate the myeloid differentiation primary response gene 88/nuclear factor-κB (MyD88/NF-κB) pathway, thereby contributing to HCC progression (Gao et al., 2020). Peptidylarginine deiminase 4 (PADI4) is identified as a novel HIFs target gene and promotes the transcription activity of HIFs by inducing histone citrullination to enhance the growth and angiogenesis of HCC in vivo (Wang Y. et al., 2021). In addition to protein-coding genes, hypoxia affects microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) to facilitate HCC progression. Hypoxia-induced miR-671–5p downregulation increases tuftelin1 (TUFT1) expression, promoting HCC growth and metastasis by activating the Ca2+/PI3K/AKT pathway (Dou et al., 2019). TM4SF1-AS1 is transcriptionally activated by HIF-1α and increases the migration, invasion and proliferation of HCC cells by upregulating the TM4SF1 level (Zeng et al., 2021). Therefore, further exploration of new hypoxia target genes is beneficial for revealing the new mechanism of hypoxia-induced HCC progression.
Ring finger protein 146 (RNF146), ubiquitin E3 ligase, belongs to the RING-type E3 ubiquitin ligase family (Darosa et al., 2015). RNF146 positively regulated the Wnt signaling pathway by affecting the protein degradation of AXIN1 (Zhang et al., 2011; Darosa et al., 2015; Matsumoto et al., 2017). RNF146 regulates the liver kinase B1 (LKB1)-AMP-activated protein kinase (AMPK) pathway by mediating LKB1 ubiquitination (Li et al., 2019). Phosphatase and tensin homolog (PTEN) is recognized as a protein substrate of RNF146. RNF146 results in the ubiquitination and degradation of PTEN to activate the AKT pathway and promotes tumor cell proliferation and glycolysis (Li et al., 2015). In HCC, RNF146 is the regulator of poly (ADP-ribose) polymerase 1 (PARP1) ubiquitination and protein degradation (Zhou et al., 2020). However, the link between hypoxia and RNF146 in HCC remains unclear yet.
In this study, we explore candidate HIFs target genes by analyzing microarray data. The regulatory effects of HIF-1/2α on RNF146 expression were confirmed. The role of RNF146 in HCC cell proliferation and glycolysis, as well as underlying mechanisms, were investigated. We found that hypoxia enhanced RNF146 expression via HIF-1/2α. RNF146 contributed to the proliferation, colony formation and glycolysis of HCC cells by regulating the PTEN/AKT/mechanistic target of rapamycin kinase (mTOR) pathway.
2 MATERIALS AND METHODS
2.1 Tissue Samples
This study collected human HCC tissue samples and paired adjacent tissue samples from 80 patients with HCC in the First Affiliated Hospital of Xi’an Jiaotong University. The included patients had precise pathological diagnoses and had not been treated before surgery. All the collected tissue samples were well were formalin-fixed and paraffin-embedded. Written informed consent was obtained from all patients, and the Ethics Committee of the 1st Affiliated Hospital of Xi’an Jiaotong University approved this study. During 3 years of follow-up, the time between primary surgery and death was the overall survival time.
2.2 Cell Culture
Hep3B, HepG2, HCCLM3 and Huh7 cells were provided by Stem Cell Bank, Chinese Academy of Sciences (Shanghai, China). Human liver cell line MIHA was purchased from bnbio (Beijing, China). Cell lines were cultured in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, United States) added with 10% fetal bovine serum (Gibco), penicillin (100 U/ml, Gibco) and streptomycin (100 mg/ml, Gibco). The culture condition in the incubator was a moist environment with 5% CO2 at 37°C.
2.3 Lentivirus and Plasmid Construction
LKO.1-puro lentiviral vectors encoding small hairpin RNA (shRNA) against HIF-1α (sh1α), HIF-2α (sh2α), RNF146 (shRNF#1 and shRNF#2), PTEN (shPTEN) and non-targeting shRNA (NTC) were provided by GeneChem (Shanghai, China). All lentiviral shuttle vectors were transfected into HEK293T cells for packaging as previously described (Zeng et al., 2021). RNF146 cDNA was sub-cloned into pcDNA3.1 (Invitrogen, Carlsbad, CA, United States) to produce pcDNA3.1/RNF146 (RNF-OE). Lipofectamine 3000 (Thermo Fisher Scientific) was applied for plasmid transfection in HCC cells.
2.4 Real-Time Quantitative PCR
HCC cells were subjected to RNA isolation following the instruction of the Trizol reagent (Invitrogen) and total RNA was reversely transcribed into cDNA using PrimeScript™ RT Master Mix (Takara, Shiga, Japan). The PCR amplification was performed on ABI HT9600 (Applied Biosystems, Foster City, CA, United States) in accordance with the instruction of SYBR Green PCR Master Mix (Takara). The RNF146 mRNA level was normalized to GAPDH using the 2−ΔΔCT method. RNF146 forward primer: 5′-TGT AAG CAC GTT TTC TGC TAT CT-3′; reverse: 5′-AAT CCT CGG GAA TTT CTT GTC G-3′. GAPDH forward primer: 5′-CTG GGC TAC ACT GAG CAC C-3′; reverse: 5′-AAG TGG TCG TTG AGG GCA ATG-3′.
2.5 Western Blotting
Total proteins were obtained from HCC cells using RIPA buffer (Beyotime, Shanghai, China) and quantified by Enhanced BCA Protein Assay Kit (Beyotime). Then, 20 μg proteins were undergoing SDS-PAGE and transferred to the PVDF membrane (Millipore, Billerica, MA, United States). After blocking, the membrane was incubated overnight with primary antibodies at 4°C. The next day, secondary antibody incubation was performed at room temperature for 1–2 h. Enhanced chemiluminescence (ECL) reagent (Millipore) was used for luminous reaction and western blot was photographed by Amersham Imager 680 (GE Healthcare Life Sciences, Pittsburgh, PA, United States). The used primary antibodies: HIF-1α (ab1, Abcam, Cambridge, MA, United States), HIF-2α (ab199, Abcam), RNF146 (ab201212, Abcam), β-tubulin (10094-1-AP, Proteintech, Wuhan, China), PTEN (ab267787, Abcam). p-AKT (Ser473, 66444-1-Ig, Proteintech), AKT (60203-2-Ig, Proteintech), p-mTOR (Ser2448, 67778-1-Ig, Proteintech), mTOR (66888-1-Ig, Proteintech), Ubiquitin (ab7254, Abcam).
2.6 Immunohistochemistry
The embedded-paraffin tissues were sectioned with a thickness of approximately 4–5 μm. Next, paraffin sections were deparaffinized in xylene and rehydrated with ethanol, and used 0.3% hydrogen peroxide to block endogenous peroxidase activity. Finally, the sections were incubated with RNF146 antibody (ab201212, Abcam) and a specific secondary antibody. The intensity score and positive rate score were previously described (Shen et al., 2018). The IHC score (intensity score × positive rate score) ≥4 was defined as high expression.
2.7 Immunoprecipitation and Ubiquitination Assays
The immunoprecipitation and ubiquitination assays were performed as previously described (Shi et al., 2021). In brief, the cells were incubated with 10 μM MG132 (HY-13259, MedChemExpress, Shanghai, China) for 8 h. HCC cells were treated with IP lysis buffer. The total cell lysates were collected and subjected to immunoprecipitation with 2 µg PTEN (ab267787, Abcam) or IgG antibody and 30 µL slurry of Protein G Sepharose (GE Healthcare Life Sciences, Pittsburgh, PA, United States) at 4°C overnight. Western blot analysis was performed with an Anti-Ubiquitin antibody (ab7254, Abcam) to detect the corresponding protein ubiquitination.
2.8 Cell Proliferation and Colony Formation Assays
The cell counting kit-8 (CCK-8) kit (Beyotime) and Cell-Light™ EdU Apollo®488 In Vitro Imaging Kit (RIBOBIO, Guangzhou, China) were used for HCC cell proliferation determination as previously described (Shi et al., 2021). For colony formation assay, the logarithmic growth cells (1 × 103) were seeded into 6-well plates and were grown for a period of 2 weeks. Cell colonies were stabilized with 4% paraformaldehyde, stained with 0.1% crystal violet solution and manually counted.
2.9 Glucose Consumption and Lactate Production Assays
Glucose consumption and lactate production of HCC cells were detected using the lactate assay kit (ab65331, Abcam) and glucose assay kit (ab136955, Abcam), respectively, according to the manufacturer’s protocols.
2.10 In vivo Studies
The animal studies were approved by the Institutional Animal Care and Use Committee of Xi’an Jiaotong University. Male BALB/c nude mice (4 weeks old) were obtained from the Vital River Laboratory Animal Technology Co. (Beijing, China). 5 × 106 HCCLM3 cells stably transfected with RNF146 shRNA or the negative control were respectively injected into the right armpits of five mice, and subcutaneous tumor size was assessed every week. The mice were sacrificed 4 weeks after injection and the xenograft tumors were removed for IHC with Ki-67 antibody (27309-1-AP, Proteintech) or WB with RNF146 antibody (ab201212, Abcam).
2.11 Statistical Analysis
All data in this study were processed by GraphPad Prism 8 (San Diego, CA, United States). Measurement data were shown as mean ± S.D. The Mann–Whitney test and analysis of variance (ANOVA) were applied for the significant test. Survival data were analyzed through the Kaplan-Meier method and log-rank test. p-value less than 0.05 denoted statistically significant.
3 RESULTS
3.1 Hypoxia-Inducible Factor-1/2α Regulates RNF146 Expression in Hepatocellular Carcinoma Cells Under Hypoxic Conditions
We analyzed our previous microarray data (GSE155505) of hypoxia-related mRNAs in Hep3B cells. A significant upregulation of RNF146 in Hep3B cells under hypoxic conditions caught our attention (Figure 1A). RT-qPCR and WB analyses consistently confirmed that hypoxia upregulated RNF146 expression in Huh7 and Hep3B cells (p < 0.05, Figures 1B,C). Then, shRNAs were used to downregulate HIF-1α or HIF-2α or HIF1/2α in HCC cells (Figure 1E). The silencing of HIF-1α or HIF-2α or both [double knockdown (DKD)] prominently reduced hypoxia-induced RNF146 expression in HCC cells (p < 0.05, Figures 1D,E). Furthermore, TCGA data analysis using the GEPIA website (http://gepia.cancer-pku.cn/) (Tang et al., 2019) found positive correlations between RNF146 and HIF1/2α in HCC tissues (p < 0.05, Supplementary Figure S1). Our data suggest that hypoxia induces RNF146 expression via HIF-1/2α in HCC cells.
[image: Figure 1]FIGURE 1 | RNF146 is a hypoxia-responsive gene. (A) Heatmap of ten known hypoxia target genes and RNF146 expression in Hep3B cells under normoxia (20% O2) and hypoxia (1% O2) conditions. (B) The expression of RNF146 mRNA in HCC cells under normoxia and hypoxia conditions was measured by RT-qPCR. (C) HIF-1α, HIF-2α and RNF146 protein levels were determined by WB in HCC cells under normoxia and hypoxia conditions. (D) The lentivirus-mediated shRNAs against HIF-2α (sh2α), HIF-1α (sh1α), HIF-1α/2α (DKD) and non-targeting shRNA (NTC) were transduced into HCC cells. After incubation under hypoxia conditions, RNF146 mRNA level in HCC cells was measured by RT-qPCR. (E) HIF-1α, HIF-2α and RNF146 protein levels were determined by WB in transfected HCC cells under hypoxia conditions. *p < 0.05.
3.2 RNF146 is Highly Expressed in Hepatocellular Carcinoma
TCGA data analysis using the GEPIA website (http://gepia.cancer-pku.cn/) (Tang et al., 2019) found that RNF146 mRNA expression in HCC was prominently higher than in normal liver tissues (p < 0.0001, Figure 2A). IHC data confirmed the upregulated level of RNF146 protein in HCC tissues compared to adjacent nontumor tissues (p < 0.0001, Figures 2B,C). Moreover, the upregulated levels of RNF146 were also detected in Hep3p, Huh7 and HCCLM3 cells (p < 0.05, Figure 2D). Table 1 showed that HCC patients with large tumors and venous infiltration expressed higher levels of RNF146 (p < 0.05). Survival analysis indicated a close correlation between high RNF146 expression and poor 3-years overall survival of patients with HCC (p = 0.0058, Figure 2E). Thus, these results indicate that RNF146 may be a promising prognostic biomarker for HCC.
[image: Figure 2]FIGURE 2 | RNF146 expression is increased in HCC. (A) TCGA data analysis using the GEPIA platform showed the expression difference of RNF146 mRNA between HCC and normal liver tissues. (B) IHC analysis indicated that RNF146 was highly expressed in HCC compared to adjacent nontumor tissues. (C) The RNF146 mRNA levels were detected in MIHA, Hep3B, Huh7, HepG2 and HCCLM3 cells by RT-qPCR. (D) The RNF146 protein levels were detected in MIHA, Hep3B, Huh7, HepG2 and HCCLM3 cells by WB. (E) The comparison of 3-years overall survival of patients with high or low RNF146 expression.
TABLE 1 | Relationship between RNF146 expression and clinicopathologic parameters of patients with hepatocellular carcinoma.
[image: Table 1]3.3 RNF146 Promotes Hepatocellular Carcinoma Cell Proliferation and Glycolysis
Lentivirus-mediated shRNAs markedly downregulated RNF146 in HCCLM3 cells (p < 0.05, Figure 3A). RNF146 knockdown remarkably reduced the viability of HCCLM3 cells (p < 0.05, Figure 3B). The silencing of RNF146 significantly weakened the proliferation of HCCLM3 cells (p < 0.05, Figure 3C). The HCCLM3 cell colonies were obviously decreased by RNF146 silencing (p < 0.05, Figure 3D). Otherwise, RNF146 depletion remarkably decreased the glucose consumption and lactate production of HCCLM3 cells (p < 0.05, Figures 3E,F). RNF146 overexpression prominently enhanced the proliferation and glycolysis of Huh7 cells (p < 0.05, Figure 4). Next, in vivo experiments confirmed that RNF146 knockdown reduced the volume and weight of subcutaneous tumors formed by HCCLM3 cells (p < 0.05, Figures 5A,B). IHC staining of Ki-67 in tumor tissues indicated that the percentage of positive cells in the RNF146 knockdown group was obviously lower than in the control group (p < 0.05, Figure 5C). WB analysis confirmed the downregulated expression of RNF146 in the RNF146 knockdown group compared to the control group (p < 0.05, Figure 5D). Collectively, we consider RNF146 as an oncogene in HCC.
[image: Figure 3]FIGURE 3 | RNF146 knockdown suppresses the proliferation and glycolysis of HCCLM3 cells. (A) The lentivirus-mediated shRNAs targeting RNF146 (shRNF#1 and shRNF#2) and non-targeting shRNA (NTC) were transduced into HCCLM3 cells. WB was performed to determine the RNF146 protein level. (B) RNF146 knockdown reduced the viability of HCCLM3 cells. (C) RNF146 silencing inhibited the proliferation of HCCLM3 cells. (D) The inhibitory effects of RNF146 knockdown on HCCLM3 cell colony formation were confirmed. (E) RNF146 silencing reduced the glucose consumption of HCCLM3 cells. (F) HCCLM3 cells’ lactate production was decreased by RNF146 knockdown. *p < 0.05.
[image: Figure 4]FIGURE 4 | RNF146 overexpression promotes the proliferation and glycolysis of Huh7 cells. (A) The pcDNA3.1/RNF146 (RNF-OE) and empty vector (EV) were transduced into Huh7 cells. WB was performed to determine the RNF146 protein level. (B) CCK-8, (C) EdU, (D) colony formation, E glucose consumption and F lactate production assays were performed to detect the proliferation, colony formation and glycolysis of Huh7 cells with or without RNF146 overexpression. *p < 0.05.
[image: Figure 5]FIGURE 5 | RNF146 knockdown reduces HCC growth in vivo. HCCLM3 cells with or without RNF146 knockdown were subcutaneously injected into nude mice. (A) Tumor volume and (B) weight were consistently reduced by RNF146 knockdown. (C) Tumor tissues from the RNF146 knockdown group showed fewer Ki-67 staining cells compared to the control group. (D) Tumor tissues from the RNF146 knockdown group showed lower RNF146 protein levels than the control group. *p < 0.05.
3.4 RNF146 Regulates the AKT/mTOR Pathway by Reducing Phosphatase and Tensin Homolog
KEGG enrichment pathways analysis suggested that RNF146 might regulate the mTOR signaling pathway in HCC based on TCGA data (Figure 6A and Supplementary Table S1). RNF146 knockdown decreased while RNF146 overexpression increased p-AKT and p-mTOR levels in HCC cells (Figures 6B,C). A previous study has identified RNF146 as a negative regulator of PTEN and activates the PI3K/AKT/mTOR pathway (Li et al., 2015). Interestingly, we found that RNF146 inversely regulated PTEN protein levels in HCC cells (Figures 6B,C). A proteasome inhibitor, MG132, blocked RNF146-induced PTEN downregulation in Huh7 cells (Figure 6D). Moreover, RNF146 silencing obviously reduced the ubiquitination and degradation of PTEN in HCC cells (Figures 6E,F). Therefore, RNF146 promotes PTEN ubiquitination and degradation and activates the AKT/mTOR pathway in HCC.
[image: Figure 6]FIGURE 6 | RNF146 regulates the PTEN/AKT/mTOR pathway in HCC cells. (A) KEGG pathway enrichment analysis indicated a close correlation between RNF146 and the mTOR signaling pathway in HCC. (B) RNF146 knockdown increased PTEN expression but reduced p-AKT (Ser473) and p-mTOR (Ser2448) levels in HCCLM3 cells. (C) RNF146 overexpression decreased PTEN expression while increased p-AKT (Ser473) and p-mTOR (Ser2448) levels in Huh7 cells. (D) RNF146 overexpression-induced PTEN downregulation was blocked by a proteasome inhibitor MG132 in Huh7 cells. (E) The ubiquitination of PTEN was reduced by RNF146 silencing in HCCLM3 cells. (F) The degradation of PTEN was reduced by RNF146 silencing in HCCLM3 cells.
3.5 The Role of RNF146 Silencing is Reversed by Phosphatase and Tensin Homolog Knockdown in Hepatocellular Carcinoma Cells
We intended to verify the involvement of PTEN in RNF146-induced HCC progression. A specific shRNA downregulated PTEN expression in HCCLM3 cells with RNF146 knockdown (Figure 7A). PTEN knockdown recovered RNF146 silencing-induced p-AKT and p-mTOR downregulation in HCCLM3 cells (Figure 7A). We confirmed that PTEN silencing significantly abolished RNF146 knockdown-induced proliferation inhibition of HCCLM3 cells (p < 0.05, Figures 7B,C). Moreover, the effects of RNF146 silencing on HCCLM3 cell colony formation, glucose consumption and lactate production were markedly reversed by PTEN knockdown (p < 0.05, Figures 7D–F). Therefore, PTEN mediates the pro-HCC function of RNF146.
[image: Figure 7]FIGURE 7 | Reducing PTEN expression abolishes the effects of RNF146 knockdown in HCCLM3 cells. (A) HCCLM3 cells that were transfected with NTC, shRNF#1 or shRNF#1 + shPTEN were detected by WB for the RNF146, PTEN, p-AKT (Ser473), AKT, p-mTOR (Ser2448) and mTOR levels. (B) CCK-8, (C) EdU, (D) colony formation, (E) glucose consumption and (F) lactate production assays were performed to detect the proliferation, colony formation and glycolysis of HCCLM3 cells with or without RNF146 overexpression. *p < 0.05.
4 DISCUSSION
Hypoxia is one of the core features of the HCC microenvironment and a key factor leading to tumor malignant progression and treatment resistance (Jing et al., 2019). Monoclonal antibodies (bevacizumab and ramucirumab) and small-molecule inhibitors (sorafenib and lenvatinib) targeting the hypoxia-responsive gene VEGF and its receptors have become first-line treatments for advanced HCC (Llovet et al., 2021b). In this study, we aimed to investigate novel hypoxia-responsive genes in HCC. According to microarray data analysis, we selected a hypoxia-upregulated gene, RNF146, for further study. The expression of RNF146 was prominently upregulated in HCC cells under hypoxia conditions. The knockdown of HIF-1α or HIF-2α or DKD significantly blocked hypoxia-induced RNF146 upregulation in HCC cells. These results suggest that RNF146 is a new HIF-1/2α target gene.
RNF146 overexpression is frequently detected in colorectal cancer (CRC) and is an independent biomarker for predicting the poor prognosis (Shen et al., 2018). RNF146 expression is upregulated in non-small cell lung cancer (NSCLC) and is associated with malignant clinical features and poor clinical outcomes (Gao et al., 2014). Here, we also verified that RNF146 was highly expressed in HCC based on TCGA data and our IHC data. The upregulated levels of RNF146 were consistently determined in HCC cell lines. Moreover, we found that high RNF146 expression was correlated with large tumors and venous infiltration and predicted a shorter 3-years overall survival of patients with HCC. Our data verify the potential clinical value of RNF146 in the judgment of poor prognosis in HCC.
RNF146 knockdown repressed the proliferation, colony formation and glycolysis of HCC cells, while RNF146 overexpression facilitated these malignant behaviors. RNF146 silencing reduced HCC growth in nude mice. These data recognize RNF146 as an oncogene in HCC. Therefore, we further explored the possible molecular mechanism of RNF146 promoting HCC. Previous studies have demonstrated that RNF146 activates the Wnt/β-catenin pathway by mediating ubiquitination and degradation of AXIN1 (Zhang et al., 2011; Gao et al., 2014; Shen et al., 2018). RNF146 modulates the LKB1-AMPK pathway by promoting LKB1 ubiquitination (Li et al., 2019). RNF146 mediates the ubiquitination and degradation of PTEN to activate the AKT pathway and promotes tumor cell proliferation and glycolysis (Li et al., 2015). RNF146 is a regulator of PARP1 ubiquitination and protein degradation in HCC (Zhou et al., 2020). Here, KEGG pathway analysis based on TCGA data showed that the mTOR pathway is one of the most relevant signaling pathways for RNF146. Next, we confirmed that RNF146 promoted the AKT/mTOR pathway in HCC cells. RNF146 overexpression-induced PTEN downregulation was reversed by MG132 treatment. RNF146 silencing increased the ubiquitination and degradation of PTEN in HCC cells. Thus, we consider that RNF146 regulates the AKT/mTOR pathway by ubiquitinating and degrading PTEN in HCC. The PTEN/AKT/mTOR pathway is one of the critical oncogenic pathways in HCC and participates in the regulation of cell proliferation, glycolysis, stemness and invasion (Liu et al., 2018; Dou et al., 2019; Dou et al., 2020; Wang L. et al., 2021). PTEN knockdown recovered RNF146 silencing-induced the AKT/mTOR pathway inactivation in HCCLM3 cells. Significantly, reducing PTEN expression prominently abolished the effects of RNF146 knockdown in HCC cells. Thus, RNF146 contributes to HCC progression by regulating the PTEN/AKT/mTOR pathway.
Our findings identified RNF146 as a novel HIF-1/2α target gene in HCC. HIF-1/2α-activated RNF146 facilitated HCC progression by enhancing PTEN ubiquitination and degradation and promoting the AKT/mTOR pathway activation. This study provides a new idea for developing new targets for anti-HCC drugs.
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AMPK, AMP-activated protein kinase
CRC, colorectal cancer
HCC: hepatocellular carcinoma
HIFs, hypoxia-inducible factors
LKB1, liver kinase B1
lncRNAs, long non-coding RNAs
miRNAs, microRNAs
mTOR, mechanistic target of rapamycin kinase
MyD88, myeloid differentiation primary response gene 88
NF-κB, nuclear factor-κB
NSCLC, non-small cell lung cancer.
PADI4, peptidylarginine deiminase 4
PARP1, poly (ADP-ribose) polymerase 1
PTEN, phosphatase and tensin homolog
RNF146, ring finger protein 146
TLR4, toll-like receptor 4
TUFT1, tuftelin1
USP13, ubiquitin specific peptidase 13
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.
Copyright © 2022 Shen, Wang, Zhu, Lu, Liu, Xu and Huang. 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.
OPS/images/fcell-10-893888-g005.gif





OPS/images/fcell-10-893888-g006.gif





OPS/images/fcell-10-893888-g003.gif





OPS/images/fcell-10-893888-g004.gif
st Rt e conrt






OPS/images/fcell-10-893888-g007.gif





OPS/images/fcell-10-893888-t001.jpg
Clinicopathologic Parameters

Age (years)

Sex

HBV infection

Serum AFP level (ng/ml)
Tumor size (om)

No. of tumor nodules
Cirthosis

Venous infitration
Tumor differentiation
TNM stage

BCLC stage

<50
250
Male
Female
No
Yes
<20
=20
<5

=5

1

2
No
Yes
No
Yes
I+
i+ v
|
I+
0+A
B+C

33
47
67
13
13
67
14
66
29
51
65
15
12
68
44
36
53
27
32
48
59
21

RNF146

Low Expression (n = 22)

10
b
18
4
5
17
6
16
12
10
20
2
5
17
17
5
16
6
12
10
19
3

HBV, hepatitis B virus; AFP, alpha-fetoprotein; TNM, tumor-node-metastasis; BCLC, Barcelona Clinic Liver Cancer.

“Statistically significant.

High
Expression (1 = 58)

23
35
49
9
8
50
8
50
g 7
41
45
13
7
51
&5
31

37

20
38
40
18

0.638

0773

0.333

0.157

0.036°

0.173

0.233

0.014°

0451

0.102

0.114





OPS/xhtml/nav.xhtml
Contents

		Cover

		HIF-1/2α-Activated RNF146 Enhances the Proliferation and Glycolysis of Hepatocellular Carcinoma Cells via the PTEN/AKT/mTOR Pathway		1 Introduction

		2 Materials and Methods		2.1 Tissue Samples

		2.2 Cell Culture

		2.3 Lentivirus and Plasmid Construction

		2.4 Real-Time Quantitative PCR

		2.5 Western Blotting

		2.6 Immunohistochemistry

		2.7 Immunoprecipitation and Ubiquitination Assays

		2.8 Cell Proliferation and Colony Formation Assays

		2.9 Glucose Consumption and Lactate Production Assays

		2.10 In vivo Studies

		2.11 Statistical Analysis





		3 Results		3.1 Hypoxia-Inducible Factor-1/2α Regulates RNF146 Expression in Hepatocellular Carcinoma Cells Under Hypoxic Conditions

		3.2 RNF146 is Highly Expressed in Hepatocellular Carcinoma

		3.3 RNF146 Promotes Hepatocellular Carcinoma Cell Proliferation and Glycolysis

		3.4 RNF146 Regulates the AKT/mTOR Pathway by Reducing Phosphatase and Tensin Homolog

		3.5 The Role of RNF146 Silencing is Reversed by Phosphatase and Tensin Homolog Knockdown in Hepatocellular Carcinoma Cells





		4 Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References

		Glossary









OPS/images/cover.jpg
? frontiers | Frontiers in Cell and Developmental Biology

HIF-1/2a-Activated RNF146
Enhances the Proliferation and
Glycolysis of Hepatocellular
Carcinoma Cells via the PTEN/
AKT/mTOR Pathway





OPS/images/fcell-10-893888-g001.gif





OPS/images/fcell-10-893888-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





