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Compound Phyllanthus urinaria L. (CP) is a traditional Chinese medicine (TCM) formula for cancer treatment in the clinic, particularly during progression of hepatitis B-associated hepatocellular carcinoma (HBV-associated HCC). Nevertheless, its anti-metastatic action and mechanisms are not well elucidated. In this study, CP was found to exert remarkable inhibitory effects on the proliferation, migration and invasion of HBV-associated HCC cells. The following network and biological analyses predicted that CP mainly targeted Caveolin-1 (Cav-1) to induce anti-metastatic effects, and Wnt/β-catenin pathway was one of the core mechanisms of CP action against HBV-associated HCC. Further experimental validation implied that Cav-1 overexpression promoted metastasis of HBV-associated HCC by stabilizing β-catenin, while CP administration induced autophagic degradation of Cav-1, activated the Akt/GSK3β-mediated proteasome degradation of β-catenin via ubiquitination activation, and subsequently attenuated the metastasis-promoting effect of Cav-1. In addition, the anti-cancer and anti-metastatic action of CP was further confirmed by in vivo and ex vivo experiments. It was found that CP inhibited the tumor growth and metastasis of HBV-associated HCC in both mice liver cancer xenograft and zebrafish xenotransplantation models. Taken together, our study not only highlights the novel function of CP formula in suppressing metastasis of HBV-associated HCC, but it also addresses the critical role of Cav-1 in mediating Akt/GSK3β/β-catenin axis to control the late-phase of cancer progression.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the fifth most diagnosed malignancy and the second leading cause of cancer-related death worldwide (El-Serag, 2012). Given that 60% of viral-related liver cancer cases are caused by Hepatitis B virus (HBV) all over the world, HBV infection is the leading cause for the progression and death of HCC (Koike, 2009). In particular, more than 350.000 thousand individuals worldwide are chronically infected with HBV and 650 thousand people die of HBV-associated cirrhosis or HCC every year (Marrero, 2006). Currently, there exist diverse anti-HCC therapeutical strategies, which mainly include early surgical treatment, radiotherapy/chemotherapy intervention, liver transplantation and targeted therapy (Hagymasi and Tulassay, 2008; Rampone et al., 2010). Despite the improvement of conventional therapies for the comprehensive treatment of HCC, the 5-year survival rate of liver cancer is still lower than 5% due to postoperative recurrence and metastasis (Li et al., 2015). A high HBV-DNA load is positively associated with HCC recurrence and HBV reactivation is an independent risk factor of 10-year survival after resection of HBV-related HCC (Hung et al., 2008; Huang et al., 2013). It has been shown that mortality in patients with HBV reactivation after curative resection of HBV-related HCC is significantly higher than that in patients without HBV reactivation (11.8% vs. 6.4%; p = 0.002) (Hung et al., 2008). Moreover, the 5-year postoperative metastasis rate is up to 45.3%, which is most likely the cause of death in patients with HCC (Zhou et al., 1994). There is a significant dose-response relationship between the incidence of HCC metastasis and HBV DNA level in patients with surgery treatment or transarterial chemoembolization (TACE) treatment (Huang et al., 2008). HBV viral load is an important risk factor for HCC metastasis (Huang et al., 2008). Therefore, the suppression of metastasis is a promising therapeutic target for HBV-associated HCC, and revealing the underlying mechanisms can boost development of strategies against HBV-associated HCC.
Aberrant activation of canonical Wnt/β-catenin pathway has always been emphasized in HBV-associated HCC, indicating advanced tumor aggressiveness and poor prognosis (Calvisi et al., 2001; Calvisi et al., 2004; Liu et al., 2016). Retrospectively, Calvisi DF et al. found that accumulation of Wnt ligand/receptor was a frequent issue at early hepatocarinogenesis stage of HBV-associated HCC (Calvisi et al., 2001; Calvisi et al., 2004). HBV diminished cell surface localization of β-catenin, resulting in the nuclear accumulation of β-catenin and activation of its target genes (von Olshausen et al., 2018). HBx-LINE1 enhanced nuclear translocation of β-catenin, subsequently leading to the induction of epithelial-mesenchymal-transition (EMT) and favoring migration and invasion tendency in HCC cell lines (Liang et al., 2016). In addition, HBV could activate PTEN/β-catenin/c-Myc signaling pathway to promote the expression of programmed cell death 1 ligand 1 (PD-L1), leading to inhibition of T cell response and eventually HBV immune evasion (Sun et al., 2020). However, there is no convincing and direct evidence clarifying the association between β-catenin signaling and metastatic process in HBV-associated HCC.
It is worth noting that traditional Chinese medicine (TCM) has gained worldwide acceptance largely due to its efficacy and safety in clinic for the prevention and treatment of cancer diseases. Moreover, its high popularity is also attributable to its multitarget, multichannel, and multisystem therapeutic characteristics. In particular, a broad range of chemicals and targets are involved in TCM formula and they exert synergistic effects in eliminating HCC cancer (Tao et al., 2015). Compound Phyllanthus urinaria L. (CP), including the whole plant of Phyllanthus urinaria L. [Phyllanthaceae], the root of Astragalus mongholicus Bunge [Fabaceae], the root and rhizome of Curcuma aromatica Salisb. [Zingiberaceae], the whole plant of Scutellaria barbata D. Don [Lamiaceae] and the pseudobulb of Cremastra appendiculata (D. Don) Makino [Orchidaceae], is such a clinical formula with favorable clinical efficacy against HBV-associated HCC. In our pilot study, we demonstrated that CP administration decreased the expression levels of upregulated gene 11 (URG11) and developmentally regulated GTP binding protein 2 (DRG2) in preneoplastic HBV-associated HCC (Tong et al., 2014). Furthermore, CP treatment inhibited the progression of HBV-associated HCC by inactivation of the HBx-SHH pathway axis (Li et al., 2019). In addition, it has frequently been reported that every single herb or most active components in CP have anti-cancer properties. For instance, Phyllanthus urinaria L. has been shown to suppress the HBV DNA synthesis and secretion of hepatitis B surface antigen (HBsAg) and hepatitis B core antigen (HBcAg) via promoting the expression of interferon beta 1 (IFN-β), cytochrome c oxidase subunit II (COX-2), and interleukin 6 (IL-6) (Jung et al., 2015). Astragalus polysaccharide exhibited persistent inhibitory effect on the HBV replication and the immunologic system in the transgenic mouse model integrated with HBV genome (Dang et al., 2009). Curcumin is also one of the active components of CP. A recent study has shown that curcumin possesses anti-HCC ability and shows regulatory capability toward Cav-1 and β-catenin. Curcumin and blue laser photobiomodulation could suppress the viral replication and decrease the incidence of HCC (Sun et al., 2014). Curcumin also prevented the EMT process in the diabetic rats, which might be involved in suppressing the phosphorylation of Caveolin-1 (Cav-1) at Tyr14 and increasing stabilization of Cav-1 and β-catenin (Sun et al., 2014). Furthermore, curcumin has been reported to suppress β-catenin activity in HCC cells owing to the intervention of multiprotein degradation complex and consequent interruption of the transcription of downstream genes including transcriptional regulator Myc-like (c-myc), vascular endothelial growth factor (VEGF) and cyclin D1(CCND1) (Xu et al., 2013). However, few studies have been addressed concerning the anti-metastatic effects of CP and the underlying mechanisms against HBV-associated HCC. Considering that Cav-1 has now been implicated in multiple factors including the pharmacological effects of curcumin and the regulatory mechanism of β-catenin, we further explored whether CP, a formula containing curcumin, could exert inhibitory efficacy on metastasis by regulating the function of Cav-1 and β-catenin.
In the present study, we found that CP inhibited proliferation, migration and invasion possibly via the Wnt/β-catenin pathway in HBV-associated HCC cells. “Formula-target-disease” network of CP was next established, revealing Cav-1 as one of the key targets of CP against HBV-associated HCC. Experimental validation further demonstrated that CP administration might promote autophagic degradation of Cav-1, therefore triggering ubiquitination and proteasome-associated degradation of β-catenin, and suppressing progression and metastasis of HBV-associated HCC in vitro and in vivo. Taken together, our study not only provided a supporting evidence for the anti-metastasis activities of CP against HBV-associated HCC, but it also addressed the novel role of Cav-1 in mediating the Akt/GSK3β/β-catenin axis during advanced cancer stages.
MATERIALS AND METHODS
Preparation and Quality Control of Compound Phyllanthus urinaria L.
Herbs of CP formula include the whole plant of Phyllanthus urinaria L. [Phyllanthaceae] (30 g) (Barcode: 754562), the root of Astragalus mongholicus Bunge [Fabaceae] (15 g) (Barcode: 1261257), the root and rhizome of Curcuma aromatica Salisb. [Zingiberaceae] (10 g) (Barcode: 320230), the whole plant of Scutellaria barbata D. Don [Lamiaceae] (10 g) (Barcode: 2652051) and the pseudobulb of Cremastra appendiculata (D. Don) Makino [Orchidaceae] (10 g) (Barcode: 4038744). CP extract was prepared and quality control was made. An Agilent 1260 system combined with diode array detection (DAD) (Agilent, Palo Alto, CA, United States) and an Agilent C18 column (5 μm, 250 mm × 4.6 mm) with a High Performance Liquid Chromatography (HPLC) guard cartridge system (Phenomenex, SecurityGuard) were used for HPLC analysis. The mobile phases consisted of acetonitrile (A) and 0.05% (v/v) phosphoric acid (B) using a gradient program of 5–20% A in 0–15 min, 20%–40% A in 15–30 min, 40% A in 30–35 min. The flow rate was 1.0 ml/min, and column temperature was set to 30°C. The DAD detector was set at 260, 271, 350 nm. For assay of Gallic Acid, Calycosin-7-glucoside and Luteolin, the standard solutions were prepared for linearity studies. The stock solutions of Gallic Acid, Calycosin-7-glucoside and Luteolin were prepared at the suitable concentrations of methanol, respectively, then diluted with methanol to different concentrations. Ten microliter of these solutions were injected for HPLC analysis and the calibration curves were constructed by plotting the peak areas. For assay of Gallic Acid, Calycosin-7-glucoside and Luteolin of CP, CP (0.1 g) was accurately weighed in a 100 ml Erlenmeyer flask. Methanol (10 ml) was added to the Erlenmeyer flask and the mixture was sonicated for 30 min. The extract was normalized to 10 ml by adding additional methanol. Then extracting solution was filtrated through 0.2 μm membrane filter. The solution (10 μl) was injected for HPLC analysis (Supplementary Figure S1; Li et al., 2019).
Cell Culture
Three human liver cancer cell lines (HepG2, SMMC-7721, Huh-7) and one normal hepatic cell line HL-7702 were obtained from the American Type Culture Collection (Manassas, VA, United States). HepG2-HBx, an HBV associated HCC cell line, was created in our previous study (Li et al., 2019). HepG2, HepG2-HBx, SMMC-7721 and Huh-7 were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin and 1% streptomycin (Gibco Life Technologies, Lofer, Austria). HL-7702 was maintained in 1640 medium supplemented with 10% FBS, 1% penicillin and 1% streptomycin (Gibco). All cell lines were incubated in a humidified incubator with settled parameters (37°C, 5% CO2).
Cell Proliferation and Colony Formation Assays
Cell proliferation ability after CP treatment was detected by the Cell Counting KIT-8 (CCK-8, KeyGEN BioTECH, Nanjing, China) according to normalization protocol of the instruction. Briefly, a total of 4 × 103 cells suspended were seeded in each well of 96-well plates and incubated overnight. Then, cells were dealt with different concentrations of CP extracts for 24, 48 and 72 h. The CCK-8 cell proliferation reagent (10 µl) was added to each well and cells were incubated for 4 h. Cell proliferation ability curves and the half maximal inhibitory concentration (IC50) values of CP in different cells were managed using GraphPad Prism 8.0 software and SPSS software. Colony formation assay was performed in 6-well plate. A total of 1 × 103 cells suspended were seeded in each well and incubated for cell attachment. Different doses of CP extracts were added to the medium in each well. After 4 h, fresh complete medium was used to replace the cultured medium and the cells were continued to culture for 2 weeks. Subsequently, the colonies were fixed with 4% paraformaldehyde and stained with 0.5% Crystal violet for further image visualization.
Transfection of Plasmid and Small Interfering RNA
Upregulated gene 11 (URG11), a gene upregulated by Heptatitis B Virus X protein (HBx), was identified as an oncogene promoting hepatocarcinogenesis (Lian et al., 2003; Lian et al., 2006; Du et al., 2010). Previous study has reported that HepG2 cell line stably over-expressing URG11 can be served as an HBV-associated cell line (Yuan et al., 2012). Here, we established HepG2-URG11 cell line for further molecular biology exploration of HBV-associated HCC. For transfection of plasmid, the pENTER-URG11, pcDNA 3.1(C)-Cav-1 and scrambled plasmids were obtained from Vigene Company (Jinan, China) and subsequently transfected into target cells using LipoFiter™ reagent (Hanbio Biotechnology Co, LTD. Shanghai, China). After incubation for 24 h, transfection reagent was removed. Transfected cells were cultured with fresh complete medium and screened for 2 weeks using 10 μg/ml puromycin (Invitrogen). Remaining transfected cells were further expanded for next studies. β-catenin specific siRNA as well as negative control siRNA (NC siRNA) were also obtained from Vigene Biosciences and transfected into cells using X-tremegene siRNA transfection reagent (Roche Diagnostics, Shanghai, China) according to the manufacturer's guidelines. After incubation for 24 h, transfection reagent was replaced by fresh complete medium.
Wound Healing Assay and Transwell Assay
Migration ability was accessed by wound healing assay. We planted 4 × 105 cells into a 6-well plate. When the cells permeated 90% of the plate, we scratched a wound in cell monolayer by a 1 ml pipette tip. Subsequently, cells were treated with CP with different concentrations for 48 h. Images of wounds were collected by an inverted microscope at 0, 12, 24, 48 and 72 h. Migration ability was calculated by measuring the wound confluence parameter. Invasive ability of cells was accessed by transwell assay. The transwell chambers were prepared with a layer of matrigel (no.354248, Corning, New York, United States) in advance and placed in a 24-well plate which contained complete cultured medium (10% FBS) at the bottom. A total of 8 × 104 cells were seeded into upper transwell chambers. Serum-free medium (300 μl) with or without CP extract was added into the upper chambers. After 24 h, a cotton swab was used to remove the cells of the upper surface. Then the cells on the bottom surface were fixed with 4% formaldehyde solution, followed by 0.5% hematoxylin solution staining for 20 min. Images of invaded cells were captured with an inverted microscope and number of invaded cells was counted.
Western Blotting
Protein extraction was conducted by radioimmunoprecipitation lysis buffer (RIPA) (Sigma) with protease inhibitor cocktail (Roche Diagnostics) on ice. Protein quantification was performed with the bicinchoninic-acid assay kit (Thermo Fisher Scientific, Bonn, Germany). Equal amount of protein lysates (30 µg) was loaded into each lane of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to a polyvinylidene fluoride microporous membrane (Millipore, Billerica, MA, United States). Membranes were blocked with 5% milk at room temperature for 2 h, followed by primary antibodies incubating overnight at 4°C and secondary antibodies incubating for 1 h at room temperature. Visualization of the protein band was performed by using the enhanced chemiluminescence detection reagents (Tanon, Shanghai, China). Primary antibodies used in our study contained Cav-1(16447-1-AP, Proteintech, Chicago, United States), N-cadherin (22018-1-AP, Proteintech, Chicago, United States), E-cadherin (20874-1-AP, Proteintech, Chicago, United States), Vimentin (10366-1-AP, Proteintech, Chicago, United States), URG11 (BS2170R, Beijing, China), β-catenin (66379-1-Ig, Proteintech, Chicago, United States), P-Akt (AF0016, Affinity, United States), Akt (60302-2-Ig, Proteintech, Chicago, United States), P-GSK3β (AB11002, AbSci, Baltimore, United States), GSK3β (BF0695, Affinity, United States) and β-actin (No.3700S, Cell Signaling Technology, CST, Boston, MA, United States).
Real-Time Polymerase Chain Reaction
Briefly, total RNA of samples was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) and reverse transcription reaction was performed by PrimeScriptTMRT reagent Kit with gDNA Eraser (RR047A, TaKaRa). RT-PCR analysis was carried out using the SYBR Premix Ex Taq (Takara, Japan) according to the manufacturer’s protocol and the signal was determined by the ABI Quant Studio 7 Flex Real-Time PCR System (Applied Biosystems, Foster City, United States). Relative target mRNA expression was calculated using 2-ΔΔCt method and normalized to the internal control. Primers were synthesized by Shenggong Bioengineering Technology Limited (Shanghai, China).
Establishment of the Herb–Ingredient–Target Interaction
Specific chemical ingredients of each herb in CP formula were searched in the Traditional Chinese Medicine Systems Pharmacology Database (TCMSP, https://tcmspw.com/tcmsp.php) and the Traditional Chinese Medicine Integrated Database (TCMID, http://www.megabionet.org/tcmid/). Oral bioavailability (OB) ≥ 30% and drug likeness (DL) ≥ 0.18 were set as criteria for screening potential ingredients. Visualization of ingredient-target network of each herb was performed by Cytoscape software (version 3.2.1).
Gene Ontology and Pathway Enrichment Analysis
Gene expression data of HBV-associated HCC was collected from the NCBI GEO database (http://www.ncbi.nlm.nih.gov/geo). Dataset GSE44074, which contains the expression data of 17 HBV-associated HCC samples and 71 non-tumor liver specimens, was selected for further analysis. GEO2R online tool (http://www.ncbi.nlm.nih.gov/geo/geo2r/) was used to analyze the differently expressed genes (DEGs). p value ≤ 0.05 and fold change (FC) ≥ 1.5 were set as criteria for screening DEGs. Intersection genes between DEGs and targets of CP formula were calculated by Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/), then delivered into Retrieval of Interacting Genes (STRING) database for further protein-protein interaction (PPI) analysis. In addition, enrichment analyses, including gene ontology (GO) and Kyoto Encyclopedia of Genes (KEGG) pathway enrichment, were performed by DAVID database (http://david.abcc.ncifcrf.gov/). For Go annotation, three terms including biological process (BP), cellular component (CC), and molecular function (MF) were analyzed. p value < 0.05 was recognized as statistically significant.
Cell Immunofluorescence
Cell immunofluorescence was used to determine the expressions of Cav-1 and β-catenin. Briefly, suspended cells were seeded on cover slips inside the 24-well plates. After drug administration, cells were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100. Cell membrane was blocked by goat serum for 60 min. Following incubated with primary antibody of Cav-1 or β-catenin (Cell Signaling Technology, Beverly, MA, United States) at 4°C overnight, cells were marked by fluorescence-conjugated secondary antibodies for 1 h at room temperature in the dark. Cell nucleus was labeled with 0.1% 4′, 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for 15 min and fluorescence signals were detected by LMS710 confocal microscope (ZEISS).
Coimmunoprecipitation Analysis
Protein extraction and quantification were conducted according to the protocol of western blotting. We obtained 2000 μg cell protein (750 μl) from 1 × 107 cells. Protein supernatant (50 μl) was boiled with 5×Laemmli SDS-sample buffer for 5 min and served as the input sample. The remaining supernatant was incubated with the coupled antibody overnight at 4°C. Then the sample pre-incubated with antibody was moved into Capturem™ IP and Co-IP Column to wash and elute the immunoprecipitated complex according to the manufacturer's protocol (Capturem™ IP and Co-IP Kit, Takara, United States) (Cat. No. 635721). Finally, the samples were analyzed using SDS-PAGE and western blot. Antibodies of coimmunoprecipitation analysis included β-catenin (66379-1-Ig, Proteintech, Chicago, United States) and Ubiquitin (No.10201-2-AP, Proteintech, Chicago, United States).
Animals and Experimental Design
Animal experiments in our study have been reviewed and approved by the Animal Care and Use Committee of Guangzhou University of Chinese Medicine (the Ethics Approval Number: 20210324004). To study the in vivo anti-cancer effect of CP on HBV-associated HCC, a total of 48 BABL/c nude mice were purchased from Medical Experiment Center of Guangdong Province (Guangzhou, China). All animals were housed under specific pathogen-free conditions (23 ± 1°C; 50 ± 10% humidity, 12 h light/dark cycle) with free access to standard food and water. To establish the tumor xenograft model, mice were subcutaneously injected in the right flank with 1 × 107 tumor cells. The mice were randomly divided into four groups. Each group was fed as follow: HepG2-NC group and HepG2-HBx group were treated with normal saline. CP groups bearing with HepG2-HBx cells were administrated with a high dose (625 mg/kg) and low dose (300 mg/kg) of CP, respectively. Our previous study has performed in vivo experiments to validate the efficacy of CP (Li et al., 2019). Result showed when compared with the HepG2-HBx model group, the tumor inhibition rates for CP-625 mg/kg and CP-300 mg/kg were 72.64 ± 7.23% (p < 0.01) and 28.25 ± 10.36% (p < 0.001), respectively, indicating that CP exerted significant inhibitory ability for HBV-related HCC in doses of 300 mg/kg and 625 mg/kg. Meanwhile, alteration of the mice weight had no statistical significance between HepG2-HBx model group and CP treatment groups (300 mg/kg and 625 mg/kg), suggesting that CP (300 mg/kg and 625 mg/kg) had no obvious toxic side effects on nude mice. Therefore, we continued to apply the doses of 300 mg/kg and 625 mg/kg in this study to further verify the function of CP on tumor growth and metastasis in vivo (Li et al., 2019). Tumor volume and body weight of mice were recorded every three days. The mice were euthanized on day 34 and tumors along with other organs were collected. Experiments were performed two times in duplicates. For the in vivo lung metastasis assay, the lateral tail vein of the mouse was subcutaneous injected with 1 × 106 tumor cells. Animal grouping was the same as described above. Four weeks later, animals were euthanized, and the lung of each mouse was removed and fixed for next histological examination.
Zebrafish xenotransplantation model was established according to the protocol provided by Neng Wang et al. for the evaluation of metastasis (Wang N. et al., 2019). HepG2-HBx cells were first labeled red fluorescence with 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI, Sigma-Aldrich). A total of 200 DiI-labeled HepG2-HBx cells then were injected into the perivitelline space (PVS) of 2 days post fertilization (dpf) zebrafish embryos with a microinjector. Juvenile zebrafish were subsequently maintained in 48-well plates and exposed to different concentrations of CP formula. Whether the cancer cells disperse to other tissue of zebrafish, especially to the specific tail-fin sites and form micro-metastasis was observed to evaluate the anti-metastasis effect of CP formula (Wang N. et al., 2019; Shahi Thakuri et al., 2020). Images were captured using a fluorescence microscopy (Nikon Eclipse C1, Tokyo, Japan) and analyzed with ImageJ software.
Hematoxylin and Eosin Staining and Immunohistochemistry Analysis
Fresh tissues were fixed with 10% neutral formalin for 24 h, then embedded into paraffin and cut into sections with thickness of 4 μm. The sections were then deparaffinized with xylene twice for 10 min and rehydrated with a series of ethanol from 100 to 70%. With regard to H&E staining, cell nucleus staining was performed by 10% hematoxylin, while cytoplasm visualization was carried out by 1% eosin at room temperature. For immunohistochemistry analysis, methanol with 0.3% hydrogen peroxide was applied to inactivate the endogenous peroxide (30 min at room temperature). Then the sections were treated with sodium-citrate buffer at high pressure for antigen retrieval, with 10% goat serum for serum blocking. The sections were subsequently incubated with primary antibodies against β-catenin, Cav-1, Vimentin and E-cadherin. The 3,3-diaminobenzidine (DAB) solution was applied as chromogenic agent for nuclear staining to identify the expression of protein.
Statistical Analysis
All parameters in this research were presented as mean ± standard deviation (SD). A triplicate independent experiment was performed. SPSS 19.0 software (Abbott Laboratories, Chicago, United States) was utilized for statistical analyses. Diagrams were plotted using GraphPad Prism 8.0 software. The two-tailed Student’s t-test and one-way analysis of variance (ANOVA) were used for statistical significance of data. p value < 0.05 was defined as statistically significance.
RESULTS
Compound Phyllanthus urinaria L. Suppressed Proliferation, Migration and Invasion of Hepatitis B Virus-Associated Phenotypes of Hepatocellular Carcinoma Cells
To assess the anti-cancer effects of CP on HCC cells, we first employed CCK-8 assay on several representative HCC cell lines (HepG2, SMMC-7721 and Huh-7) and a normal hepatic cell line (HL-7702). The results demonstrated that CP exhibited obvious inhibitory activities on HepG2, SMMC-7721 and Huh-7 cells in a dose-and time-dependent manner. In contrast, it exerted obscure effect on survival of normal hepatic cells HL-7702 (Figure 1A). As shown in Supplementary Table S1, CP showed the strongest inhibitory effect on HepG2 cells indicated by the highest selectivity index (SI = 9.41). This finding implied that CP showed higher cytotoxicity selectivity to HepG2 cells than to the other two cell lines. Hence, we chose the HepG2 cell line as a representative cell line for all subsequent experiments. The colony formation array was then conducted to assess long-term inhibitory effects of CP on the indicated cancer cells. It was found that CP significantly reduced colony size and number of HCC cells. The representative images of colony formation assay are shown in Figure 1B. Next, we continued to investigate the inhibitory effects of CP on HBV-associated phenotypes of HCC cells. HepG2-HBx and HepG2-URG11 cell lines were established and validated as representative HBV-associated HCC cell lines for the subsequent experiments according to the previous study (Yuan et al., 2012). For the establishment of HepG2-HBx cells, HepG2 cells were infected with lentiviral particles expressing HBx and then screened with 1.6 μg/ml puromycin for 7 days (Li et al., 2019). For the construction of HepG2-URG11 cells, the pENTER-URG11 plasmid was transfected into HepG2 cells using LipoFiter™ reagent, and stable cell line was screened by geneticin for additional 2 weeks. Compared with the parental cells, HBV-associated HCC cells exhibited a higher degree of malignant potential, particularly increased migratory and invasive abilities. Wound closure was significantly accelerated in HepG2-HBx and HepG2-URG11 cells (Supplementary Figure S2A). In addition, the expression levels of Vimentin and N-cadherin increased, while the expression level of E-cadherin decreased in both HepG2-HBx and HepG2-URG11 cells, further indicating that HBV-associated HCC exhibited stronger metastasis ability (Supplementary Figure S2B). We then investigated the effects of CP on cell proliferation of HBV-HCC cell lines. Since sorafenib was reported to protect against the metastasis of HBV-related HCC through inhibiting Raf kinase and vascular endothelial growth factor (VEGF) receptor and served as a systemic therapy for advanced HCC (Lin et al., 2016; Harding et al., 2018), the sorafenib group was included as the positive control in this study. As shown in Figure 1C, CCK-8 array revealed that either HBx or URG11 overexpression increased cell viability of HCC, while CP administration dose-dependently suppressed the growth of both HepG2-HBx and HepG2-URG11 cells. Particularly, the IC50 was 126.06 μg/ml for HepG2-HBx cells, and 113.59 μg/ml for HepG2-URG11 cells after 48 h of CP treatment. This finding was consistent with the colony formation assay, given a decreased number of CP-treated colonies in both HepG2-HBx and HepG2-URG11 cells (Figure 1D). Overall, CP limited the growth of HBV-associated HCC cells, without exhibiting considerable cytotoxicity on normal cells.
[image: Figure 1]FIGURE 1 | CP suppressed the proliferation of HBV-associated phenotypes of HCC cells. (A) CP exhibited obvious inhibition on HepG2, SMMC-7721 and HuH-7 in a time-concentration dependent manner and had no obvious effect on normal hepatic cell HL-7702. (B) CP significantly reduced colony size and number of HCC cells including HepG2, SMMC-7721 and HuH-7. (C) CP administration suppressed the proliferation of HBV-associated HCC cell including HepG2-HBx and HepG2-URG11 cells in a dose-dependent manner. (D) CP significantly inhibited the clone formation capability of both HepG2-HBx and HepG2-URG11 cells. All values represented the means ± SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). sora: sorafenib.
Next, we investigated whether CP exerted anti-metastatic effects on HBV-associated HCC. An in vitro scratch-wound healing assay was conducted to investigate the migration potential of HBV-associated HCC in the presence or absence of CP. Following CP administration and sorafenib treatment, the HBV-associated cells exhibited a significant delay in wound healing compared with that of the control group (Figure 2A). Transwell assay was also employed to quantify the invasive capacities of the metastatic cancer cells. We found that 24 h of CP treatment remarkably decreased the number of HepG2-HBx and HepG2-URG11 cells that migrated across the transwell chamber (Figure 2B). EMT is a phenotypic conversion process associated with cancer progression and metastasis in which epithelial cells acquire the motile and invasive characteristics and transform into mesenchymal cells (Kim et al., 2019). Western blot analysis was performed to examine the EMT-related proteins, including Vimentin, N-cadherin and E-cadherin. CP administration reduced the expression levels Vimentin and N-cadherin expressions and increased E-cadherin level at a dose- and time-dependent manner (Figure 2C). Taken together, these data indicated that CP could inhibit migration and invasion ability of HBV-associated HCC.
[image: Figure 2]FIGURE 2 | CP inhibited migration and invasion of HBV-associated HCC. (A) HBV-associated cells including HepG2-HBx and HepG2-URG11 following CP administration and sorafenib treatment exhibited a significant delay in wound healing compared with that of control group. (B) CP treatment remarkably decreased the number of HBV-associated cells that migrated across matrigel and transwell chamber. (C) Western blot analysis showed that CP dramatically decreased expression levels of Vimentin and N-cadherin and increased E-cadherin level in both HepG2-HBx and HepG2-URG11 cells in a time-concentration dependent manner. All values represented the means ± SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).
Compound Phyllanthus urinaria L. Promoted the Destabilization of β-catenin in Hepatitis B Virus-Associated Hepatocellular Carcinoma
Previous studies showed that aberrant expression of β-catenin was a critical step associated with invasion and metastasis in HBV-associated HCC (Yuan et al., 2012; Hong et al., 2017; Mao et al., 2019). After validating the anti-metastasis effects of CP, we further investigated whether this process would be β-catenin-dependent in HBV-associated HCC. We first examined the effect of CP on the expression and subcellular localization of β-catenin. As shown in Figure 3A, both total and fractional expression levels of β-catenin were downregulated after exposure to CP in both HepG2-HBx and HepG2-URG11 cell lines. Particularly, both nuclear and cytosolic β-catenin expression were simultaneously suppressed by CP. Immunofluorescence analysis further supported our findings, showing a decrease in nuclear accumulation of β-catenin after CP treatment in both HepG2-HBx and HepG2-URG11 cells (Figure 3B). We further examined the β-catenin mRNA level in HepG2-HBx with CP treatment. As shown in Supplementary Figure S3A, we found that CP treatment did not alter β-catenin mRNA level. Since the suppressing activities of CP on nuclear expression of β-catenin might abrogate transcription of several downstream genes for β-catenin, we next detected the expression levels of the proliferation-related transcription factor (TF) Cyclin D1 and the EMT-related TFs Snail, Slug, ZEB1 and ZEB2. As shown in Figure 3C, qPCR analysis demonstrated that CP obviously downregulated the expressions of Cyclin D1, Snail, Slug, ZEB1 and ZEB2. Previous studies reported that the activation of proteasome degradation is the primary cause for the translational regulation of β-catenin expression (Wang et al., 2014). We then examined whether suppression of β-catenin by CP was attributable to the proteasome degradation pathway. Herein, MG132 was used to inhibit proteasome function and cycloheximide (CHX) was used to inhibit the protein synthesis. As shown in Figure 3D, HepG2-HBx cells treated with CP exhibited an increased β-catenin degradation rate compared with the control group in the presence of CHX, indicating that CP accelerated β-catenin protein degradation. Since the ubiquitin-proteasome pathway is the most ubiquitous way for β-catenin protein degradation, we treated the cells with the ubiquitin–proteasome pathway inhibitor MG132. We found that MG132 inhibited CP induction of β-catenin degradation (Figure 3E), indicating that CP mediated β-catenin degradation via the proteasome-dependent pathway. Taken together, the data demonstrated that CP could activate the proteasome degradation of β-catenin.
[image: Figure 3]FIGURE 3 | CP suppressed metastasis of HBV-associated HCC via promoting the destabilization of β-catenin. (A) CP decreased both total and fractional expression levels of β-catenin in HepG2-HBx and HepG2-URG11 cells. (B) Immunofluorescence analysis presented that CP inhibited the nuclear accumulation of β-catenin. (C) QPCR array showed that the proliferation-related TF Cyclin D1 and the EMT-related TFs Snail, Slug, ZEB1 and ZEB2 were simultaneously suppressed by CP. (D) β-catenin downregulation was triggered in the CHX group while its degradation was remarkably accelerated in the CHX + CP group. (E) Meanwhile, proteasome inhibitor MG132 inhibited CP induction of β-catenin degradation. All values represented the means ± SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ##p < 0.01).
Furthermore, it has been reported that the Akt/GSK3β/β-catenin pathway is a critical functional signaling pathway involved in the regulation of EMT and cell invasion (Wang et al., 2016). GSK-3β can be inactivated by phosphorylation at the N-terminal serine 9 (Ser9) residue, which negatively regulates the activity of the GSK-3β and therefore stabilizes β-catenin (Cole et al., 2004; MacDonald et al., 2009; Park et al., 2013; Hu et al., 2016; Xu et al., 2017; Zheng et al., 2020). The stimulation of the Wnt canonical pathway by specific ligands, inactivates GSK-3β by specific phosphorylation at Ser9, stabilizes β-catenin, then promotes its nucleus translocation and interaction with transcription factors of the downstream Tcf/Lef family (MacDonald et al., 2009). In this study, CP downregulated the phosphorylation of GSK3β (ser9) in a dose- and time-dependent manner, indicating that CP was an adverse factor for the stabilization of β-catenin, which might result in the proteasome degradation of β-catenin protein (Supplementary Figure S3B). Furthermore, activated Akt (P-Akt) was reported to be the upstream signal to phosphorylate the GSK3β at Ser9 site, resulting in the inactivation of GSK3β and stabilization of β-catenin protein (Livak and Schmittgen, 2001; Manning and Cantley, 2007; Zhang et al., 2011; Ding et al., 2016; Wang and Zhao, 2016). Herein, we found that P-Akt was also significantly suppressed by CP in HepG2-HBx and HepG2-URG11 cell lines (Supplementary Figure S3B), indicating that AKT inhibition might accelerate CP-mediated β-catenin degradation. To thoroughly investigate whether Akt/GSK3β signaling is responsible for the β-catenin degradation in the CP treatment group, LY294002 (LY, the AKT inhibitor) and lithium chloride (LiCl, the GSK-3β inhibitor) were used to suppress the activity of AKT and GSK-3β, respectively. LY treatment decreased the expression of β-catenin whereas LiCl treatment effectively enhanced the expression of β-catenin in the HepG2-HBx cell line in the presence of CP (Supplementary Figure S3C), suggesting that CP might promote β-catenin degradation through Akt/GSK3β signaling.
Establishment of Network of Compound Phyllanthus urinaria L. Ingredient-Compound Phyllanthus urinaria L. Target-Hepatitis B Virus-Associated Hepatocellular Carcinoma
To unravel the anti-metastasis mechanism of CP, we performed network pharmacology analysis of CP with the criteria of OB ≥ 30% and DL ≥ 0.18. As shown in Figure 4A, ingredient-target networks were constructed for the five herbs of CP. The results revealed that 29 major ingredients in Scutellaria barbata D. Don, three in Cremastra appendiculata (D. Don) Makino, 14 in Curcuma aromatica Salisb., 10 in Phyllanthus urinaria L. and 20 in Astragalus mongholicus Bunge may play important roles in the efficacy of CP. After excluding duplicate targets, there were 296 remaining predicted target genes for the CP formula (Figure 4B). Among these candidate targets, 76 were common targets of one herb, 28 were common targets of two herbs, 142 were common targets of three herbs, 30 were common targets of four herbs and 22 were common targets of all five herbs.
[image: Figure 4]FIGURE 4 | Network pharmacology analysis of CP. (A) Ingredient-target networks of the five herbs of CP. There are 29 major ingredients in Scutellaria barbata D. Don, three in Cremastra appendiculata (D. Don) Makino, 14 in Curcuma aromatica Salisb., 10 in Phyllanthus urinaria L. and 20 in Astragalus mongholicus Bunge. (B) Common targets networks of CP. 76 were common targets of one herb, 28 were common targets of two herbs, 142 were common targets of three herbs, 30 were common targets of four herbs and 22 were common targets of five herbs.
Furthermore, we retrieved the corresponding DEGs of HBV-associated HCC from GSE44074 microarray of 17 HBV-associated HCC patients and 71 individuals with non-tumor liver specimens to reveal how the active ingredients of CP act on the HBV-associated HCC. A total of 6,497 disease-related targets were obtained after GEO2R analysis (p ≤ 0.05, FC ≥ 1.5). After matching the candidate target genes of CP ingredients with the disease-related targets using Venn diagram, a total of 181 putative CP targets for HBV-associated HCC were extracted. By uploading 181 candidate targets to the STRING database and setting the p-value to less than 1 × 10–16, a protein-protein interaction (PPI) was obtained. It was found that CAV-1 was one of the largest nodes based on the “Degree > 100”, indicating that CAV-1 might play a crucial role in the anti-cancer efficacy of CP (Figure 5A). We also performed GO enrichment and KEGG analysis using DAVID database to further investigate the anti-cancer mechanisms of CP in HBV-associated HCC. For GO-term analysis, the y-axis represented the corresponding GO term and the x-axis indicated the number of enriched genes. For each GO term, the first top 20 terms were presented as heatmap according to the p-value. The major terms of BP enrichment comprised cell proliferation, cell death, response to stress, regulation of cellular process, regulation of biological process (Figure 5B). MF analysis was mainly enriched in enzyme binding, protein binding, transcription factor binding, ion binding and oxidoreductase activity (Figure 5C). CC terms revealed that CP action was associated with extracellular space, cytoplasmic part, intracellular part, nucleoplasm and nuclear chromosome (Figure 5D). For KEGG analysis, the 181 candidate genes were interacted with multiple cancer-related pathways, among them, Wnt signaling pathway was addressed as one of top 15 enriched pathways. Besides, the anti-metastasis function of CP might be also attributable to other interfering signaling pathways, such as the MAPK signaling pathway, PI3K-Akt signaling pathway, p53 signaling pathway and so on (Figure 5E).
[image: Figure 5]FIGURE 5 | Establishment of ingredient-target-disease network of CP in HBV-associated HCC. (A) The Venn diagram showed a total of 181 putative CP targets for HBV-associated HCC were extracted. CAV-1 was one of the largest nodes based on the “Degree > 100”. (B) Pathway enrichment analysis of the 181 hub genes. (B) The top 20 terms of BP enrichment (C) The top 20 terms of MF enrichment. (D) The top 20 terms of CC enrichment (E) Pathway enrichment analysis of the DEGs.
Compound Phyllanthus urinaria L. Promoted Autophagic Degradation of Caveolin-1
The network pharmacology and bioinformatics analysis revealed that CAV-1 was one of the core targets of CP to antagonize HBV-associated HCC in terms of network pharmacology and bioinformatics analysis. We next evaluated the influence of CP on Cav-1 expression in both HepG2-HBx and HepG2-URG11 cell lines after the indicated CP treatment. As demonstrated in Figures 6A,B, immunofluorescence staining revealed that CP decreased Cav-1 immunosignals in both cell membrane and cytoplasm of cells. This result was further confirmed by Western blot analysis in HepG2-HBx and HepG2-URG11 cells. It was found that CP administration was associated with lower Cav-1 expression in a dose- and time-dependent manner (Figures 6C,D). To explore the molecular mechanism by which CP downregulated Cav-1 expression, we further examined Cav-1 mRNA level in HepG2-HBx with CP treatment. We found that CP treatment did not significantly regulate CAV-1 mRNA level (Figure 6E). Thus, the decreased Cav-1 protein expression might be attributable to either proteasome degradation process or autophagic degradation pathway. To distinguish whether the proteasome degradation process or autophagic degradation pathway was important for the CP effect, we firstly administrated CP with proteasome inhibitor MG132. As shown in Figure 6F (left panel), the statistical results showed there was no significance between CP alone group and the MG132 + CP group. MG132 treatment couldn’t restore the expression of Cav-1 in the presence of CP, indicating that Cav-1 could not be regulated by proteasome pathway. Then CP was administered either alone or in combination with the lysosomal inhibitor CQ. As shown in Figure 6Fright panel, CQ could significantly block the decline of Cav-1 protein induced by CP, indicating that Cav-1 might be degraded via autophagy pathway. To further investigate the relationship between Cav-1 with autophagy in the presence of CP, we co-stained Cav-1 with the lysosome marker Lamp1 to further investigate the association between Cav-1 with autophagic degradation in the presence of CP. The protein level of Lamp1 is regarded as an indicator of autophagy (Eskelinen, 2006), which is closely correlated with autophagosomes degradation. In the last step of autophagy, under the mediation of lysosomal-associated membrane proteins Lamp1, the autolysosome contents are degraded by a series of lysosomal proteases (Wang X. et al., 2019). As expected, CP administration significantly increased Lamp1 intensity and decreased Cav-1 expression, while the co-expression of Lamp1 and Cav-1 were increased in the CP-treated group. These findings probably suggested that the CP administration led to a translocation and accumulation of Cav-1 in lysosome, and Cav-1 downregulation by CP likely occurred through autophagic degradation (Figure 6G). Overall, the data revealed that CP might elicit Cav-1 downregulation via the autophagy/lysosome pathway.
[image: Figure 6]FIGURE 6 | CP promoted autophagic degradation of Cav-1. (A, B) Immunofluorescence staining revealed that the immunosignal of Cav-1 was inhibited by CP in a concentration-dependent manner in HepG2-HBx and HepG2-URG11 cells. (C, D) Western blot analysis showed that CP treatment decreased the expression of Cav-1 in a dose- and time-dependent manner in HepG2-HBx and HepG2-URG11 cells. (E) CP have no significant effect on modulating the mRNA expression of Cav-1. (F) The autophagic degradation inhibitor CQ, rather than MG132, blocked the degradation process of Cav-1 by CP. (G) Immunofluorescence array showed that co-localization efficiency of Lamp1 and Cav-1 was increased in CP treatment group. All values represented the means ± SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, NS: p > 0.05 not significant).
Caveolin-1 Inhibition by Compound Phyllanthus urinaria L. Activated the Akt/GSK3β-Mediated Proteasome Degradation of β-catenin via Ubiquitination Activation
To provide further evidence supporting the critical role of Cav-1 for the anti-metastatic activities of CP, we elevated Cav-1 expression with pcDNA 3.1(+)-Cav-1 plasmid in the HepG2-HBx and HepG2-URG11 cells for the following studies. Compared with vector groups, the migration potential was aggravated in the Cav-1-overexpression groups, while CP treatment attenuated such metastatic capabilities by increasing the gap widths and areas of both HepG2-HBx and HepG2-URG11 cells (Figure 7A). Furthermore, Cav-1 overexpression also led to increased Vimentin and N-cadherin expression as well as decreased E-cadherin level in HBV-associated HCC in the presence of CP (Figure 7B). Since we demonstrated that β-catenin downregulation by CP was at least partly responsible for its anti-metastatic potential, we next investigated the association between Cav-1 and β-catenin by observing the effects of Cav-1 upregulation on the Akt/GSK3β/β-catenin axis in the presence of CP. Western blot analysis revealed that exogenous overexpression of Cav-1 blocked the CP-induced degradation of β-catenin expression likely by increasing the phosphorylation of AKT and GSK-3β, implying a positive regulatory relationship between Cav-1 and Akt/GSK3β/β-catenin signaling (Figure 7C). This finding was confirmed by immunofluorescence assay of β-catenin expression, presenting as overexpression of Cav-1 increased the expression of both nuclear and cytoplasmic β-catenin under CP treatment (Figure 7D). We further explored whether Cav-1 overexpression was responsible for maintaining the stabilization of β-catenin by suppressing its proteasome degradation in the presence of CP. We found that the CP-induced β-catenin degradation was greatly blocked following MG132 treatment in the Cav-1-overexpressing group compared with the vector group, which resulted in the accumulation of β-catenin (Figure 7E). Since ubiquitination activation played the key role in β-catenin degradation (Liu et al., 2008), we next performed Co-IP combined with ubiquitination array in HepG2-HBx and Cav-1-overexpressing HepG2-HBx cells with or without CP. Decreased ubiquitination of β-catenin was observed in HepG2-HBx-Cav-1 compared with HepG2-HBx group, further verifying that ubiquitination pathway of β-catenin was suppressed by Cav-1 (Supplementary Figure S4A). As shown in Figure 7F, CP significantly enhanced ubiquitination of β-catenin in both HepG2-HBx and HepG2-HBx-Cav-1 cell lines. Moreover, the AKT inhibitor LY enhanced β-catenin degradation in HepG2-HBx-Cav-1 cell line after CP treatment, while the GSK-3β inhibitor LiCI attenuated the inhibitory effect of CP on β-catenin expression in HepG2-HBx-Cav-1 cells (Supplementary Figure S4B). To thoroughly investigate whether β-catenin is required for the metastasis-promoting effect of Cav-1 in HepG2-HBx cells, β-catenin was silenced in Cav-1-overexpressing HepG2-HBx cells. As shown in Figure 7G, wound healing potential was potently suppressed following β-catenin knockdown in High-Cav-1 group. Taken together, Cav-1 overexpression led to a blockage of β-catenin degradation induced by CP, subsequently exerting a metastasis-promoting role in HBV-associated HCC.
[image: Figure 7]FIGURE 7 | Cav-1 inhibition by CP activated the Akt/GSK3β-mediated proteasome degradation of β-catenin via ubiquitination activation. (A) Wound healing assay showed the gap widths and areas were decreased in the Cav-1-overexpression groups, while CP treatment attenuated the migration ability of HBV-associated cells. (B) Compared to vector control, CP attenuated the promotion effect of Cav-1 on EMT process of HBV-associated HCC. (C) Cav-1 increased β-catenin expression and activated Akt/GSK3β pathway. CP treatment attenuated the effect of Cav-1 on β-catenin expression and Akt/GSK3β pathway of HBV-associated HCC. (D) Immunofluorescence assay of β-catenin expression and distribution in the cases of high Cav-1 expression and CP treatment. (E) Compared with the vector group, accumulation of β-catenin was accelerated in Cav-1-overexpressed group in the presence of CP following MG132 treatment. (F) CP significantly enhanced ubiquitination of β-catenin in HepG2-HBx cell lines with or without Cav-1 overexpression. (G) Wound healing array showed that β-catenin knockdown partly abrogated the capacity of Cav-1 to promote migration in HepG2-HBx cell. All values represented the means ± SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05, ##p < 0.01, ###p < 0.001).
Compound Phyllanthus urinaria L. Inhibited Proliferation and Migration of Hepatitis B Virus-Associated Hepatocellular Carcinoma In Vivo and Ex Vivo
We next investigated the anti-growth and anti-metastasis potential of CP in nude mice. First, HepG2-HBx cells were subcutaneously injected into nude mice for the primary xenograft establishment with HBV-associated HCC. As shown, CP reduced tumor sizes (Figures 8A,B) and suppressed tumor growth in a dose dependent manner (Figure 8C), which was consistent with the in vitro experiments. There was a significant reduction in average tumor volume of CP-treated groups (130.45 ± 16.50 mm3 for 625 mg/kg CP high-dosage group, 206.54 ± 15.25 mm3 for 300 mg/kg CP low-dosage group) compared with that of the untreated group (498.95 ± 100.06 mm3) of mice bearing HepG2-HBx cells. To further explore the anti-metastasis effect of CP in vivo, a mouse model with pulmonary metastasis was established by tail vein injection of cancer cells. As shown in Figure 8D, fewer metastatic nodules in the lungs were observed in the CP administration group than in the control group. H&E staining of lung tissue showed that untreated group exhibited the morphological characteristics of cancerous tissues, whereas the CP treatment group did not lead to abnormal alterations of lung tissues. Tumor tissues were also collected for detecting expression levels of β-catenin, Cav-1, as well as metastatic markers by Western blotting analysis, and it was found that CP administration led to a reduction in the expression levels of β-catenin, Cav-1 and Vimentin as well as an increase in E-cadherin level (Figure 8E).
[image: Figure 8]FIGURE 8 | CP inhibited proliferation and migration of HBV-associated HCC ex vivo and in vivo. (A–C) HepG2-null and HepG2-HBx cells were grafted to the flank of nude mice by injecting the cells subcutaneously to observe tumor development, and volumes of tumors were determined at 3-day intervals. (D) Mice model with lung metastasis was established by tail vein injection of cancer cells. Upper panel, metastatic nodules in lungs. Lower panel, H&E staining of lung tissues. (E) Western blot analysis of tumor tissue showed that CP treatment decreased the expression levels of β-catenin and Cav-1, and enhanced the EMT process. (F) CP at concentrations from 60 to 120 μg/ml significantly decreased the primary as well as metastatic lesions in the zebrafish body when compared with control group. (G) H&E staining showed that CP suppressed the tumor growth in zebrafish. (H) Immunohistochemical staining of tumor in zebrafish showed CP treatment dramatically downregulated the expression levels of β-catenin, Cav-1 and Vimentin, and upregulated the expression level of E-cadherin. All values represented the means ± SD (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001).
To further investigate the anti-metastatic effects of CP, we employed a novel ex vivo model of metastatic zebrafish xenotransplantation model. As shown in Figure 8F, untreated tumor cells rapidly spread away from the original microinjection position in zebrafish of the control group; In contrast, CP administration not only suppressed primary tumor marked by Dil staining, but also tended to reduce the spreading inclination toward the whole zebrafish body. H&E staining also showed that CP suppressed the tumor growth in zebrafish (Figure 8G). Pathological detection of tumor tissues confirmed that the anti-cancer activities of CP were tightly associated with downregulated expressions of β-catenin, Cav-1, and Vimentin, and upregulation in the expression of E-cadherin (Figure 8H). Collectively, these results suggested that CP played a role in inhibiting growth and metastasis of HBV-associated HCC in vivo and ex vivo.
DISCUSSION
TCM-derived herbs are promising medications for preventing and treating HBV-associated HCC due to their priority of multi-substance and multi-target features, accessible bioavailability and safety performances for preventing and treating HBV-associated HCC. In our previous experimental and clinical studies, TCM formula CP potently suppressed HBV-associated HCC by interfering with HBx-SHH pathway axis, inhibiting HBV-DNA replication and suppressing HBV-associated oncogenes (Tong et al., 2014; Li et al., 2019). However, there is still limited information regarding the pharmacologic action and underlying mechanisms of CP particularly during HBV-associated HCC metastasis. In this study, we demonstrated that CP efficiently inhibited growth and metastasis of HBV-associated HCC both in vitro and in vivo. To unravel the anti-metastasis mechanism of CP, we performed network pharmacology analysis of CP. The results revealed that a total of 76 major ingredients in CP formula. We also performed HPLC analysis for quality control and determination of the amount of the selected ingredients. The Venn diagram of the intersection among active components searching of literature review, network pharmacology analysis and HPLC analysis showed that there were several common active components including gallic acid (GA), luteolin, calycosin-7-glucoside and so on. Upon reviewing the literature, we noticed that GA possessed anti-HCC ability and showed regulatory capability toward β-catenin, which might play important roles in the efficacy of CP. Retrospectively, Hadeer A Aglan et al. emphasized that GA administration abrogated the hepatocarcinogenic effect of N-nitrosodiethylamine in vivo (Aglan et al., 2017). Compared with HL-7702 normal human hepatocytes, GA exerted better selective toxicity for HCC cells and inhibited the proliferation and apoptosis of HCC cell SMMC-7721 (Sun et al., 2016). Moreover, GA could activate the melanogenesis signaling cascade via inhibition of Wnt/β-catenin signaling pathways (Su et al., 2013). Therefore, GA has considerable potential to suppress HCC. The underlying mechanism might correlate with the regulation of β-catenin. For deeper research in the years following, we will continue to examine the role of GA in tumorigenesis and development of HBV-related HCC.
To explore the mechanism, we employed network-based pharmacology by searching the available public databases and systematic analysis. We identified 181 potential genes strongly associating CP with HBV-associated HCC. Among them, CAV-1 was regarded as one of core functional cancer-associated genes of HBV-associated HCC. KEGG enrichment analysis further suggested that the Wnt/β-catenin signaling pathway was implicated in the anti-cancer and anti-metastasis mechanisms of CP during progression of HBV-associated HCC (Miyazawa et al., 2004; Shackel, 2007; Zeng et al., 2007; Perugorria et al., 2019). We next demonstrated that Cav-1 suppression by CP probably resulted in β-catenin destabilization, subsequently exerting an anti-metastatic effect on HBV-associated HCC. This finding suggested that network-based pharmacology combined with bioinformatics analysis was reliable and provided a good complement to our research work. Retrospectively, a series of TCM studies using this methodology in liver cancer has been reported extensively. For instance, Jihan Huang et al. demonstrated the underlying mechanisms of Huachansu Capsules (HCSCs) on HCC via network pharmacology and pharmacological evaluation, and found 82 related anti-HCC targets and 14 potential pathways from HCSCs, suggesting the anti-HCC effects of HCSCs exhibited a multi-component, multi-target, and multi-pathway manner (Huang et al., 2020). By establishing the target-pathway network, Wei Guo et al. identified 42 bioactive chemicals as major anti-cancer components of TCM formula Zuojin Pill by interfering with multiple pathways, such as EGFR/MAPK, PI3K/NF-κB, and CCND1, in the prevention and treatment of HCC (Guo et al., 2019). Apart from the core target Cav-1 and the key pathway Wnt/β-catenin signaling, our computational analysis also suggested that the ant-metastasis activities of CP were partly due to the interactions of other molecule targets (e.g., Myc, TP53, and EGFR) and pathways (e.g., p53 signaling, PI3K-Akt signaling, and MAPK signaling), which needs to be further investigated and validated. Collectively, an integrated approach combining the bioinformatic analysis with pharmacological experiments may provide a robust method for molecular mechanism research of the effect of TCM formula on HCC (Wang et al., 2020).
In addition to network-based pharmacology, we also established zebrafish xenograft model for better understanding the anti-metastatic ability of CP. Zebrafish have recently become a hot animal model in tumor research with many attractive attributes (Goessling et al., 2007; Stoletov and Klemke, 2008). The genome sequence of the zebrafish is well-documented (http://www.ncbi.nlm.nih.gov/genome/guide/zebrafish) and shares 75% homology with human genome (Chakraborty et al., 2016). Genes in human malignancy are structurally and functionally conserved in zebrafish (Kim et al., 2017). Compared with mice, zebrafish is characterized by small size, short breed cycle, big spawn amount and transparent embryos, requiring minimal care and low cost of human and material resources. Zebrafish is also considered as a stable and comparable model to evaluate the physiological response to various pharmacologically active substances (Zon and Peterson, 2005). Previous researchers have developed a series of tumor transplantation assays in zebrafish models to investigate different pathological activities including cell migration, proliferation, angiogenesis and tumor cell extravasation (Lawson and Weinstein, 2002; Mathias et al., 2007; Stoletov and Klemke, 2008; Chen and Zon, 2009; Ellett and Lieschke, 2010). Pradip Shahi Thakuri et al. injected labeled breast cancer cells into zebrafish embryos to establish in vivo tumor metastasis model and found that fisetin significantly inhibited the metastasis of cells to the tail, which further confirmed that fisetin effectively suppressed the migration of metastatic triple negative breast cancer cells in vivo (Shahi Thakuri et al., 2020). Yvette Drabsch et al. injected cancer cells into the embryonic circulation (duct of Cuvier), then examined their metastasis into the avascular collagenous tail after administration of various substance to block the TGF-β signaling pathway. Their results showed that TGF-β receptor kinase inhibitors and tumor specific Smad4 knockdown suppressed the invasion and metastasis of breast cancer in zebrafish xenograft model (Drabsch et al., 2013). In this study, we established zebrafish xenotransplantation model through transplanting HCC cells into 2-day-old zebrafish embryos. We found that CP treatment significantly reduced the number of cells migrated to the tail, confirming the anti-metastasis function of CP formula ex vivo. We plan to additionally evaluate the safety issue of CP with the zebrafish-embryonic model in the future.
Furthermore, it was found that CAV-1 might be the hub gene contributing to the anti-metastasis effects of CP against HBV-associated HCC. In fact, Cav-1, the primary protein component of caveolae, has been reported to be a significant regulator in tumorigenesis and metastasis (Wang et al., 2020). Cav-1 is involved in the oncogenesis and development of various malignancies, such as colon, ovarian, lung and breast carcinoma (Joo et al., 2004; Li et al., 2009; Fecchi et al., 2012; Nimri et al., 2013). In this study, Cav-1 overexpression promoted metastasis potential of HBV-associated HCC by stabilizing β-catenin, while CP administration induced autophagic degradation of Cav-1, activated the Akt/GSK3β-mediated proteasome degradation of β-catenin via ubiquitination activation, and subsequently attenuated the metastasis-promoting effect of Cav-1. On one hand, our study revealed that the upstream mediation of CP on Cav-1 expression was autophagy-dependent. In fact, autophagic degradation of Cav-1 was reported to contribute to various biological processes. For example, the autophagic degradation of Cav-1 was activated by palmitic acid and led to apoptotic cell death and inflammation in hippocampal astrocytes (Chen et al., 2018). It also triggered the defenestration of liver sinusoidal endothelial cells through suppressing the NO-dependent pathway and F-actin remodeling (Luo et al., 2018). In our study, CP decreased the expression of Cav-1, which was predominantly associated with its autophagic activation. The additional evidence came from that increased co-expressions of Lamp1 and Cav-1 in CP-treated group, probably suggesting that the CP administration led to a translocation and accumulation of Cav-1 to lysosomes for autophagic degradation. On the other hand, we found that the downstream effect of CP on Cav-1 expression is β-catenin-dependent, subsequently endowing CP with the anti-metastasis effects in HBV-associated HCC. Thus, we next investigated the interaction between Cav-1 and β-catenin with or without CP treatment in HBV-associated HCC. We found that the high Cav-1 expression might favored the stabilization of β-catenin, and promoted β-catenin nuclear translocation for transcription of its downstream genes related to metastasis. In contrast, CP administration decreased Cav-1 to subsequently promoted the ubiquitination-activated proteasome degradation of β-catenin, resulting in the suppression of cancer metastasis. Previously, there have been similar studies on the associations between Cav-1 and β-catenin during cancer initiation and progression. Cav-1 activated the Wnt/β-catenin pathway by promoting Met expression, thereby facilitating cisplatin resistance of gastric cancer cells (Wang et al., 2020). In addition, Cav-1 also targeted WNT6, an activator of Wnt pathway, to induce chemoresistance to epirubicin in human gastric cancer cells (Yuan et al., 2013). It has also been reported that Cav-1 induced the EMT process in pancreatic cancer cells by increasing the expressions of plasma membrane bound E-cadherin and β-catenin, leading to tumor metastasis and chemoresistance (Salem et al., 2011). In HCC with HBx truncated at C-terminus (HBxΔC), Cav-1 was upregulated at the transcriptional level, thereby promoting cancer aggressiveness via the LRP6/β-catenin/FRMD5 signaling axis (Mao et al., 2019). Our study suggested that CP administration induced autophagic degradation of Cav-1, subsequently activated the Akt/GSK3β-mediated proteasome degradation of β-catenin via ubiquitination activation, and resulted in suppressing metastasis-promoting effect of Cav-1 in HBV-associated HCC.
CONCLUSION
In conclusion, the current study demonstrates that autophagic inhibition of Cav-1 by CP activates ubiquitination and proteasome degradation of β-catenin to suppress metastasis in HBV-associated HCC. These findings provide evidence-based support for the clinical application of CP.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Care and Use Committee of Guangzhou University of Chinese Medicine (the Ethics Approval Number: 20210324004).
AUTHOR CONTRIBUTIONS
GT and NW conducted the design of the whole strategy; DH, BY and YY carried out all cell experiments; ML, YZ and YZ performed animal experiments; NW and FZ revised the manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (grant numbers 81774263, 81973526, 81703764, 82004132); Sanming Project of Medicine in Shenzhen, Guangdong Province, China (SZSM201612074); Science and Technology Program of Shenzhen (NO: JCYJ20190812164211151); Guangzhou science and technology project (201904010407); Guangdong traditional Chinese medicine bureau project (20211114, 20201132); and the Foundation for Young Scholars of Guangzhou University of Chinese Medicine (QNYC20190101).
ACKNOWLEDGMENTS
The authors are grateful to the support of Laboratory of TCM Syndrome Essence and Objectification. We also thank LetPub (www.letpub.com) for its linguistic modification.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.659325/full#supplementary-material
REFERENCES
 Aglan, H. A., Ahmed, H. H., El-Toumy, S. A., and Mahmoud, N. S. (2017). Gallic Acid against Hepatocellular Carcinoma: An Integrated Scheme of the Potential Mechanisms of Action Fromin Vivostudy. Tumour Biol. 39 (6), 101042831769912. doi:10.1177/1010428317699127
 Calvisi, D. F., Factor, V. M., Loi, R., and Thorgeirsson, S. S. (2001). Activation of Beta-Catenin during Hepatocarcinogenesis in Transgenic Mouse Models: Relationship to Phenotype and Tumor Grade. Cancer Res. 61 (5), 2085–2091.
 Calvisi, D. F., Factor, V. M., Ladu, S., Conner, E. A., and Thorgeirsson, S. S. (2004). Disruption of β-catenin Pathway or Genomic Instability Define Two Distinct Categories of Liver Cancer in Transgenic Mice. Gastroenterology 126 (5), 1374–1386. doi:10.1053/j.gastro.2004.02.014
 Chakraborty, C., Sharma, A. R., Sharma, G., and Lee, S.-S. (2016). Zebrafish: A Complete Animal Model to Enumerate the Nanoparticle Toxicity. J. Nanobiotechnol 14 (1), 65. doi:10.1186/s12951-016-0217-6
 Chen, A. T., and Zon, L. I. (2009). Zebrafish Blood Stem Cells. J. Cel. Biochem. 108 (1), 35–42. doi:10.1002/jcb.22251
 Chen, Z., Nie, S.-D., Qu, M.-L., Zhou, D., Wu, L.-Y., Shi, X.-J., et al. (2018). The Autophagic Degradation of Cav-1 Contributes to PA-induced Apoptosis and Inflammation of Astrocytes. Cell Death Dis 9 (7), 771. doi:10.1038/s41419-018-0795-3
 Cole, A., Frame, S., and Cohen, P. (2004). Further Evidence that the Tyrosine Phosphorylation of Glycogen Synthase Kinase-3 (GSK3) in Mammalian Cells Is an Autophosphorylation Event. Biochem. J. 377 (Pt 1), 249–255. doi:10.1042/BJ20031259
 Dang, S.-S., Jia, X.-L., Song, P., Cheng, Y.-A., Zhang, X., Sun, M.-Z., et al. (2009). Inhibitory Effect of Emodin and Astragalus Polysaccharideon the Replication of HBV. Wjg 15 (45), 5669–5673. doi:10.3748/wjg.15.5669
 Ding, Y., Tian, Y., Guo, M., Liu, J., Heng, D., Zhu, B., et al. (2016). Regulation of Glucose Transport by Thyroid Hormone in Rat Ovary. Cell Tissue Res . 366 (2), 455–466. doi:10.1007/s00441-016-2453-3
 Drabsch, Y., He, S., Zhang, L., Snaar-Jagalska, B. E., and ten Dijke, P. (2013). Transforming Growth Factor-β Signalling Controls Human Breast Cancer Metastasis in a Zebrafish Xenograft Model. Breast Cancer Res. 15 (6), R106. doi:10.1186/bcr3573
 Du, R., Xia, L., Sun, S., Lian, Z., Zou, X., Gao, J., et al. (2008). URG11 Promotes Gastric Cancer Growth and Invasion by Activation of β-Catenin Signaling Pathway. J. Cel Mol Med 14 (3), 621–635. doi:10.1111/j.1582-4934.2008.00622.x
 El-Serag, H. B. (2012). Epidemiology of Viral Hepatitis and Hepatocellular Carcinoma. Gastroenterology 142 (6), 1264–1273. doi:10.1053/j.gastro.2011.12.061
 Ellett, F., and Lieschke, G. J. (2010). Zebrafish as a Model for Vertebrate Hematopoiesis. Curr. Opin. Pharmacol. 10 (5), 563–570. doi:10.1016/j.coph.2010.05.004
 Eskelinen, E.-L. (2006). Roles of LAMP-1 and LAMP-2 in Lysosome Biogenesis and Autophagy. Mol. Aspects Med. 27 (5-6), 495–502. doi:10.1016/j.mam.2006.08.005
 Fecchi, K., Travaglione, S., Spadaro, F., Quattrini, A., Parolini, I., Piccaro, G., et al. (2012). Human Melanoma Cells Express FGFR/Src/Rho Signaling that Entails an Adhesion-independent Caveolin-1 Membrane Association. Int. J. Cancer 130 (6), 1273–1283. doi:10.1002/ijc.26092
 Goessling, W., North, T. E., and Zon, L. I. (2007). New Waves of Discovery: Modeling Cancer in Zebrafish. Jco 25 (17), 2473–2479. doi:10.1200/JCO.2006.08.9821
 Guo, W., Huang, J., Wang, N., Tan, H.-Y., Cheung, F., Chen, F., et al. (2019). Integrating Network Pharmacology and Pharmacological Evaluation for Deciphering the Action Mechanism of Herbal Formula Zuojin Pill in Suppressing Hepatocellular Carcinoma. Front. Pharmacol. 10, 1185. doi:10.3389/fphar.2019.01185
 Hagymási, K., and Tulassay, Z. (2008). Epidemiology, Risk Factors and Molecular Pathogenesis of Primary Liver Cancer. Orv Hetil 149 (12), 541–548. doi:10.1556/OH.2008.28313
 Harding, J. J., Abu-Zeinah, G., Chou, J. F., Owen, D. H., Ly, M., Lowery, M. A., et al. (2018). Frequency, Morbidity, and Mortality of Bone Metastases in Advanced Hepatocellular Carcinoma. J. Natl. Compr. Canc Netw. 16 (1), 50–58. doi:10.6004/jnccn.2017.7024
 Hong, O.-Y., Noh, E.-M., Jang, H.-Y., Lee, Y.-R., Lee, B. K., Jung, S. H., et al. (2017). Epigallocatechin Gallate Inhibits the Growth of MDA-MB-231 Breast Cancer Cells via Inactivation of the β-catenin Signaling Pathway. Oncol. Lett. 14 (1), 441–446. doi:10.3892/ol.2017.6108
 Hu, C., Dong, T., Li, R., Lu, J., Wei, X., and Liu, P. (2016). Emodin Inhibits Epithelial to Mesenchymal Transition in Epithelial Ovarian Cancer Cells by Regulation of GSK-3β/β-catenin/ZEB1 Signaling Pathway. Oncol. Rep. 35 (4), 2027–2034. doi:10.3892/or.2016.4591
 Huang, G., Lai, E. C. H., Lau, W. Y., Zhou, W.-p., Shen, F., Pan, Z.-y., et al. (2013). Posthepatectomy HBV Reactivation in Hepatitis B-Related Hepatocellular Carcinoma Influences Postoperative Survival in Patients with Preoperative Low HBV-DNA Levels. Ann. Surg. 257 (3), 490–505. doi:10.1097/SLA.0b013e318262b218
 Huang, J., Chen, F., Zhong, Z., Tan, H. Y., Wang, N., Liu, Y., et al. (2020). Interpreting the Pharmacological Mechanisms of Huachansu Capsules on Hepatocellular Carcinoma through Combining Network Pharmacology and Experimental Evaluation. Front. Pharmacol. 11, 414. doi:10.3389/fphar.2020.00414
 Huang, Y., Wang, Z., An, S., Zhou, B., Zhou, Y., Chan, H. L.-Y., et al. (2008). Role of Hepatitis B Virus Genotypes and Quantitative HBV DNA in Metastasis and Recurrence of Hepatocellular Carcinoma. J. Med. Virol. 80 (4), 591–597. doi:10.1002/jmv.21117
 Hung, I. F. N., Poon, R. T. P., Lai, C.-L., Fung, J., Fan, S.-T., and Yuen, M.-F. (2008). Recurrence of Hepatitis B-Related Hepatocellular Carcinoma Is Associated with High Viral Load at the Time of Resection. Am. J. Gastroenterol. 103 (7), 1663–1673. doi:10.1111/j.1572-0241.2008.01872.x
 Joo, H. J., Oh, D. K., Kim, Y. S., Lee, K. B., and Kim, S. J. (2004). Increased Expression of Caveolin-1 and Microvessel Density Correlates with Metastasis and Poor Prognosis in clear Cell Renal Cell Carcinoma. BJU Int. 93 (3), 291–296. doi:10.1111/j.1464-410x.2004.04604.x
 Jung, J., Kim, N. K., Park, S., Shin, H.-J., Hwang, S. G., and Kim, K. (2015). Inhibitory Effect of Phyllanthus Urinaria L. Extract on the Replication of Lamivudine-Resistant Hepatitis B Virus In Vitro. BMC Complement. Altern. Med. 15, 255. doi:10.1186/s12906-015-0792-3
 Kim, N., Ryu, H., Kim, S., Joo, M., Jeon, H. J., Lee, M.-W., et al. (2019). CXCR7 Promotes Migration and Invasion in Head and Neck Squamous Cell Carcinoma by Upregulating TGF-β1/Smad2/3 Signaling. Sci. Rep. 9 (1), 18100. doi:10.1038/s41598-019-54705-x
 Kim, O.-H., Cho, H.-J., Han, E., Hong, T. I., Ariyasiri, K., Choi, J.-H., et al. (2017). Zebrafish Knockout of Down Syndrome Gene, DYRK1A, Shows Social Impairments Relevant to Autism. Mol. Autism 8, 50. doi:10.1186/s13229-017-0168-2
 Koike, K. (2009). Hepatitis B Virus X Gene Is Implicated in Liver Carcinogenesis. Cancer Lett. 286 (1), 60–68. doi:10.1016/j.canlet.2009.04.010
 Lawson, N. D., and Weinstein, B. M. (2002). In Vivo imaging of Embryonic Vascular Development Using Transgenic Zebrafish. Developmental Biol. 248 (2), 307–318. doi:10.1006/dbio.2002.0711
 Li, H. G., Liu, F. F., Zhu, H. Q., Zhou, X., Lu, J., Chang, H., et al. (2015). Association of PTEN Gene Polymorphisms with Liver Cancer Risk. Int. J. Clin. Exp. Pathol. 8 (11), 15198–15203.
 Li, L., Ren, C., Yang, G., Goltsov, A. A., Tabata, K.-i., and Thompson, T. C. (2009). Caveolin-1 Promotes Autoregulatory, Akt-Mediated Induction of Cancer-Promoting Growth Factors in Prostate Cancer Cells. Mol. Cancer Res. 7 (11), 1781–1791. doi:10.1158/1541-7786.MCR-09-0255
 Li, Y., Jiang, M., Li, M., Chen, Y., Wei, C., Peng, L., et al. (2019). Compound Phyllanthus Urinaria L Inhibits HBV-Related HCC through HBx-SHH Pathway Axis Inactivation. Evidence-Based Complement. Altern. Med. 2019, 1–15. doi:10.1155/2019/1635837
 Lian, Z., Liu, J., Li, L., Li, X., Clayton, M., Wu, M.-C., et al. (2006). Enhanced Cell Survival of Hep3B Cells by the Hepatitis B X Antigen Effector, URG11, Is Associated with Upregulation of β-catenin. Hepatology 43 (3), 415–424. doi:10.1002/hep.21053
 Lian, Z., Liu, J., Li, L., Li, X., Satiroglu Tutan, N. L., Clayton, M., et al. (2003). Upregulated Expression of a Unique Gene by Hepatitis B X Antigen Promotes Hepatocellular Growth and Tumorigenesis. Neoplasia 5 (3), 229–244. doi:10.1016/S1476-5586(03)80055-6
 Liang, H.-W., Wang, N., Wang, Y., Wang, F., Fu, Z., Yan, X., et al. (2016). Hepatitis B Virus-Human Chimeric Transcript HBx-LINE1 Promotes Hepatic Injury via Sequestering Cellular microRNA-122. J. Hepatol. 64 (2), 278–291. doi:10.1016/j.jhep.2015.09.013
 Lin, H.-H., Feng, W.-C., Lu, L.-C., Shao, Y.-Y., Hsu, C.-H., and Cheng, A.-L. (2016). Inhibition of the Wnt/β-Catenin Signaling Pathway Improves the Anti-tumor Effects of Sorafenib against Hepatocellular Carcinoma. Cancer Lett. 381 (1), 58–66. doi:10.1016/j.canlet.2016.07.013
 Liu, L.-J., Xie, S.-X., Chen, Y.-T., Xue, J.-L., Zhang, C.-J., and Zhu, F. (2016). Aberrant Regulation of Wnt Signaling in Hepatocellular Carcinoma. Wjg 22 (33), 7486–7499. doi:10.3748/wjg.v22.i33.7486
 Liu, X., Wang, L., Zhang, S., Lin, J., Zhang, S., Feitelson, M. A., et al. (2008). Mutations in the C-Terminus of the X Protein of Hepatitis B Virus Regulate Wnt-5a Expression in Hepatoma Huh7 Cells: cDNA Microarray and Proteomic Analyses. Carcinogenesis 29 (6), 1207–1214. doi:10.1093/carcin/bgn111
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 25 (4), 402–408. doi:10.1006/meth.2001.1262
 Luo, X., Wang, D., Zhu, X., Wang, G., You, Y., Ning, Z., et al. (2018). Autophagic Degradation of Caveolin-1 Promotes Liver Sinusoidal Endothelial Cells Defenestration. Cel Death Dis . 9 (5), 576. doi:10.1038/s41419-018-0567-0
 MacDonald, B. T., Tamai, K., and He, X. (2009). Wnt/β-Catenin Signaling: Components, Mechanisms, and Diseases. Developmental Cel . 17 (1), 9–26. doi:10.1016/j.devcel.2009.06.016
 Manning, B. D., and Cantley, L. C. (2007). AKT/PKB Signaling: Navigating Downstream. Cell 129 (7), 1261–1274. doi:10.1016/j.cell.2007.06.009
 Mao, X., Tey, S. K., Ko, F. C. F., Kwong, E. M. L., Gao, Y., Ng, I. O.-L., et al. (2019). C-terminal Truncated HBx Protein Activates Caveolin-1/lrp6/β-catenin/FRMD5 axis in Promoting Hepatocarcinogenesis. Cancer Lett. 444, 60–69. doi:10.1016/j.canlet.2018.12.003
 Marrero, J. A. (2006). Hepatocellular Carcinoma. Curr. Opin. Gastroenterol. 22 (3), 248–253. doi:10.1097/01.mog.0000218961.86182.8c
 Mathias, J. R., Dodd, M. E., Walters, K. B., Rhodes, J., Kanki, J. P., Look, A. T., et al. (2007). Live Imaging of Chronic Inflammation Caused by Mutation of Zebrafish Hai1. J. Cel Sci 120 (Pt 19), 3372–3383. doi:10.1242/jcs.009159
 Miyazawa, J., Mitoro, A., Kawashiri, S., Chada, K. K., and Imai, K. (2004). Expression of Mesenchyme-specific Gene HMGA2 in Squamous Cell Carcinomas of the Oral Cavity. Cancer Res. 64 (6), 2024–2029. doi:10.1158/0008-5472.can-03-1855
 Nimri, L., Barak, H., Graeve, L., and Schwartz, B. (2013). Restoration of Caveolin-1 Expression Suppresses Growth, Membrane-Type-4 Metalloproteinase Expression and Metastasis-Associated Activities in colon Cancer Cells. Mol. Carcinog. 52 (11), 859–870. doi:10.1002/mc.21927
 Park, C.-H., Lee, B.-H., Ahn, S.-G., Yoon, J.-H., and Oh, S.-H. (2013). Serine 9 and Tyrosine 216 Phosphorylation of GSK-3β Differentially Regulates Autophagy in Acquired Cadmium Resistance. Toxicol. Sci. 135 (2), 380–389. doi:10.1093/toxsci/kft158
 Perugorria, M. J., Olaizola, P., Labiano, I., Esparza-Baquer, A., Marzioni, M., Marin, J. J. G., et al. (2019). Wnt-β-catenin Signalling in Liver Development, Health and Disease. Nat. Rev. Gastroenterol. Hepatol. 16 (2), 121–136. doi:10.1038/s41575-018-0075-9
 Rampone, B., Schiavone, B., and Confuorto, G. (2010). Current Management of Hepatocellular Cancer. Curr. Oncol. Rep. 12 (3), 186–192. doi:10.1007/s11912-010-0094-3
 Salem, A. F., Bonuccelli, G., Bevilacqua, G., Arafat, H., Pestell, R. G., Sotgia, F., et al. (2011). Caveolin-1 Promotes Pancreatic Cancer Cell Differentiation and Restores Membranous E-Cadherin via Suppression of the Epithelial-Mesenchymal Transition. Cell Cycle 10 (21), 3692–3700. doi:10.4161/cc.10.21.17895
 Shackel, N. (2007). Zebrafish and the Understanding of Liver Development: the Emerging Role of the Wnt Pathway in Liver Biology. Hepatology 45 (2), 540–541. doi:10.1002/hep.21543
 Shahi Thakuri, P., Gupta, M., Singh, S., Joshi, R., Glasgow, E., Lekan, A., et al. (2020). Phytochemicals Inhibit Migration of Triple Negative Breast Cancer Cells by Targeting Kinase Signaling. BMC Cancer 20 (1), 4. doi:10.1186/s12885-019-6479-2
 Stoletov, K., and Klemke, R. (2008). Catch of the Day: Zebrafish as a Human Cancer Model. Oncogene 27 (33), 4509–4520. doi:10.1038/onc.2008.95
 Su, T.-R., Lin, J.-J., Tsai, C.-C., Huang, T.-K., Yang, Z.-Y., Wu, M.-O., et al. (2013). Inhibition of Melanogenesis by Gallic Acid: Possible Involvement of the PI3K/Akt, MEK/ERK and Wnt/β-Catenin Signaling Pathways in B16F10 Cells. Ijms 14 (10), 20443–20458. doi:10.3390/ijms141020443
 Sun, G., Zhang, S., Xie, Y., Zhang, Z., and Zhao, W. (2016). Gallic Acid as a Selective Anticancer Agent that Induces Apoptosis in SMMC-7721 Human Hepatocellular Carcinoma Cells. Oncol. Lett. 11 (1), 150–158. doi:10.3892/ol.2015.3845
 Sun, L.-n., Chen, Z.-x., Liu, X.-c., Liu, H.-y., Guan, G.-j., and Liu, G. (2014). Curcumin Ameliorates Epithelial-To-Mesenchymal Transition of Podocytes In Vivo and In Vitro via Regulating Caveolin-1. Biomed. Pharmacother. 68 (8), 1079–1088. doi:10.1016/j.biopha.2014.10.005
 Sun, Y., Yu, M., Qu, M., Ma, Y., Zheng, D., Yue, Y., et al. (2020). Hepatitis B Virus-Triggered PTEN/β-catenin/c-Myc Signaling Enhances PD-L1 Expression to Promote Immune Evasion. Am. J. Physiology-Gastrointestinal Liver Physiol. 318 (1), G162–G173. doi:10.1152/ajpgi.00197.2019
 Tao, L., Zhu, F., Xu, F., Chen, Z., Jiang, Y. Y., and Chen, Y. Z. (2015). Co-targeting Cancer Drug Escape Pathways Confers Clinical Advantage for Multi-Target Anticancer Drugs. Pharmacol. Res. 102, 123–131. doi:10.1016/j.phrs.2015.09.019
 Tong, G.-d., Zhang, X., Zhou, D.-q., Wei, C.-s., He, J.-s., Xiao, C.-l., et al. (2014). Efficacy of Early Treatment on 52 Patients with Preneoplastic Hepatitis B Virus-Associated Hepatocellular Carcinoma by Compound Phyllanthus Urinaria L. Chin. J. Integr. Med. 20 (4), 263–271. doi:10.1007/s11655-013-1320-7
 von Olshausen, G., Quasdorff, M., Bester, R., Arzberger, S., Ko, C., van de Klundert, M., et al. (2018). Hepatitis B Virus Promotes β-catenin-signalling and Disassembly of Adherens Junctions in a Src Kinase Dependent Fashion. Oncotarget 9 (74), 33947–33960. doi:10.18632/oncotarget.26103
 Wang, C., Jin, H., Wang, N., Fan, S., Wang, Y., Zhang, Y., et al. (2016). Gas6/Axl Axis Contributes to Chemoresistance and Metastasis in Breast Cancer through Akt/GSK-3β/β-Catenin Signaling. Theranostics 6 (8), 1205–1219. doi:10.7150/thno.15083
 Wang, N., Wang, Z., Peng, C., You, J., Shen, J., Han, S., et al. (2014). Dietary Compound Isoliquiritigenin Targets GRP78 to Chemosensitize Breast Cancer Stem Cells via β-catenin/ABCG2 Signaling. Carcinogenesis 35 (11), 2544–2554. doi:10.1093/carcin/bgu187
 Wang, N., Yang, B., Muhetaer, G., Wang, S., Zheng, Y., Lu, J., et al. (2019a). XIAOPI Formula Promotes Breast Cancer Chemosensitivity via Inhibiting CXCL1/HMGB1-Mediated Autophagy. Biomed. Pharmacother. 120, 109519. doi:10.1016/j.biopha.2019.109519
 Wang, X., Li, C., Wang, Q., Li, W., Guo, D., Zhang, X., et al. (2019b). Tanshinone IIA Restores Dynamic Balance of Autophagosome/Autolysosome in Doxorubicin-Induced Cardiotoxicity via Targeting Beclin1/LAMP1. Cancers 11 (7), 910. doi:10.3390/cancers11070910
 Wang, X., Lu, B., Dai, C., Fu, Y., Hao, K., Zhao, B., et al. (2020). Caveolin-1 Promotes Chemoresistance of Gastric Cancer Cells to Cisplatin by Activating WNT/β-Catenin Pathway. Front. Oncol. 10, 46. doi:10.3389/fonc.2020.00046
 Wang, X., and Zhao, L. (2016). Calycosin Ameliorates Diabetes-Induced Cognitive Impairments in Rats by Reducing Oxidative Stress via the PI3K/Akt/GSK-3β Signaling Pathway. Biochem. Biophysical Res. Commun. 473 (2), 428–434. doi:10.1016/j.bbrc.2016.03.024
 Xu, M. X., Zhao, L., Deng, C., Yang, L., Wang, Y., Guo, T., et al. (2013). Curcumin Suppresses Proliferation and Induces Apoptosis of Human Hepatocellular Carcinoma Cells via the Wnt Signaling Pathway. Int. J. Oncol. 43 (6), 1951–1959. doi:10.3892/ijo.2013.2107
 Xu, X., Zou, L., Yao, Q., Zhang, Y., Gan, L., and Tang, L. (2017). Silencing DEK Downregulates Cervical Cancer Tumorigenesis and Metastasis via the DEK/p-Ser9-GSK-3β/P-Tyr216-GSK-3β/β-Catenin axis. Oncol. Rep. 38 (2), 1035–1042. doi:10.3892/or.2017.5721
 Yuan, G., Regel, I., Lian, F., Friedrich, T., Hitkova, I., Hofheinz, R. D., et al. (2013). WNT6 Is a Novel Target Gene of Caveolin-1 Promoting Chemoresistance to Epirubicin in Human Gastric Cancer Cells. Oncogene 32 (3), 375–387. doi:10.1038/onc.2012.40
 Yuan, K., Lian, Z., Sun, B., Clayton, M. M., Ng, I. O. L., and Feitelson, M. A. (2012). Role of miR-148a in Hepatitis B Associated Hepatocellular Carcinoma. PLoS One 7 (4), e35331. doi:10.1371/journal.pone.0035331
 Zeng, G., Awan, F., Otruba, W., Muller, P., Apte, U., Tan, X., et al. (2007). Wnt'er in Liver: Expression of Wnt and Frizzled Genes in Mouse. Hepatology 45 (1), 195–204. doi:10.1002/hep.21473
 Zhang, C., Xia, G., and Tsang, B. K. (2011). Interactions of Thyroid Hormone and FSH in the Regulation of Rat Granulosa Cell Apoptosis. Front. Biosci. (Elite Ed. 3, 1401–1413.
 Zheng, W., Yao, M., Wu, M., Yang, J., Yao, D., and Wang, L. (2020). Secretory Clusterin Promotes Hepatocellular Carcinoma Progression by Facilitating Cancer Stem Cell Properties via AKT/GSK-3β/β-catenin axis. J. Transl Med. 18 (1), 81. doi:10.1186/s12967-020-02262-7
 Zhou, X.-D., Tang, Z.-Y., Yu, Y.-Q., Yang, B.-H., Lu, J.-Z., Lin, Z.-Y., et al. (1994). Recurrence after Resection Of?-Fetoprotein-Positive Hepatocellular Carcinoma. J. Cancer Res. Clin. Oncol. 120 (6), 369–373. doi:10.1007/bf01247463
 Zon, L. I., and Peterson, R. T. (2005). In Vivo drug Discovery in the Zebrafish. Nat. Rev. Drug Discov. 4 (1), 35–44. doi:10.1038/nrd1606
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 © 2021 Huang, Yang, Yao, Liao, Zhang, Zeng, Zhang, Wang and Tong. 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/fphar-12-659325-g005.gif





OPS/images/fphar-12-659325-g006.gif
HepG2-Nul ~ HepG2HBx <

HepG2 MR Hepa2

P o 530 _so i v
G [

e
(2o vomi 0 T 3 T n

B Tom iz

Bactin

cPan 0" T30 60 rmavem

pactn

g2
tgen ¢ S s Tn
[e=——u)

pocn

T et o i

il I
Al Al e

A s e





OPS/images/fphar-12-659325-g003.gif





OPS/images/fphar-12-659325-g004.gif
oo akin

=N

a: Astragalus mongholicus Bungo b Phylanthus urinaria . <: Scullaria barbata . Don
Cromastra appandiculata (D. Don) Makino o: Curcuma aromatica Salisb.





OPS/images/fphar-12-659325-g007.gif
- Wﬂﬁﬁdﬁw

w






OPS/images/fphar-12-659325-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Autophagic Inhibition of Caveolin-1 by Compound Phyllanthus urinaria L. Activates Ubiquitination and Proteasome Degradation of β-catenin to Suppress Metastasis of Hepatitis B-Associated Hepatocellular Carcinoma		Introduction

		Materials and Methods		Preparation and Quality Control of Compound Phyllanthus urinaria L.

		Cell Culture

		Cell Proliferation and Colony Formation Assays

		Transfection of Plasmid and Small Interfering RNA

		Wound Healing Assay and Transwell Assay

		Western Blotting

		Real-Time Polymerase Chain Reaction

		Establishment of the Herb–Ingredient–Target Interaction

		Gene Ontology and Pathway Enrichment Analysis

		Cell Immunofluorescence

		Coimmunoprecipitation Analysis

		Animals and Experimental Design

		Hematoxylin and Eosin Staining and Immunohistochemistry Analysis

		Statistical Analysis





		Results		Compound Phyllanthus urinaria L. Suppressed Proliferation, Migration and Invasion of Hepatitis B Virus-Associated Phenotypes of Hepatocellular Carcinoma Cells

		Compound Phyllanthus urinaria L. Promoted the Destabilization of β-catenin in Hepatitis B Virus-Associated Hepatocellular Carcinoma

		Establishment of Network of Compound Phyllanthus urinaria L. Ingredient-Compound Phyllanthus urinaria L. Target-Hepatitis B Virus-Associated Hepatocellular Carcinoma

		Compound Phyllanthus urinaria L. Promoted Autophagic Degradation of Caveolin-1

		Caveolin-1 Inhibition by Compound Phyllanthus urinaria L. Activated the Akt/GSK3β-Mediated Proteasome Degradation of β-catenin via Ubiquitination Activation

		Compound Phyllanthus urinaria L. Inhibited Proliferation and Migration of Hepatitis B Virus-Associated Hepatocellular Carcinoma In Vivo and Ex Vivo





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
‘ frontiers
in Pharmacology

Autophagic Inhibition of
Caveolin-1 by Compound
Phyllanthus urinaria L. Activates
Ubiquitination and Proteasome
Degradation of -catenin to
Suppress Metastasis of Hepatitis
B-Associated Hepatocellular
Carcinoma





OPS/images/fphar-12-659325-g001.gif
jCTxrrr s ErTerree

oo Concamsatontim

e crpom

i -390 |

; 9009 ® |
SEELESIS

c wmw~¢06@@

ooszoRn 20m

yesese S seerese

st e ey





OPS/images/fphar-12-659325-g002.gif
T Hepdame Ronismpyiniil E g MewoLhEC

oo e ot g 9t o e -wi.

Goosow Vi
S

prRirRTRTY
e ———

= |

ot oo o st










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





