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We aimed to elucidate the mechanism by which hepatitis B virus X (HBx) mutations increase the occurrence of hepatocellular carcinoma (HCC) and identify novel putative therapeutic targets. Wild-type HBx (WT-HBx) and four HBx mutants (M1, A1762T/G1764A; M2, T1674G+T1753C+A1762T/G1764A; M3, C1653T+T1674G+A1762T/G1764A; and Ct-HBx, carboxylic acid-terminal truncated HBx) were delivered into Sleeping Beauty (SB) mouse models. The HCC incidence was higher in the M3-HBx- and Ct-HBx-injected SB mice. M3-HBx had a stronger capacity of upregulating inflammatory cytokines than other HBx variants. Ectopic expression of M3-HBx and Ct-HBx significantly increased proliferation and S phase proportion of HepG2 and HeLa cells, compared to WT-HBx. Plasminogen activator inhibitor-1 (PAI1) and cell division cycle 20 (CDC20) were identified as novel effectors by cDNA microarray analysis. M3-HBx and Ct-HBx significantly upregulated the expression of PAI1 and CDC20 in HepG2 and HeLa cells as well as the livers of SB mice. Silencing PAI1 attenuated the effects of M3-HBx and Ct-HBx on the growth of HepG2 and HeLa cells. PAI1, an important player bridging the HBx mutants and HCC, should be a promising candidate as a prognostic biomarker and therapeutic target in HBV-related HCC.
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Introduction

Primary liver cancer (PLC) was the third leading cause of cancer death worldwide in 2020 and hepatocellular carcinoma (HCC) accounts for 75–85% of PLC cases (1). Chronic infection with hepatitis B virus (HBV) is the leading cause of HCC globally (2). Different countries have different rates of seropositivity for HBV surface antigen (HBsAg) in HCC (3). Approximately 85% of HCC cases in China are seropositive for HBsAg. HBV-related HCC (HBV-HCC) is associated with 10-year earlier onset, higher α-fetoprotein (AFP), and more microvascular invasion than HCC caused by other causes (4), indicating that HBV is more powerful in promoting HCC development than other etiological factors.

During HBV-induced hepatocarcinogenesis, HBV often evolves via accumulating its mutations adapted to the inflammatory microenvironment and integrating into the human genome (5, 6). HBV mutations, including A1762T/G1764A, C1653T, T1753V, and T1674G/C, in the core promoter (CP) region of the viral genome are typically the ones that increase the risk of HCC (7–9). It has been demonstrated that the combination (combo) mutant, rather than HBx with single or double CP mutations, accelerates cell cycle progression and p21 degradation, possibly via increasing expression of S-phase kinase-associated protein 2 (SKP2) (10). Gene expression profiling of human hepatocytes infected with HBV genotype F1b, particularly the CP mutant, indicates more cancer-related signaling pathways compared with other genotypes (8). HBV integration into the host genome often leads to the truncation of the HBV genome, particularly at the C terminus of hepatitis B virus X (HBx), resulting in the generation of carboxylic acid terminal-truncated HBV X protein (Ct-HBx) (11). The HBV X genes encoding Ct-HBx, which are most frequently detected in HBV-HCC samples, significantly increase the aggressiveness of HCC compared to the full-length X gene, possibly via downregulating thioredoxin-interacting protein (TXNIP), a well-established regulator of glucose metabolism (12). However, the gene expression profiles of the HBV mutant-integrated liver of animal models with intact immune system, which represents the key molecular event in humans, are not reported. Here, we investigated tumorigenic effects of combo HBx mutations (A1762T/G1764A, C1653T, T1753C, and T1674G), Ct-HBx, and wild-type (WT) HBx on HCC using the Sleeping Beauty (SB) transposon system to deliver WT-HBx and HBx mutants into the livers of fumarylacetoacetate hydrolase (Fah)-deficient mice. The functional genes with similar profiles in the animal model and cell lines were functionally investigated. This study not only helps elucidate the mechanisms by which HBx mutants promote HBV-induced carcinogenesis but also reveals effective therapeutic options for HBV-HCC.



Materials and Methods


Study Population

The effect of HBx combo mutation on the risk of HCC occurrence was evaluated with a cohort that was established in our previous study. In total, 2114 HBV-infected patients were enrolled from the second affiliated hospital of Second Military Medical University. The establishment of the cohort and detection of HBV mutations were as previously described (9). The last date of follow-up was 31 August 2019. The study protocol conformed to the 1975 Declaration of Helsinki and was approved by the ethics committee of Second Military Medical University. All participants provided written consent.



Plasmid Construction

HBx fragments (nt. 1374–1838) were amplified from the sera of 10 HBV-infected patients included in the cohort. The details for viral DNA extraction, HBV DNA sequencing, and mutation analysis are provided in the Supplementary Materials. WT-HBx and the HBx mutants were linked with flag tags and inserted into EcoRI restriction sites of the pKT2-FAH-mCa-SB plasmid, an SB transposon vector containing the cDNA of Fah gene, respectively (13). The constructs were verified by Sanger sequencing. Primers for the amplification and verification are listed in Table S1. The construction of recombinant lentiviruses expressing WT-HBx and HBx mutants is described in the Supplementary Materials.



Cell Experiments

HepG2 and HeLa cell lines were purchased from the Chinese Academy of Sciences (Shanghai, China). Before the experiments, all cell lines were authenticated using the genotyping analysis of short tandem repeat (STR) by Biowing Biotechnology (Shanghai, China). All cell cultures were tested for mycoplasma contamination every three months. The cells with the stable overexpression of HBx variants were constructed with lentivirus. Details are available in the Supplementary Materials. Small interfering RNAs (siRNAs) against cell division cycle 20 (CDC20), plasminogen activator inhibitor-1 (PAI1), and cyclin dependent kinase inhibitor 1A (P21) were synthesized by GenePharma (Shanghai, China) (Table S2). Lipofectamine 3000 kit (Invitrogen, Carlsbad, CA) was applied for siRNA transfection. Gene expression was measured by quantitative reverse transcription PCR (qRT-PCR) and Western blot (Figure S1). Cell proliferation, migration, invasion, cell cycle assay, qRT-PCR, and Western blot are detailed in the Supplementary Materials.



Cell Proliferation, Migration, Invasion, and Cell Cycle Assay

Cell proliferation was assessed by the Cell Counting Kit-8 (CCK8) kit (Dojindo, Osaka, Japan). Cells were seeded into the 96-well plates (Corning Incorporated Coster, Kennebunk, ME). Then, 100uL of 10% CCK8-DMEM solution was added and the cells were incubated for 1.5 h. The number of cells was estimated by measuring optical density (OD450) for every 24 h. For colony formation assay, 500 cells were seeded into 6-well plates and were incubated for 21 days. Cell clones were stained with crystal violet and counted manually. The experiments were performed in triplicate.

The migration and invasion were measured using Transwell inserts (Corning, New York, NY). For the migration assay, a total of 1×104 cells were placed in upper wells with 400µL serum-free DMEM. For the invasion assay, the upper chambers were coated with 20% Matrigel (BD, San Diego, CA) before cell seeding. The lower chamber was filled with 500 µL DMEM (10% FBS). After incubation for 48h, the migrated cells were digested and seeded into 96-wells plates. After incubation for 6h, 100µL DMEM containing 20% MTS (Promega, Madison, WI) and PMS (Promega) was added. After 2h incubation, absorbance at 490 nm was measured. Five fields were randomly selected and photographed with a microscope at 10 × magnification. Each assay was performed in triplicate.

The cell cycle assay was performed using flow cytometry (Merck Millipore, Rockville, MD). Cells were digested and fixed at -20°C in 70% ethanol overnight. The cell cycle distribution was measured by flow cytometry using the PI/RNase staining buffer (BD) and was analyzed by ModFit LT software (Verity Software House, Topsham, ME). Each assay was performed in triplicate.



Mouse Models

The mouse model of HBx protein-induced HCC was constructed based on Fah-deficient mice (13). The Fah-/- mice were maintained with 7.5 μg/mL 2-(2-nitro-4-trifluoromethylbenzoyl)-1, 3-cyclohexanedione (NTBC). At the age of 5–7 weeks, mice were injected with 15μg constructs containing Fah cDNA and the HBx mutants or WT by hydrodynamic injection via tail vein. After the injection, NTBC was removed from the drinking water. Mice that died within 30 days after the injection were excluded from the following analyses due to the failure in gene delivery. All mice were sacrificed 150 days after the injection. The livers and tumors were pathologically examined. Hematoxylin–eosin (H&E) and immunohistochemistry (IHC) are detailed in the Supplementary Materials. The antibodies used for IHC are detailed in Table S3.

Five-week-old nude mice were purchased from Jihui Laboratory Animal Care Cooperation (Shanghai, China). Mice were subcutaneously injected with 1.5 × 106 HeLa cells stably expressing wild-type or mutant HBx protein. Five weeks later, tumors were harvested. The use and care of animals were in compliance with institutional guidelines. All animal studies were conducted under the animal welfare protocol approved by the ethics committee of Second Military Medical University.



HBV Capture Sequencing

Seven liver tissues and seven tumor tissues of the SB mouse models were subjected to HBV-capture sequencing. Liver tissues were from the mice without tumors, including three WT-HBx mice, one M3-HBx mouse, and three Ct-HBx mice. Tumor tissues were from one WT-HBx mouse, three M3-HBx mice, and three Ct-HBx mice. DNA was extracted from tissues using Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA). The DNA libraries were constructed using the Fast Library Prep Kit (iGeneTech, Beijing, China). The capture probes of HBV panel were synthesized by iGeneTech. The libraries were captured using the probes of HBV panel and TargetSeq one enrichment kits (iGeneTech). The HiSeqTM 2500 platform (Illumina, San Diego, CA) was applied for the sequencing. The breakpoints of HBV integration were detected using VERSE software (14). The annotation for the integrated breakpoints was performed with ANNOVAR software (15). Data of HBV-capture sequencing were uploaded to the Sequence Read Archive (SRA) database under Accession Number PRJNA743432.



Cytokine Assessment

The cytokine levels in mice plasma were measured by multiplex immunoassay with ProcartaPlex Kit (ThermoFisher Scientific, MA). In total, 11 cytokines were tested: interleukin-4 (IL-4), IL-5, IL-6, IL-1β, IL-12, interferon-α (IFNα), IFNγ, tumor necrosis factor-α (TNFα), granulocyte macrophage colony stimulating factor (GM-CSF), transforming growth factor β (TGFβ), and vascular endothelial growth factor (VEGF).



Gene Expression Profiling and Functional Analysis

The gene expression profiles of HepG2 cells stably expressing WT-HBx and M3-HBx were analyzed by RNA-sequencing (RNA-seq). The sequencing libraries were constructed using TruSeq Stranded Total RNA with Ribo-Zero Gold Kit (Illumina, San Diego, CA). The HiSeqTM 2500 sequencing platform (Illumina, San Diego, CA) was applied for RNA-seq. HeLa cells were subjected to cDNA microarray assay by using Human Transcriptome Array 2.0 (Affymetrix, Santa Clara, CA). Three liver tissues from WT-HBx mice, three tumor tissues from M3-HBx mice, and three tumor tissues from Ct-HBx mice were also subjected to cDNA microarray analysis. The samples were randomly selected from each mouse group. Agilent-074809 SurePrint G3 Mouse GE V2.0 microarray (Agilent Technologies, Santa Clara, CA) was applied for this analysis. Mouse genes were converted to human homologs using the HUGO Gene Nomenclature Committee database. With the data of HepG2 cells, HeLa cells, and SB mice, differently expressed genes between WT-HBx group and M3-HBx group were identified using the edgeR package (16). The significantly expressed genes were subjected to gene set enrichment analysis (GSEA) online software (http://software.broadinstitute.org/gsea/). Based on the significantly enriched genes, PPI networks were generated using STRING v10 software (https://string-db.org/) (17). The gene profiling data HeLa cells and SB mouse models were uploaded to the Gene Expression Omnibus (GEO) database under Accession Numbers of GSE179126 and GSE179125, respectively. The sequencing data of HepG2 cells were uploaded to the SRA data base under Accession Numbers of SRP336293.



Luciferase Reporter Assay

Promoter region was defined as 2000 bp upstream of the transcription start site of a given gene based on the Ensembl database (GRCh38.p13, https://asia.ensembl.org/Homo_sapiens). The promoter fragments of CDC20, PAI1, and P21 were synthesized and sequenced by Obio Technology (Shanghai, China). The correct sequences were inserted into the firefly luciferase reporter vector (pGL4.10-basic vector, Promega) to evaluate the promoter activity. HepG2 and HeLa cells were co-transfected with the constructed reporter vectors and Renilla luciferase vectors (pRL-TK, Promega). Luciferase activities were tested using a dual-luciferase reporter assay system (Promega). Firefly luciferase activity was normalized to Renilla luciferase activity.



Statistical Analysis

Differences in continuous variables were determined by Student’s t-test. For non-normal data, the Wilcoxon sum rank test was used. Hazard ratio (HR) and 95% confidence interval (CI) were estimated using the Cox regression analysis, adjusted for age and gender. The analyses of the data from in vitro and in vivo experiments were performed with GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA). All statistical tests were two-sided. P < 0.05 was considered statistically significant.




Results


Effects of HBx Combo Mutations on the Risk of HCC Occurrence

A1762T/G1764A, T1674G, C1653T, T1674G, and T1753C were all identified as independent risk factors of HCC occurrence in our previous cohort study (9). In this cohort of HBV-infected patients, combo mutation A1762T/G1764A+C1653T+T1674G, A1762T/G1764A+T1674G+T1753C, and A1762T/G1764A+C1653T+T1753C were all significantly associated with an increased risk of HCC, with an age- and gender-adjusted HR (95% CI) of 1.81 (1.42-2.32), 1.54 (1.11-2.14), and 1.83 (1.32-2.53), respectively (Figure 1). The frequencies of combo mutations A1762T/G1764A+C1653T+T1674G, A1762T/G1764A+T1674G+T1753C, and A1762T/G1764A+C1653T+T1753C in the baseline sera of the HBV-infected population were 10.38%, 7.78%, and 4.4%, respectively. The combo mutation A1762T/G1764A+C1653T+T1674G and A1762T/G1764A+T1674G+T1753C were then selected for the following experiments because of higher frequencies in the HBV-infected population.




Figure 1 | Effects of HBx combo mutations on HCC occurrence in a prospective cohort study with 2114 HBV-infected patients. (A) Effect of A1762T/G1764A+C1653T+T1674G on HCC occurrence. (B) Effect of A1762T/G1764A+T1674G+T1753C on HCC occurrence. (C) Effect of A1762T/G1764A+C1653T+T1753C on HCC occurrence. Hazard ratio (HR) was adjusted with age and gender.





Effects of WT-HBx and the HBx Mutants on Hepatocarcinogenesis in SB Mice

This study investigated four HBx mutants (nt.1374–1838) carrying the HCC-risk mutations: M1, A1762T/G1764A alone; M2, A1762T/G1764A+T1674G+T1753C; M3, A1762T/G1764A+C1653T+T1674G, and Ct-HBx (nt. 1374–1733) (Figure S2). Fah-/- mice were randomly assigned into 6 groups (vector, WT-HBx, M1-HBx, M2-HBx, M3-HBx, and Ct-HBx) with nine animals per group. Empty SB vector and those carrying WT-HBx and the HBx mutants were successfully delivered into the livers of 41 Fah-/- mice (vector, n = 8; WT-HBx, n = 7; M1-HBx, n = 7; M2-HBx, n = 4; M3-HBx, n = 8; Ct-HBx, n = 7). None of the empty vector-injected mice developed tumors. Tumors and shrunken and cirrhotic livers were evident in M2-HBx-, M3-HBx-, and Ct-HBx-injected mice (Figure 2A). No apparent pathological change was observed in the livers of the vector-injected mice. Inflammatory cell infiltration and cancer nests were observed in the HBx mutants-injected mice, which were similar to the histopathological changes of mouse hepatitis-induced HCC (18). Histopathologic analyses revealed that inflammatory cell infiltration was more severe in livers injected with HBx mutants than in those with WT-HBx (Figure 2A). Our IHC analysis confirmed that the tumors were positive for HBx protein as well as cytokeratin 18 (CK18) and AFP, the classic biomarkers of HCC (Figure 2A). The incidence of tumors was 14.3% (1/7), 42.8% (3/7), 50% (2/4), 87.5% (7/8), and 57.1% (4/7) in the SB models whose hepatic genomic DNA was integrated with WT-HBx, M1-HBx, M2-HBx, M3-HBx, and Ct-HBx, respectively. Compared to WT-HBx-injected mice, all HBx mutants-injected mice displayed a trend toward higher tumor burden, especially the M3-HBx and Ct-HBx groups (Figure 2B).




Figure 2 | The pathological characteristics, tumor occurrence, and the insertion sites of HBx fragment in Sleeping Beauty (SB) mouse models. (A) Representative images of H&E and IHC staining. The first column shows representative gross features indicating the tumors in the livers. The second column shows representative H&E stainings indicating the histological features of the livers. The third to fifth columns show representative IHC stainings for HBx, CK-18, and AFP. Vector, the mice injected with the empty vector; WT, M1, M2, M3, and Ct, the mice injected with vectors carrying WT-HBx, M1-HBx, M2-HBx, M3-HBx, and Ct-HBx, respectively. (B) Incidence of tumors in the mouse models. V, the mouse models injected with the empty vector, n=7; WT, the mouse models injected with WT-HBx, n=7; M1, the mouse models injected with M1-HBx, n=7; M2, the mouse models injected with M2-HBx, n=4; M3, the mouse models injected with M3-HBx, n=8; Ct, the mouse models injected with Ct-HBx, n=7. (C) The number of HBx insertion sites in different functional regions and different tissue types. T, tumors from the mice with tumor nodules; N, liver tissues from the tumor-free mice. (D) The total number of HBx insertion sites between two of the three groups. **P < 0.01.





The Insertion Sites of HBx Fragments

The SB system-induced integration sites were examined by HBV-capture sequencing in mice from the group of WT-HBx and two groups with highest HCC incidence, M3-HBx and Ct-HBx. In total, 1750 integrations were identified (Table S4). HBx fragments were mostly integrated into the intergenic and intron regions, with only 3.71% located in the exon regions. There were nine genes with the insertion sites detected in more than three samples (Table S5). The first three most frequently integrated genes were Fah (42.8%), catenin alpha 3 (Ctnna3) (28.6%), and fragile histidine triad gene (Fhit) (28.6%). Gene encoding telomerase reverse transcriptase (TERT) was not an integration site. The nine frequently integrated genes had low ratios of the reads with HBx integration to the reads of normal gene copies, ranging from 0.09% to 0.25%. The difference in the levels of integration sites was not significant between liver tissues and tumor tissues (Figure 2C). The number of integration sites was not significantly different among WT-HBx-, M3-HBx-, and Ct-HBx-injected SB mice (Figure 2D). These data suggest that the tumors developed in SB mice were induced by HBx proteins, rather than insertional mutations.



Serum Levels of Proinflammatory Cytokine in WT-HBx and the HBx Mutants SB Mouse Models

The levels of T helper 1 (Th1) cytokines (IFNγ, TNFα, IL-1β, and IL-12), Th2 cytokines (IL-4 and IL-5), IL-6, IFNα, TGFβ, VEGF, and GM-CSF were detected in the sera of the SB mice (Figure 3 and Figure S3). Among the Th1 cytokines, IFNγ and TNFα were positive in all groups (Figures 3A, B). The level of IFNγ was significantly higher in the M3-HBx-injected mice than in the controls. The positivity rate of IL-1β was significantly higher in M2-HBx- and M3-HBx-injected mice than in the empty-vector-injected mice (Figure 3C). The M3-HBx-injected also showed a trend toward increased positivity rate of IL-12, compared with WT-HBx-injected mice (Figure 3D). IL-5 and IL-6 were measurable in all samples. The levels of IL-5 and IL-6 were significantly higher in M3-HBx mice than in the empty vector- and WT-HBx-injected mice (Figures 3E, F). The levels of IFNγ, TNFα, IL-5, and IL-6 were significantly higher in the mice with tumors than in the tumor-free mice (Figure 3G). The positive rate of IL-1β was significantly higher in the mice with tumors. Compared with tumor-free mice, the mice with tumors also showed a trend toward an increased positivity rate of IL-12 (Figure 3H). IL-4 was only positive in one Ct-HBx-injected mouse. IFNα was only positive in two M3-HBx-injected mice and one Ct-HBx-injected mouse (Figure S3A). The HBx mutants did not upregulate the expression of TGF-β, VEGF, and GM-CSF (Figures S3B–D). No significant difference was observed in the levels of VEGF, TGF-β, IFNα, and GM-CSF between the SB mice with tumors and the tumor-free SB mice (Figures S3E, F). Thus, compared with WT-HBx and other HBx variants, M3-HBx had a stronger capacity of upregulating IFNγ, IL-1β, IL-5, and IL-6, which play important roles in HCC development.




Figure 3 | The serum levels and the positive rates of cytokines in the SB mouse models. (A) The serum level of IFN-γ; (B) the serum level of TNF-α; (C) the positive rate of IL-1β; (D) the positive rate of IL-12; (E) the serum level of IL-5; (F) the serum level of IL-6; (G) the serum levels of IFN-γ, TNF-α, IL-5, and IL-6 in the mouse models with or without tumor; and (H) the positive rates of IL-1β and IL-12 in the mouse models with or without tumor. N, the tumor-free mice; T, the mice with tumors. *P < 0.05; **P < 0.01; ***P < 0.001.





Effects of the HBx Mutations on Malignant Phenotypes of Cancer Cells

To investigate whether the function of the HBx mutation was hepatocyte-specific, we evaluated the oncogenic effects of the HBx mutants in HepG2 and HeLa cells. The overexpression of WT-HBx and HBx mutants in HepG2 and HeLa cells via the lentiviral infection was confirmed by Western blot (Figure S4A). Ectopic expression of M1-HBx, M2-HBx, M3-HBx, and Ct-HBx significantly increased cell proliferation and the S phase proportion of HepG2, compared to WT-HBx (Figures 4A, B). No significant difference in migration and invasion was observed between HepG2 cells expressing WT-HBx and those expressing HBx mutants; the same was true for HeLa cells (Figure 4C and Figures S4B–D). The effects of HBx mutants on cell proliferation, cell cycle, and migration were repeated in HeLa cells (Figures 4D–F). As M3-HBx and Ct-HBx displayed the strongest tumorigenic capability in the SB mouse models, the effects of M3-HBx and Ct-HBx on the growth of cancer cells were further investigated using the xenograft of HeLa cells in nude mice (HepG2 is not tumorigenic in nude mice). It was found that the tumor weight was significantly higher in HeLa cells with M3-HBx than in those with WT-HBx (Figure 4G). Thus, the HBx mutants, especially M3-HBx and Ct-HBx, promote cancer development, and this effect is not hepatocyte-specific.




Figure 4 | Effects of HBx mutations on malignant phenotypes of cancer cells. (A) CCK8 assays showed that ectopic expression of the HBx mutants significantly increased the proliferation of HepG2 cells, compared to WT-HBx. (B) Flow cytometry assays showed that the rate of cells in S phase was significantly higher in HepG2 cells expressing HBx mutants than in those expressing WT-HBx. (C) Transwell assays showed that ectopic expression of the HBx mutants had no significant effect on the migration of HepG2 cells, compared to WT-HBx. (D) CCK8 assays showed that ectopic expression of the HBx mutants significantly increased the proliferation of HeLa cells, compared to WT-HBx. (E) Flow cytometry assays showed that the rate of cells in S phase was significantly higher in HeLa cells expressing HBx mutants than in those expressing WT-HBx. (F) Transwell assays showed that ectopic expression of the HBx mutants had no significant effect on the migration of HeLa cells, compared to WT-HBx. (G) Tumor weights among different groups. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





HBx Mutants-Regulated Functional Molecules

Through protein-protein interaction (PPI) analysis and gene sets enrichment analysis (GSEA), we identified the molecules playing important roles in the M3-HBx- and Ct-HBx-induced carcinogenesis. Based on RNA sequencing data of HepG2 cells, we identified the differentially expressed genes regulated by M3-HBx and Ct-HBx, compared to WT-HBx. PPI network analysis was performed with the differently expressed genes using the STRING algorithm (17). Three independent PPI networks were generated in M3-HBx group and Ct-HBx group, respectively. Four hub molecules with STRING enrichment scores >0.7 were identified, including PAI1, CDC20, P21, and SKP2 (Figures 5A, B). The findings were repeated in HeLa cells using cDNA microarray. PAI1, CDC20, P21, and SKP2 were also identified as functional molecules in the PPI networks of M3-HBx-expressing HeLa cells and Ct-HBx-expressing HeLa cells (Figure S5A). The cDNA microarray analysis was also performed in WT-HBx-, M3-HBx-, and Ct-HBx-injected mice. It was found that PAI1, P21, and SKP2 were significantly upregulated in both M3-HBx-injected mice and Ct-HBx-injected mice, compared to WT-HBx-injected control. CDC20 was only significantly upregulated in M3-HBx-injected mice (Table S6). The expression profiling data of the SB mouse models, HepG2 cells, and HeLa cells were subjected to GSEA analysis. Fifteen PAI1-involved gene sets were significantly enriched in the M3-HBx groups of both HepG2 cells and the SB mice. Among them, ELVIDGE_HYPOXIA_UP (19) was also significantly enriched in the M3-HBx group of HeLa cells (Figure 5C). Seven CDC20-related, 3 SKP2-related, and 2 P21-related gene sets were significantly enriched in the M3-HBx groups of both HepG2 cells and the SB mice (Table S7). None of these gene sets was repeated in HeLa cells. A chemotherapy-related gene set, KERLEY_RESPONSE_TO_CISPLATIN_UP (20), including P21 and PAI1 was significantly enriched in the Ct-HBx groups of both HepG2 cells and the SB mice. Compared to other hub molecules, PAI1 was involved in more gene sets related to the common mechanism of M3-HBx- and Ct-HBx-induced carcinogenesis. The IL-6-related gene set, CROONQUIST_IL6_DEPRIVATION_DN (21), was significantly enriched in the M3-HBx- and Ct-HBx-injected SB mice (Figures S5B–C). In total, 71 genes were included in this IL-6-related gene set. Interestingly, of the 71 genes, 58 (81.69%) were also included in the cancer-related gene sets enriched in M3-HBx groups of both HepG2 cells and the SB mice. A previous study has demonstrated that the expression of TXNIP is down-regulated by the Ct-HBx transfection (12). Therefore, the effect of HBx mutation on the expression of TXNIP was then investigated with the expression profiling data of HepG2 cells and the SB mice. Compared to WT-HBx, Ct-HBx significantly downregulated the mRNA level of TXNIP in HepG2 cells (change fold = 0.54, P = 0.003). However, this effect was unable to be repeated in the SB mice. M3-HBx showed no obvious effect on the expression of TXNIP either in the cell cultures or in the SB mice.




Figure 5 | Independent protein-protein interaction (PPI) networks related to the introduction of M3-HBx and Ct-HBx into HepG2 cells by RNA-sequencing. (A) Three independent PPI networks from RNA sequencing data of M3-HBx-expressing HepG2 cells vs those of WT-HBx-expressing HepG2 cells. (B) Three independent PPI networks from RNA sequencing data of Ct-HBx-expressing HepG2 cells vs those of WT-HBx-expressing HepG2 cells. (C) The ELVIDGE_HYPOXIA_UP gene set including PAI1 was significantly enriched (false discovery rate < 0.05) in the M3-HBx-expressing HepG2 cells, the M3-HBx-expressing HeLa cells, and liver tissues of the M3-HBx-injected SB mice.





Effects of the HBx Mutants on the Expression of Functional Molecules

We then investigated the expression levels of the above hub molecules in HepG2 and HeLa cells stably expressing WT-HBx and HBx mutants, respectively. The mRNA and protein levels of PAI1 and CDC20 were significantly upregulated by M3-HBx and Ct-HBx in HepG2 and HeLa cells (Figures 6A–D). All HBx combo mutations (M1-HBx, M2-HBx, and M3-HBx) significantly downregulated the mRNA level and protein level of p21 in HepG2 rather than in HeLa cells (Figures 6B, D). However, Ct-HBx significantly upregulated the expression of p21 in both HepG2 and HeLa cells. At the protein level, Ct-HBx only upregulated the expression of SKP2 in HepG2 cells. The HBx mutants showed consistent effects on the RNA and protein expression of PAI1, CDC20, and p21, respectively. However, our luciferase assays showed that M3-HBx and Ct-HBx had no direct effects on the promoter activities of the three molecules, compared with WT-HBx in HepG2 and HeLa cell lines (Figure S6). We then investigated the expression of PAI1, CDC20, and p21, the newly identified molecules participating in HBx-induced carcinogenesis, in the tumor tissue of the SB mice. The protein levels of CDC20 and PAI1 were significantly higher in the tumors from M3-HBx and Ct-HBx-injected mice, compared to their expression in the tumors from WT-HBx-injected mice (Figures 7A, B). The protein level of p21 in the tumors was significantly lower in the M2-HBx group than in the WT-HBx group.




Figure 6 | Effects of the HBx mutants on the expression of functional molecules in vitro. (A) Ectopic expression of Wt-HBx or HBx mutants affects the mRNA levels of PAI1, CDC20, P21, and SKP2 in HeLa cells. (B) Ectopic expression of Wt-HBx or HBx mutants affects the mRNA levels of PAI1, CDC20, P21, and SKP2 in HepG2 cells. (C) Ectopic expression of Wt-HBx or HBx mutants affects the protein levels of PAI1, CDC20, P21, and SKP2 in HeLa cells. (D) Ectopic expression of Wt-HBx or HBx mutants affects the protein levels of PAI1, CDC20, P21, and SKP2 in HepG2 cells. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.






Figure 7 | The expression levels of PAI1, CDC20, and p21 in the mouse tumor tissues of the SB mouse models injected with WT-HBx or each of the four HBx mutants. (A) Representative IHC images of PAI1 staining, CDC20 staining, and p21 staining. (B) Histograms of the IHC scores for the protein expression of PAI1, CDC20, and p21. *P < 0.05; ***P < 0.001.





Reversal of HBx Mutations’ Effects by Silencing Functional Molecules

Among the four bioinformatics analysis-demonstrated hub molecules, SKP2 was previously identified to be involved in HBx-induced carcinogenesis (10). To figure out if the HBx mutations regulate the biological activity of HepG2 and HeLa cells via upregulating PAI1, CDC20, and p21, we knocked down the three genes and then examined the effect of stably expressed WT-HBx and HBx mutants on the proliferation of HepG2 and HeLa cells. PAI1 silencing significantly attenuated the effects of M3-HBx and Ct-HBx on the proliferation and cell cycle of HepG2 and HeLa cells. CDC20 silencing significantly reversed the effects of M3-HBx on the proliferation and cell cycle in HeLa cells. P21 silencing reversed the Ct-HBx-induced increase in the proportion of S phase cells, rather than cell proliferation in HeLa and HepG2 cells (Figure 8).




Figure 8 | Silencing functional molecules influences the oncogenic effects of the HBx mutants. (A) Silencing PAI1, CDC20, and p21 influences the effects of HBx mutants on the proliferation of HepG2 cells. (B) Silencing PAI1, CDC20, and p21 influences the effects of HBx mutants on the proliferation of HeLa cells. (C) Silencing PAI1, CDC20, and p21 influences the effects of HBx mutants on the cell cycle in HepG2 cells. (D) Silencing PAI1, CDC20, and p21 influences the effects of HBx mutants on the cell cycle in HeLa cells. WT-HBx served as a control group in all comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.






Discussion

In this study, we found that the HBx mutants-injected mice, especially the M3-HBx- and Ct-HBx-injected mice, displayed a trend toward higher tumor burden, than the WT-HBx counterpart. This result is consistent with a previous study demonstrating that the HBx with A1762T/G1764A (K130M/V131I) mutation (the same as M1-HBx in our study) had a stronger tumorigenic effect than its WT counterpart in a SB mouse model (22). M2-HBx and M3-HBx contain two more HCC-risk mutations (7–9). The CP region of HBV genome harbors a complex spectrum of viral mutations. Compared to Ct-HBx, the oncogenic effect and underlying mechanisms of HBx combo mutations were rarely investigated. We provide evidence supporting the oncogenic function of T1674G+T1753C+A1762T/G1764A (M2) and C1653T+T1674G+A1762T/G1764A (M3) combo mutations. M3-HBx- and Ct-HBx-injected mice developed more tumors than did M1-HBx-injected SB mice. As WT-HBx and the HBx mutants were integrated into the hepatic genome, HCC development can be caused by the intergrated genes such as TERT (12, 23, 24). We then applied HBV-capture sequencing to identify the integration sites. TERT was not identified as the target. In this study, HBx was inserted into mouse genome through the SB system that is different from the mechanism by which HBV integrated into host genome during chronic infection. Therefore, the insertion sites of HBx in the SB mice were different with the insertion sites detected in human genome (23). The number of HBx insertion sites was similar in tumor and normal livers of the SB mice, suggesting that the difference in gene expression between tumor and normal livers was not induced by HBx insertion. The introduced WT-HBx or mutant HBx genes express HBx protein, as detected by IHC (Figure 2A). The tumors were confirmed to be HCC as CK-18 and AFP were positive (25). Thus, HCC developed in the SB mice are induced by the HBx proteins, rather than the insertional mutations. To further determine the effects of HBx mutants on the growth, we introduced WT-HBx and the HBx mutants into HepG2 and HeLa cells, respectively. Ectopic expression of HBx mutants significantly increased cell proliferation and the S phase proportion. Thus, the HBx mutants are more carcinogenic than WT-HBx. Of those, M3-HBx and Ct-HBx are the most potent ones.

Our histopathologic analyses revealed more inflammation events in livers of the mice injected with M2-HBx, M3-HBx, and Ct-HBx than their corresponding WT-HBx counterparts and even M1-HBx; furthermore, signs of necrosis, fibrosis, and degenerative changes were also evident in liver sections (Figure 2A). The serum levels of IFNγ, IL-5, and IL-6 were significantly higher in M3-HBx-injected mice than in the empty vector- or WT-HBx-infected controls, while the positive rate of IL-1β was significantly higher in M2-HBx- and M3-HBx-injected mice than in the vector-injected mice (Figure 3). IFNγ has both protumor and antitumor activities, although it induces the Th1-recruiting, proinflammatory chemokines in the tumor microenvironment (26). IL-5 contributes to the differentiation and survival of eosinophils in the tumor microenvironment, which facilitates tumor progression (26, 27). IL-6 promotes cancer immune evasion and facilitates the development of HCC (28). IL-1β, a pro-inflammatory cytokine abundantly expressed in the tumor microenvironment, plays a major role in cancer invasiveness, progression, and metastases. Anti-inflammation with canakinumab targeting IL-1β significantly reduces cancer occurrence and mortality (29). The higher circulating levels of IFN-γ, IL-5, and IL-6 and higher positivity rate of IL-1β are quite consistent with the higher occurrence of HCC in M3-HBx-injected mice, indicating M3-HBx-caused inflammation is closely related to HCC development. The IL-6-related gene set was significantly enriched in M3-HBx- and Ct-HBx-injected SB mouse models. In this gene set, 58 (81.69%) genes were also included in the cancer-related gene sets enriched in both HepG2 cells and the SB mice. These data indicate that the inflammatory factors, especially IL-6, play key roles in the development of HBx mutants-caused HCC.

Ectopic expression of the HBx mutants significantly increased cell proliferation and the S phase proportion of HepG2. These effects were exactly repeated in HeLa cells. Thus, the effects of the HBx mutants on cell biology are not hepatic-specific. HBV hepatotropism is mediated by specific receptor recognition in the liver (30). After being introduced, the HBx mutants exhibit pro-carcinogenic effects in non-hepatic cells such as HeLa cells (31). In this study, we found that Ct-HBx inhibited the transcription of TXNIP, a negative regulator of glucose uptake, in HepG2 cells. Furthermore, M3-HBx showed no obvious effect on the expression of TXNIP in HepG2 cells. Interestingly, full-length HBx can increase the level of free TXNIP without directly regulating the transcription of TXNIP (32); whereas, Ct-HBx has been proven to down-regulate the expression of TXNIP significantly in hepatic cell lines, compared to WT-HBx (12). These evidences imply that the 3’-terminal of HBx might facilitate the expression of TXNIP via binding to its putative promoter. As TXNIP suppression enhances glycolysis and facilitates the adaptation to the hypoxic environment (12, 33), Ct-HBx might increase glycolysis and facilitates the adaptation of HCC to the hypoxic environment. In the PPI networks, we identified four key molecules (PAI1, CDC20, P21, and SKP2) whose expressions were dysregulated the HBx mutants in the two human cancer cell lines. ELVIDGE_HYPOXIA_UP, the gene set including PAI1 was significantly enriched in the expression profiles of the tissues of SB mice and the two human cell lines. Thus, the PAI1-related alteration of energetic metabolism may function as a common mechanism by which HBx mutation promotes cancer evolution. The expression levels of SKP2 and p21 in HepG2 cells with M3-HBx are quite consistent with a previous study (10), indicating that our experiments are reliable. As a well-known tumor suppressor, p21 acts paradoxically via promoting the activation of cell cycle and tumor growth. Although p21 usually functions as a downstream molecule of p53 and inhibits cyclin-dependent kinase (CDK), p21 also facilitates the formation of cyclin-CDK complexes in a p53-independent manner (34). The effect of p21 on oncogenesis is also affected by subcellular localization. Nuclear p21 inhibits whereas cytoplasmic p21 promotes cell proliferation (35). HBx has been proven to promote cell cycle progression and cell proliferation by upregulating cytoplasmic p21 (36). No study reports the effect of Ct-HBx on p21 expression. Here, we found that the expression level of p21 was up-regulated by transfected Ct-HBx in HepG2 and HeLa cells, compared to the WT-HBx, possibly because the 3’-terminal of HBx inhibits the expression of p21 in cancer cells. We found that p21 knockdown reversed the positive effect of Ct-HBx on the proportion of S phase cells, indicating that p21 mediates the effect of Ct-HBx on cell cycle. The effects of the HBx mutants on CDC20 expression are also not reported. CDC20 is an activator of the anaphase-promoting complex/cyclosome. Recent studies have demonstrated that HBx induces mitotic checkpoint dysfunction via targeting the human serine/threonine kinase BubR1, while HBx binding to BubR1 attenuates the association between BubR1 and CDC20 (31, 37). Ct-HBx and HBx mutations at the Kunitz domains may fail to bind BubR1, thus facilitating the binding of hBubR1 to CDC20. However, this could not explain why Ct-HBx and M3-HBx upregulated the expression of CDC20 in HepG2 and HeLa cells and in the liver of corresponding SB mice. The reason that the effect of M3-HBx on the growth of HeLa cells is attenuated by silencing CDC20 remains to be elucidated. The mechanisms by which the HBx mutants upregulated the expression of the four key molecules remain unknown. HBx was proved to upregulate gene transcription by directly binding promoter, promoting the formation of transcription factor complex, or mediating regional demethylation of CpG islands (38). Our reporter assays indicated that the HBx mutants do not trans-activate the promoter activities of PAI1, CDC20, and P21. It is possible that the HBx mutants trans-activate their enhancers or change the chromatin accessibility via epigenetic modifications.

PAI1 (also known as SERPINE1) is a multifaceted proteolytic factor that not only has anti-fibrinolytic and anti-plasminogen activation activities but also plays a pro-tumorigenic role via its pro-angiogenic and anti-apoptotic activities (39). In the tumor microenvironment, PAI1 expression is upregulated in tumor-associated macrophages after being stimulated with cancer-associated fibroblasts-generating CXCL12 and promotes the malignant behavior of the HCC cells by mediating epithelial–mesenchymal transition (40). High levels of PAI1 and its genetic predisposition have been consistently associated with unfavorable prognosis in several types of human cancers including HBV-HCC (40–43). However, the interaction between PAI1 and HBx was rarely investigated. A previous study reported that WT-HBx has no effect on the expression of PAI1 (44). For the first time, we found that the expression of PAI1 was significantly upregulated by Ct-HBx and M3-HBx in cell lines and in the SB mice. Both M3-HBx and Ct-HBx alter the PAI1 related hypoxia pathway. Silencing PAI1 attenuates the positive effect of M3-HBx or Ct-HBx on the growth and the G1 to S transition of HepG2 cells. PAI1 plays important roles in lipid metabolism and glucose metabolism (45). Increased level of PAI1 was proved to promote cell cycle progression in pancreatic cancer (46). Thus, the HBx mutants upregulate the expression of PAI1, facilitating the generation of the cancer-promoting microenvironment in affected livers, promoting the metabolism reprogram, enhancing the cell cycle progression, and consequently contributing to the hepatocarcinogenesis. Thus, PAI1 is a promising candidate as a predictive and/or prognostic biomarker and a therapeutic target in HBV-HCC, especially for patients carrying HBx mutations.

Our study has limitations. First, we did not elucidate the mechanism by which the HBx mutants upregulate the expression of PAI1, CDC20, and p21, although we exclude the possibility that the HBx mutants trans-activate their promoters. Second, other mechanisms such as Ct-HBx promotes the development of HCC caveolin-1/low density lipoprotein receptor related protein 6/β-catenin/FERM domain containing 5 axis and deregulates centrosome-microtubule dynamics (47, 48) were not investigated. Third, the mechanisms by which M2-HBx, M3-HBx, and Ct-HBx induced cancer-promoting inflammation remain to be investigated.



Conclusion

The HBx combo mutation C1653T+T1674G+A1762T/G1764A promotes carcinogenesis via upregulating the expression of PAI1 and CDC20 and inducing cancer-promoting inflammation. The oncogenic effect of Ct-HBx also depends on the upregulation of PAI1. Thus, PAI1 should be an important predictive and prognostic biomarker and promising therapeutic target in HBV-HCC.
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Supplementary Figure 1 | The efficiency of gene knockdown. (A) The mRNA and protein levels of CDC20, PAI1, and p21 in HepG2 cells. (B) The mRNA and protein levels of CDC20, PAI1, and p21 in HeLa cells. ***P < 0.001.

Supplementary Figure 2 | The sequences of HBx fragments amplified from the peripheral serum samples of HBV-infected patients. WT, the HBx fragment without HCC-related mutations; M1, the HBx fragment carrying A1762T/G1764A; M2, the HBx fragment carrying combo mutation A1762T/G1764A+T1674G+T1753C; M3, the HBx fragment carrying combo mutation C1653T+T1674G+A1762T/G1764A; Ct, the fragment of carboxylic acid-terminal truncated HBx.

Supplementary Figure 3 | The serum levels and the positive rates of cytokines in the SB mouse models. (A) The serum level of VEGF. (B) The serum level of TGFβ. (C) The positive rate of IFNα. (D) The positive rate of GM-CSF. (E) The serum levels of VEGF and TGFβ in the mouse models with or without tumor. (F) The positive rates of IFNα and GM-CSF. N, the tumor-free mice; T, the mice with tumor.

Supplementary Figure 4 | Effects of HBx mutations on malignant phenotypes of cancer cells. (A) The overexpression of WT-HBx and HBx mutants in HepG2 and HeLa cells. (B) Ectopic expression of the HBx mutants had no significant effect on the invasion of HepG2 and HeLa cells, compared to WT-HBx. (C) Representative images of the transwell assays for cell migration in HepG2 cells. (D) Representative images of the transwell assays for cell invasion in HepG2 cells.

Supplementary Figure 5 | Protein-protein interaction (PPI) networks and inflammatory gene set identified in cDNA microarray data. (A) PPI networks generated with the differential genes identified in M3-HBx expressing HeLa cells and Ct-HBx expressing HeLa cells. (B) CROONQUIST_IL6_DEPRIVATION_DN, the IL-6-related gene set, was significantly enriched in the cDNA microarray data of M3-HBx-injected mice. (C) CROONQUIST_IL6_DEPRIVATION_DN, the IL-6-related gene set, was significantly enriched in the cDNA microarray data of Ct-HBx-injected mice.

Supplementary Figure 6 | The effects of HBx mutants on the promoter activities of PAI1, CDC20, and P21. (A) The results of luciferase assays in HepG2 cells. (B) The results of luciferase assays in HeLa cells.



Abbreviations

PLC, Primary liver cancer; HCC, hepatocellular carcinoma; HBV, hepatitis B virus; HBsAg, HBV surface antigen; HBV-HCC, HBV-related HCC; AFP, alpha-fetoprotein; CP, core promoter; SKP2, S-phase kinase associated protein 2; HBx, hepatitis B virus X; Ct-HBx, carboxylic acid-terminal truncated HBx; WT, wild-type; SB, Sleeping Beauty; Fah, fumaryl acetoacetate hydrolase; STR, short tandem repeat; siRNAs, Small interfering RNAs; CDC20, cell division cycle 20; PAI1, plasminogen activator inhibitor-1; P21(CDKN1A), cyclin dependent kinase inhibitor 1A; qRT-PCR, real-time quantitative reverse transcription PCR; NTBC, 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione; H&E, hematoxylin-eosin; SRA, Sequence Read Archive; IL-4, interleukin-4; IFN-α, interferon-α; TNF-α, tumor necrosis factor-α; GM-CSF, granulocyte macrophage colony stimulating factor; TGFβ, transforming growth factor β; VEGF, vascular endothelial growth factor; RNA-seq, RNA-sequencing; GSEA, gene set enrichment analysis; GEO, Gene Expression Omnibus; M1, A1762T/G1764A; M2, T1674G+T1753C+A1762T/G1764A; M3, C1653T+T1674G+A1762T/G1764A; IHC, Immunohistochemistry; CK18, cytokeratin 18; Ctnna3, catenin alpha 3; Fhit, fragile histidine triad gene; TERT, telomerase reverse transcriptase; Th1, T helper 1; PPI, protein-protein interaction.



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Sagnelli, E, Macera, M, Russo, A, Coppola, N, and Sagnelli, C. Epidemiological and Etiological Variations in Hepatocellular Carcinoma. Infection (2020) 48(1):7–17. doi: 10.1007/s15010-019-01345-y

3. de Martel, C, Maucort-Boulch, D, Plummer, M, and Franceschi, S. World-Wide Relative Contribution of Hepatitis B and C Viruses in Hepatocellular Carcinoma. Hepatology (2015) 62(4):1190–200. doi: 10.1002/hep.27969

4. Yang, F, Ma, L, Yang, Y, Liu, W, Zhao, J, Chen, X, et al. Contribution of Hepatitis B Virus Infection to the Aggressiveness of Primary Liver Cancer: A Clinical Epidemiological Study in Eastern China. Front Oncol (2019) 9:370. doi: 10.3389/fonc.2019.00370

5. Yin, J, Chen, X, Li, N, Han, X, Liu, W, Pu, R, et al. Compartmentalized Evolution of Hepatitis B Virus Contributes Differently to the Prognosis of Hepatocellular Carcinoma. Carcinogenesis (2021) 42(3):461–70. doi: 10.1093/carcin/bgaa127

6. Chauhan, R, and Michalak, T. Earliest Hepatitis B Virus-Hepatocyte Genome Integration: Sites, Mechanism, and Significance in Carcinogenesis. Hepatoma Res (2021) 7:20. doi: 10.20517/2394-5079.2020.136

7. Yin, J, Xie, J, Liu, S, Zhang, H, Han, L, Lu, W, et al. Association Between the Various Mutations in Viral Core Promoter Region to Different Stages of Hepatitis B, Ranging of Asymptomatic Carrier State to Hepatocellular Carcinoma. Am J Gastroenterol (2011) 106(1):81–92. doi: 10.1038/ajg.2010.399

8. Hayashi, S, Khan, A, Simons, BC, Homan, C, Matsui, T, Ogawa, K, et al. An Association Between Core Mutations in Hepatitis B Virus Genotype F1b and Hepatocellular Carcinoma in Alaskan Native People. Hepatology (2019) 69(1):19–33. doi: 10.1002/hep.30111

9. Yin, J, Wang, J, Pu, R, Xin, H, Li, Z, Han, X, et al. Hepatitis B Virus Combo Mutations Improve the Prediction and Active Prophylaxis of Hepatocellular Carcinoma: A Clinic-Based Cohort Study. Cancer Prev Res (Phila) (2015) 8(10):978–88. doi: 10.1158/1940-6207.CAPR-15-0160

10. Huang, Y, Tong, S, Tai, AW, Hussain, M, and Lok, ASF. Hepatitis B Virus Core Promoter Mutations Contribute to Hepatocarcinogenesis by Deregulating SKP2 and Its Target, P21. Gastroenterology (2011) 141(4):1412–21. doi: 10.1053/j.gastro.2011.06.048

11. Yin, J, Li, N, Han, Y, Xue, J, Deng, Y, Shi, J, et al. Effect of Antiviral Treatment With Nucleotide/Nucleoside Analogs on Postoperative Prognosis of Hepatitis B Virus-Related Hepatocellular Carcinoma: A Two-Stage Longitudinal Clinical Study. J Clin Oncol (2013) 31(29):3647–55. doi: 10.1200/JCO.2012.48.5896

12. Zhang, Y, Yan, Q, Gong, L, Xu, H, Liu, B, Fang, X, et al. C-Terminal Truncated HBx Initiates Hepatocarcinogenesis by Downregulating TXNIP and Reprogramming Glucose Metabolism. Oncogene (2021) 40(6):1147–61. doi: 10.1038/s41388-020-01593-5

13. Wangensteen, KJ, Wilber, A, Keng, VW, He, Z, Matise, I, Wangensteen, L, et al. A Facile Method for Somatic, Lifelong Manipulation of Multiple Genes in the Mouse Liver. Hepatology (2008) 47(5):1714–24. doi: 10.1002/hep.22195

14. Wang, Q, Jia, P, and Zhao, Z. VERSE: A Novel Approach to Detect Virus Integration in Host Genomes Through Reference Genome Customization. Genome Med (2015) 7(1):2. doi: 10.1186/s13073-015-0126-6

15. Wang, K, Li, M, and Hakonarson, H. ANNOVAR: Functional Annotation of Genetic Variants From High-Throughput Sequencing Data. Nucleic Acids Res (2010) 38(16):e164. doi: 10.1093/nar/gkq603

16. McCarthy, DJ, Chen, Y, and Smyth, GK. Differential Expression Analysis of Multifactor RNA-Seq Experiments With Respect to Biological Variation. Nucleic Acids Res (2012) 40(10):4288–97. doi: 10.1093/nar/gks042

17. Szklarczyk, D, Franceschini, A, Wyder, S, Forslund, K, Heller, D, Huerta-Cepas, J, et al. STRING V10: Protein-Protein Interaction Networks, Integrated Over the Tree of Life. Nucleic Acids Res (2015) 43(Database issue):D447–D52. doi: 10.1093/nar/gku1003

18. Thoolen, B, Maronpot, RR, Harada, T, Nyska, A, Rousseaux, C, Nolte, T, et al. Proliferative and Nonproliferative Lesions of the Rat and Mouse Hepatobiliary System. Toxicol Pathol (2010) 38(7):5S–81. doi: 10.1177/0192623310386499

19. Elvidge, GP, Glenny, L, Appelhoff, RJ, Ratcliffe, PJ, Ragoussis, J, and Gleadle, JM. Concordant Regulation of Gene Expression by Hypoxia and 2-Oxoglutarate-Dependent Dioxygenase Inhibition: The Role of HIF-1alpha, HIF-2alpha, and Other Pathways. J Biol Chem (2006) 281(22):15215–26. doi: 10.1074/jbc.M511408200

20. Kerley-Hamilton, JS, Pike, AM, Li, N, DiRenzo, J, and Spinella, MJ. A P53-Dominant Transcriptional Response to Cisplatin in Testicular Germ Cell Tumor-Derived Human Embryonal Carcinoma. Oncogene (2005) 24(40):6090–100. doi: 10.1038/sj.onc.1208755

21. Croonquist, PA, Linden, MA, Zhao, F, and Van Ness, BG. Gene Profiling of a Myeloma Cell Line Reveals Similarities and Unique Signatures Among IL-6 Response, N-Ras-Activating Mutations, and Coculture With Bone Marrow Stromal Cells. Blood (2003) 102(7):2581–92. doi: 10.1182/blood-2003-04-1227

22. Chiu, AP, Tschida, BR, Sham, T-T, Lo, LH, Moriarity, BS, Li, X-X, et al. HBx-K130M/V131I Promotes Liver Cancer in Transgenic Mice via AKT/FOXO1 Signaling Pathway and Arachidonic Acid Metabolism. Mol Cancer Res (2019) 17(7):1582–93. doi: 10.1158/1541-7786.MCR-18-1127

23. Zhao, LH, Liu, X, Yan, HX, Li, WY, Zeng, X, Yang, Y, et al. Genomic and Oncogenic Preference of HBV Integration in Hepatocellular Carcinoma. Nat Commun (2016) 7:12992. doi: 10.1038/ncomms12992

24. Ma, Z, Yang, C, Li, M, and Tu, H. Telomerase Reverse Transcriptase Promoter Mutations in Hepatocellular Carcinogenesis. Hepatoma Res (2019) 5:8. doi: 10.20517/2394-5079.2018.104

25. Ismail, SA, El Saadany, S, Ziada, DH, Zakaria, SS, Mayah, WW, Elashry, H, et al. Cytokeratin-18 in Diagnosis of HCC in Patients With Liver Cirrhosis. Asian Pac J Cancer Prev (2017) 18(4):1105–11. doi: 10.22034/APJCP.2017.18.4.1105

26. Gocher, AM, Workman, CJ, and Vignali, DAA. Interferon-γ: Teammate or Opponent in the Tumour Microenvironment? Nat Rev Immunol (2021). doi: 10.1038/s41577-021-00566-3

27. Quail, DF, Olson, OC, Bhardwaj, P, Walsh, LA, Akkari, L, Quick, ML, et al. Obesity Alters the Lung Myeloid Cell Landscape to Enhance Breast Cancer Metastasis Through IL5 and GM-CSF. Nat Cell Biol (2017) 19(8):974–87. doi: 10.1038/ncb3578

28. Zaynagetdinov, R, Sherrill, TP, Gleaves, LA, McLoed, AG, Saxon, JA, Habermann, AC, et al. Interleukin-5 Facilitates Lung Metastasis by Modulating the Immune Microenvironment. Cancer Res (2015) 75(8):1624–34. doi: 10.1158/0008-5472.CAN-14-2379

29. Ridker, PM, MacFadyen, JG, Thuren, T, Everett, BM, Libby, P, and Glynn, RJ. Effect of Interleukin-1β Inhibition With Canakinumab on Incident Lung Cancer in Patients With Atherosclerosis: Exploratory Results From a Randomised, Double-Blind, Placebo-Controlled Trial. Lancet (2017) 390(10105):1833–42. doi: 10.1016/S0140-6736(17)32247-X

30. Schieck, A, Schulze, A, Gähler, C, Müller, T, Haberkorn, U, Alexandrov, A, et al. Hepatitis B Virus Hepatotropism is Mediated by Specific Receptor Recognition in the Liver and Not Restricted to Susceptible Hosts. Hepatology (2013) 58(1):43–53. doi: 10.1002/hep.26211

31. Chae, S, Ji, J-H, Kwon, S-H, Lee, H-S, Lim, JM, Kang, D, et al. Hbxapα/Rsf-1-Mediated HBx-Hbubr1 Interactions Regulate the Mitotic Spindle Checkpoint and Chromosome Instability. Carcinogenesis (2013) 34(7):1680–8. doi: 10.1093/carcin/bgt105

32. Li, JZ, Ye, LH, Wang, DH, Zhang, HC, Li, TY, Liu, ZQ, et al. The Identify Role and Molecular Mechanism of the MALAT1/hsa-Mir-20b-5p/TXNIP Axis in Liver Inflammation Caused by CHB in Patients With Chronic HBV Infection Complicated With NAFLD. Virus Res (2021) 298:198405. doi: 10.1016/j.virusres.2021

33. Shen, L, O'Shea, JM, Kaadige, MR, Cunha, S, Wilde, BR, Cohen, AL, et al. Metabolic Reprogramming in Triple-Negative Breast Cancer Through Myc Suppression of TXNIP. Proc Natl Acad Sci USA (2015) 112(17):5425–30. doi: 10.1073/pnas.1501555112

34. Abbas, T, and Dutta, A. P21 in Cancer: Intricate Networks and Multiple Activities. Nat Rev Cancer (2009) 9(6):400–14. doi: 10.1038/nrc2657

35. Ohkoshi, S, Yano, M, and Matsuda, Y. Oncogenic Role of P21 in Hepatocarcinogenesis Suggests a New Treatment Strategy. World J Gastroenterol (2015) 21(42):12150–6. doi: 10.3748/wjg.v21.i42.12150

36. Yano, M, Ohkoshi, S, Aoki, YH, Takahashi, H, Kurita, S, Yamazaki, K, et al. Hepatitis B Virus X Induces Cell Proliferation in the Hepatocarcinogenesis via Up-Regulation of Cytoplasmic P21 Expression. Liver Int (2013) 33(8):1218–29. doi: 10.1111/liv.12176

37. Kim, S, Park, SY, Yong, H, Famulski, JK, Chae, S, Lee, JH, et al. HBV X Protein Targets Hbubr1, Which Induces Dysregulation of the Mitotic Checkpoint. Oncogene (2008) 27(24):3457–64. doi: 10.1038/sj.onc.1210998

38. Levrero, M, and Zucman-Rossi, J. Mechanisms of HBV-Induced Hepatocellular Carcinoma. J Hepatol (2016) 64(1 Suppl):S84–101. doi: 10.1016/j.jhep.2016.02.021

39. Kubala, MH, Punj, V, Placencio-Hickok, VR, Fang, H, Fernandez, GE, Sposto, R, et al. Plasminogen Activator Inhibitor-1 Promotes the Recruitment and Polarization of Macrophages in Cancer. Cell Rep (2018) 25(8):2177–91. doi: 10.1016/j.celrep.2018.10.082

40. Chen, S, Morine, Y, Tokuda, K, Yamada, S, Saito, Y, Nishi, M, et al. Cancer-associated Fibroblast-Induced M2-polarized Macrophages Promote Hepatocellular Carcinoma Progression via the Plasminogen Activator Inhibitor-1 Pathway. Int J Oncol (2021) 59(2):59. doi: 10.3892/ijo.2021.5239

41. Divella, R, Daniele, A, Abbate, I, Savino, E, Casamassima, P, Sciortino, G, et al. Circulating Levels of PAI-1 and SERPINE1 4g/4g Polymorphism Are Predictive of Poor Prognosis in HCC Patients Undergoing TACE. Transl Oncol (2015) 8(4):273–8. doi: 10.1016/j.tranon.2015.05.002

42. Peng, Y, Kajiyama, H, Yuan, H, Nakamura, K, Yoshihara, M, Yokoi, A, et al. PAI-1 Secreted From Metastatic Ovarian Cancer Cells Triggers the Tumor-Promoting Role of the Mesothelium in a Feedback Loop to Accelerate Peritoneal Dissemination. Cancer Lett (2019) 442:181–92. doi: 10.1016/j.canlet.2018.10.027

43. Divella, R, Mazzocca, A, Gadaleta, C, Simone, G, Paradiso, A, Quaranta, M, et al. Influence of Plasminogen Activator Inhibitor-1 (SERPINE1) 4G/5G Polymorphism on Circulating SERPINE-1 Antigen Expression in HCC Associated With Viral Infection. Cancer Genomics Proteomics (2012) 9(4):193–8.

44. Shih, WL, Kuo, ML, Chuang, SE, Cheng, AL, and Doong, SL. Hepatitis B Virus X Protein Inhibits Transforming Growth Factor-Beta -Induced Apoptosis Through the Activation of Phosphatidylinositol 3-Kinase Pathway. J Biol Chem (2000) 275(33):25858–64. doi: 10.1074/jbc.M003578200

45. Sillen, M, and Declerck, PJ. A Narrative Review on Plasminogen Activator Inhibitor-1 and Its (Patho) Physiological Role: To Target or Not to Target? Int J Mol Sci (2021) 22(5):2721. doi: 10.3390/ijms22052721

46. Liu, SL, Wu, XS, Li, FN, Yao, WY, Wu, ZY, Dong, P, et al. Errα Promotes Pancreatic Cancer Progression by Enhancing the Transcription of PAI1 and Activating the MEK/ERK Pathway. Am J Cancer Res (2020) 10(11):3622–43.

47. Mao, X, Tey, SK, Ko, FCF, Kwong, EML, Gao, Y, Ng, IO, et al. C-Terminal Truncated HBx Protein Activates Caveolin-1/LRP6/β-Catenin/FRMD5 Axis in Promoting Hepatocarcinogenesis. Cancer Lett (2019) 444:60–9. doi: 10.1016/j.canlet.2018.12.003

48. Li, SK, Tang, HC, Man-Hon Leung, M, Zou, W, Chan, WL, Zhou, Y, et al. Centrosomal Protein TAX1BP2 Inhibits Centrosome-Microtubules Aberrations Induced by Hepatitis B Virus X Oncoprotein. Cancer Lett (2020) 492:147–61. doi: 10.1016/j.canlet.2020.08.005




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 © 2022 Pu, Liu, Zhou, Chen, Hou, Cai, Chen, Wu, Yang, Tan, Yin, Wang and Cao. 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-12-836517-g007.jpg
w

e
o
B

%

S






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Effects and Underlying Mechanisms of Hepatitis B Virus X Gene Mutants on the Development of Hepatocellular Carcinoma

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Study Population

          



          		

            Plasmid Construction

          



          		

            Cell Experiments

          



          		

            Cell Proliferation, Migration, Invasion, and Cell Cycle Assay

          



          		

            Mouse Models

          



          		

            HBV Capture Sequencing

          



          		

            Cytokine Assessment

          



          		

            Gene Expression Profiling and Functional Analysis

          



          		

            Luciferase Reporter Assay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Effects of HBx Combo Mutations on the Risk of HCC Occurrence

          



          		

            Effects of WT-HBx and the HBx Mutants on Hepatocarcinogenesis in SB Mice

          



          		

            The Insertion Sites of HBx Fragments

          



          		

            Serum Levels of Proinflammatory Cytokine in WT-HBx and the HBx Mutants SB Mouse Models

          



          		

            Effects of the HBx Mutations on Malignant Phenotypes of Cancer Cells

          



          		

            HBx Mutants-Regulated Functional Molecules

          



          		

            Effects of the HBx Mutants on the Expression of Functional Molecules

          



          		

            Reversal of HBx Mutations’ Effects by Silencing Functional Molecules

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-836517-g005.jpg
,‘(X






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2022.836517_cover.jpg
’ frontiers
in Oncology

The Effects and Underlying
Mechanisms of Hepatitis B Virus X
Gene Mutants on the Development

of Hepatocellular Carcinoma





OEBPS/Images/fonc-12-836517-g001.jpg





OEBPS/Images/fonc-12-836517-g003.jpg
»
©
o

00 i
]
ool ——
iw
I
s
o
VOWT MMz M Gt
3 .
B
. R
‘ %;i% i
¥ v
o
VW G VW 2 o Gt T TY
"
—m 47 pegor
- £ o £
% ™
H H
£ £
i z
P S0
3 M
o o






OEBPS/Images/fonc-12-836517-g008.jpg
§3Teiz fiiiiic IR

FEEsiE- FEEEEE e

IEEEEE FEFEIE e

F3 333 LTI IEEEEEN FEEiiE-c
,,,,,,,,,,





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-12-836517-g006.jpg





OEBPS/Images/fonc-12-836517-g004.jpg
HopG2
WM w2 N3 G
Hola
EETX]

$333is &% 3 3 3
o " uungriseoumaosay  w oy e sousmonay

W M1 Mz W3 c

ﬁmum% .muy ~
LI B .

L B A ot






OEBPS/Images/fonc-12-836517-g002.jpg
Tumor rate (%)

peoon

TR, A g R

o

Number of insert sites

peosm

LR IS





