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Editorial on the Research Topic 


Hepatocellular Carcinoma: from Basic Research to Clinical Trials


Recently, with the rapid advancement of molecular biology techniques, such as sequencing, microarrays, and various omics, a comprehensive and better understanding of hepatocellular carcinoma (HCC) has been acquired, and major breakthroughs have been made in the clinical trials of new drug development in HCC (1).

In this Research Topic, we compiled a series of high-quality papers that summarized recent developments of molecular mechanism, diagnosis, treatment, and prevention of HCC. The topic starts with a number of reviews and research articles that form an update of epigenetic alteration knowledges in HCC. As one of the epigenetic factors involved in the pathogenesis of HCC, long non-coding RNAs (lncRNAs) were found to be frequently dysregulated. Ghafouri-Fard et al. summarized the recent finding of lncRNAs which contributed in the pathogenesis of HCC, and Xia et al. constructed a model based on glycolysis-related lncRNAs to reflect the prognosis of HCC patients. Besides, Zhang and Wang described the biogenesis, categories, and functions of circRNAs, as well as reviewed the crucial role of circRNAs as potential biomarkers and therapeutic targets in HCC. Moreover, Hong et al. investigated the mechanism of miR-21-3p promoting migration and invasion of HCC cells. Dong et al. focus on the importance of aberrant methylation status in the precision usage of alternative promoters in HCC, a way contributes to the cellular transformation of cancer.

The Research Topic goes on to the discussion of integrated multi-omics studies in HCC. Lin et al. identified a signature of eight inflammatory response-related genes by combining transcriptome with proteomic analyses, which is useful in prognostic prediction and influencing the immune status in HCC.

The Research Topic also pays attention to the diagnosis and prognosis of HCC. Yang et al. reviewed the role of liquid biopsy as a novel clinical biomarker for diagnosis of HCC, including but not limited to exosome in early diagnosis, prognostic evaluation, disease surveillance, and instructing treatment. In addition, Si et al. found that CCNB1, CDC20, and CENPF genes were frequently upregulated, and these genes exhibited great potential value in early diagnosis and prognosis for HCC patients. Furthermore, Hu et al. initiated an original and effective nomogram for predicting the individual probability of recurrence after PA-TACE, and identified which kind of patients may benefit from PA-TACE after surgery.

Finally, the Research Topic collected a series of high-quality papers about the treatment of HCC, covering the exploration and discussion of various treatment methods. Niu et al. introduced targeted agents with their clinical efficacy for advanced HCC, discussed the hopeful targets for drug development, and showed the effective outcomes when adopting targeted therapy in combination with immune checkpoint inhibitors. Shao et al. discovered that the combination of Crizotinib and doxorubicin (Dox) can effectively reduce Dox resistance and promote liver cancer cell death by reducing multidrug-resistant 1 (MDR1) protein. Nath et al. found that the chemotherapy effect of UTT-B, a saponin extracted from the leaves of Solanum nigrum, against HCC can be further enhanced by blocking autophagy pro-survival signal, and can also be enhanced by combination with Chloroquine. Besides, Zhu et al. aimed at the role of ubiquitin-mediated degradation of related genes in the tumorigenesis of HCC, and found it hold great promise in targeting the TRIM54/Axin1/β-catenin axis for HCC prognosis and treatment.

The editors thank all reviewers and authors for their valuable contributions. We wish that this Research Topic would inspire more discussions and thoughts for future HCC study.
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Background

Hepatocellular carcinoma (HCC) remains a major global health burden due to its high prevalence and mortality. Emerging evidence reveals that microRNA (miRNA) plays a vital role in cancer pathogenesis and is widely involved in the regulation of signaling pathways via their targeting of downstream genes. MiR-21-3p, a liver-enriched miRNA, and SMAD7, the negative regulator of the TGF-β signaling pathway, likely exert a vital influence on HCC progression.



Aims

Here, we explore the role of the miR-21-3p-SMAD7/YAP1 axis on HCC pathogenesis.



Methods

MiRNA microarray analysis was performed for miRNA screening. The dual-luciferase assay was adopted for target verification. Expression of miRNA and related genes were quantified via qRT-PCR, western blotting, and immunohistochemical staining. Flow cytometry and the transwell migration assay were used to detail cell apoptosis, invasion and metastases. Rat models were established to explore the role of the miR-21-3p-SMAD7/YAP1 axis in hepatocarcinogenesis. Bioinformatics analysis was conducted for exploring genes of clinical significance.



Results

MiR-21-3p levels were found to be significantly elevated in hepatocellular carcinoma and indicate poor overall survival. High miR-21-3p levels were associated with advanced tumor stages (P = 0.029), in particular T staging (P = 0.026). Low SMAD7/high YAP1 levels were confirmed in both HCC and rat models with advanced liver fibrosis and cirrhosis. Besides, SMAD7 was demonstrated to be the direct target of miR-21-3p. The effect of MiR-21-3p on tumor phenotypes and YAP1 upregulation could be partly reversed via the restoration of SMAD7 expression in HCC cell lines. Overexpression of YAP1 after miR-21-3p upregulation promoted expression of nuclear transcription effector connective tissue growth factor. Co-survival analysis indicated that lower miR-21-3p/higher SMAD7 (P = 0.0494) and lower miR-21-3p/lower YAP1 (P = 0.0379) group patients had better overall survival rates. Gene Set Variation Analysis revealed that gene sets related to miR-21-3p and SMAD7 were significantly associated with the TGF-β signaling pathway in HCC.



Conclusion

MiR-21-3p promotes migration and invasion of HCC cells and upregulation of YAP1 expression via direct inhibition of SMAD7, underscoring a major epigenetic mechanism in the pathogenesis of HCC.





Keywords: MiR-21-3p, hepatocellular carcinoma, SMAD7, YAP1, prognosis



Introduction

Hepatocellular carcinoma (HCC), with its rising global incidence, is a leading cause of cancer-related deaths and still lacks effective treatments (1). More than half of HCC patients are already in advanced stages of liver cancer on initial diagnosis (2). For patients suffering unresectable HCC, the multi-kinase inhibitors sorafenib and lenvatinib are considered to be effective drugs of treatment that target the multisystemic diseases (3). However, their rates of patient survival prolongation remain far from satisfactory (4). Metastasis is a crucial feature that distinguishes benign from malignant tumors, and migration and invasion of cancer cells remain the major mechanisms of drug resistance and tumor recurrence (5). It is thus of great importance to further investigate the mechanisms of HCC pathogenesis.

MicroRNAs (miRNAs), small endogenous non-coding ribonucleic acid molecules, are mainly involved in RNA silencing and regulation of gene expression via complementary targeting of the 3′-UTR region of mRNA (6). MiRNAs have been known to serve as both diagnostic and prognostic biomarkers for cancer since their discovery (7). Mutant p53 has previously been reported to facilitate the expression of miR-21-3p and further promote pulmonary metastasis (8). In addition, miR-21-3p has been found to play a pivotal role in maintaining cancer cell stemness in the progression of esophageal squamous cell carcinoma (9). We previously reported that the results of miRNA microarray analysis revealed miR-21-3p to be significantly upregulated in HCC. Moreover, prior studies reported miR-21-3p to influence HCC growth via direct downregulation of adenosyltransferases 2A and 2B (MAT2A/MAT2B) (10). However, other key targets of miR-21-3p await elucidation.

The SMAD7 protein is the negative regulator of the transforming growth factor β (TGF-β) signaling transduction pathway; the protein exerts its action via binding TGF-β Receptor I (TβRI) and interfering with recruitment of the SMAD2/SMAD3 (R-SMAD) complex and blocking functional SMAD complexes from interacting with intranuclear DNA (11, 12). A “double-edged sword” involved in maintaining physiologic cell proliferation and differentiation, the TGF-β signaling pathway is also key in tumor pathogenesis (13). Dysfunction of SMAD7 and excessive activation of the TGF-β signaling pathway were reported to be common in various types of cancers (14, 15). Feng et al.’s team found that SMAD7 deletion accelerates HCC tumorigenesis in mouse models via activation of the STAT3 signaling pathway (16). The loss of function of SMAD7 was also reported to promote HCC cell proliferation, accelerate the G1-S phase transition and reduce cell apoptosis in vivo apoptosis (17).

Yes-associated protein 1 (YAP1) is the “star nuclear effector” of the Hippo pathway, which consists of a series of kinases (18). YAP1 is in hyperactive status and considered to be an oncogene in several types of solid tumors, including HCC (19). SIX4 promotes hepatocellular carcinoma metastasis through upregulating YAP1 (20). LncRNA B4GALT1-AS1 facilitates colon cancer cell stemness via recruiting YAP1 to the nucleus and enhancing YAP1 transcriptional activity (21). Cytoplasmic YAP1 was previously reported to partially inhibit TGF-β signal transduction in COS-7 cells (a CV-1 African green monkey fibroblast cell line transformed with a mutant strain of Simian Virus 40 (SV40)) via enhancement of SMAD7 binding to TβRI. Besides, YAP1 was demonstrated to be a novel SMAD7-interacting protein (22). Nevertheless, the relationship between SMAD7 and YAP1 in HCC pathogenesis remains unclear.

Here, we detail the consequences of miR-21-3p overexpression in human HCC cells. We also describe the facilitation of YAP1 expression and the subsequent promotion of malignant phenotype progression by miR-21-3p via direct targeting of SMAD7.



Materials and Methods


Tissue Collection and Cell Culture

16 pairs of HCC tissue samples and background liver tissue (BL) were obtained from patients suffering HCC who underwent partial hepatectomy between January 2019 and December 2020. After surgical resection, specimens were immediately snap-frozen in liquid nitrogen. RNA-later (#AM7201, ThermoFisher, USA) was added to the cryogenic vials to prevent RNA degradation for subsequent extraction. Collection and usage of these samples followed ethical and institutional guidelines; all protocols were implemented after obtaining written informed consent from donors. This study was approved by the local Zhongnan Hospital Ethics Committee of Wuhan University (Approval No.2018078).

Cell lines (L02, Huh7, HepG2, HCCL-M3) involved in this experiment were purchased from Stem Cell Bank, Chinese Academy of Sciences. A mixture of Dulbecco’s Modified Eagle’s Medium (ThermoFisher), 10% fetal bovine serum (ThermoFisher), and 1% penicillin–streptomycin were used in cell culturing. All cells were grown in a humidified environment at 5% CO2 and 37°C.



MiRNA Microarray Analysis

Microarray data adopted for analysis have been described in detail before (23). Data were uploaded to NCBI’s Gene Expression Omnibus (GEO) public database http://www.ncbi.nlm.nih.gov/geo/, accession number, GSE20077).



RNA Extraction, Reverse Transcription and qRT-PCR

Total RNA extraction was performed using Trizol Reagent (Invitrogen, USA) according to manufacturer instructions. Detection of RNA quality and concentration was accomplished using the Nanodrop 2000 spectrophotometer (ThermoFisher); cDNA was obtained via a reverse transcription reaction with relevant kits (Toyobo, Japan). Gene and miRNA expression were examined using UltraSYBR Mixture (CWbio, China) and the CFX96Touch RT-PCR system (Biorad, USA). The mRNA levels of miR-21-3p and relevant genes were normalized to U6 (Ribobio, China) and GAPDH, respectively. The relative expression ratio was calculated using the 2−ΔΔCq method. Primers used are listed in Table S1.



MiRNA Related Reagents, Plasmid Construction, and Cell Transfection

Gain and loss of function of miR-21-3p were accomplished by transfecting miRNA mimics and inhibitors, respectively. Mimic- (mimic-NC) and inhibitor- (in-NC) negative controls were purchased from Ribobio. The complementary strand of miR-21-3p served as an inhibitor of miR-21-3p and competed for binding sites between miR-21-3p and target genes, but would not decrease the expression levels of miRNAs. The final concentration of these reagents was 50 nM. The SMAD7 expression vector (P-SMAD7) was constructed using a GV141 vector (GeneChem, China) with plasmids-NC (P-NC) serving as an experimental control. All transfection experiments were performed using Lipofectamine 2000 (Invitrogen, USA) according to manufacturer guidelines.



Western Blot

Proteins were collected using lysis buffer (Beyotime Biotechnology, China) containing protease inhibitor (PMSF, 1:100) and were centrifuged at 20627g for 20 min at 4°C; the supernatant was subsequently transferred to new tubes. Protein concentrations were detected using a BCA protein kit (Beyotime). Lysis buffer was mixed with protein loading buffer and protein was denatured at 100°C for 5 min. An equal amount of proteins was separated using SDS-polyacrylamide gels and then transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, USA). Membranes were blocked for 2 h with 5% skimmed milk and incubated with primary antibodies overnight at 4°C. Secondary antibodies were subsequently added for 1.5 h at room temperature. Protein bands were obtained using an enhanced chemiluminescence (ECL) kit (Servicebio, Wuhan, China) using GENESys (Synoptics Ltd, China). anti-SMAD7 (#25840-1-AP) was purchased from Proteintech (China). anti-YAP1 (#14074), anti-E-cad (#3195), anti-N-cad (#13116), anti-vimentin (#5741) and anti-CTGF (#86641); these antibodies were purchased from Cell Signaling Technologies (USA). Anti-Bcl2 (#ab182858), anti-Bax (#ab32503) and anti-GAPDH (#ab8245) antibodies were purchased from Abcam (UK) while Goat Anti-Rabbit IgG HCS (#A25222) and goat anti-mouse IgG-horseradish peroxidase (#A25012) were purchased from Abbkine (USA).



Dual-Luciferase Reporter Assay

A pmirGLO-SMAD7 vector was constructed, consisting of predicted binding sites that were mutated and ligated between the PmeI and XbaI restriction enzymes sites of the pmirGLO Dual-Luciferase miRNA Target Reporter Vector (#E1300, Promega, USA). The SMAD7 3′-UTR region contains two putative binding sites for miR-21-3p, with seed regions at 1,428–1,434 and 1,445–1,451. The mutant 3 (Mut 3) strand mutated two binding sites simultaneously. The wild-type (WT) and mutant SMAD7 3′-UTR luciferase reporter plasmids (0.25 μg/well) were co-transfected into huh-7 cells with miR-21-3p mimics or miR-NC (50 nM, 0.15 μl/well), respectively. A Dual-Glo Luciferase Assay System (#E2920, Promega) was employed to investigate firefly luciferase and Renilla luciferase activity 24 h after transfection, respectively. Firefly luciferase activity was normalized to Renilla luciferase activity. Data were collected using Enspire 2300 (PerkinElmer). Six repetitions per group were calculated.



Cell Apoptosis and Flow Cytometry Assays

A total of 4 × 105 cells were transfected with miR-21-3p mimics with/or SMAD7 plasmids. After 24 h, cells were collected (including dead cells in culture medium); Huh-7 and Hep-G2 cells were processed according to Annexin V-FITC/PI Double stain apoptosis detection kit manufacturer instructions (#4101-2, BestBio, China). Fluorescence intensity on the flow cytometer was promptly collected to investigate the rate of apoptosis (Cytoflex Beckman, China).



Cell Invasion and Metastasis Assay

The protocol for processing HCC cell lines was identical to the above cell apoptosis assay. Cells were harvested at 24 h post-transfection, suspended in 5% FBS culture medium and seeded at 5 × 104 cells per upper chamber (6.5 mm. in diameter, 8.0 um pore size, Corning, USA). The lower chamber was filled with 600 μl of medium (15% FBS). Cells were fixed with 4% paraformaldehyde for 20 min at room temperature and stained with 0.1% crystal violet (Sigma-Aldrich, USA). The upper cells were wiped with cotton swabs. Random photographs of 200× fields were taken using an inverted microscope (Olympus IX3). The difference between cell invasion and migration assays was that in the latter, one upper chamber required pretreatment with 0.3% Matrigel matrix (#356234, Corning); this was performed at 37°C for 4 h. Three independent experiments were performed.



Animal Experiments

A Wistar rat model was established as previously described and rats were grouped according to the Metavir score system (24, 25). In brief, Wistar rats (male, aged 7–8 weeks and weighing 200–220 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd (China). All animal handling methods and experimental procedures were approved by the Animal Care and Use Committee of Wuhan University in accordance with the Animal Experiment/Animal Biosafety Level-III Laboratory Guidelines. Rats were injected with 40% carbon tetrachloride (CCl4) dissolved in maize oil (1.5ml/kg) twice per week. At 8, 14, and 18 weeks, liver fibrosis, cirrhosis, and HCC manifested, respectively. Hematoxylin–eosin and Masson staining images of rat tissues are shown in Figure S1A.



Immunohistochemistry

Immunohistochemical staining of patient and animal tissues was performed by the Servicebio Company. Tissue photographs were taken using an inverted microscope (Olympus IX3). Positively stained cells were counted in at least five fields from each area at 400× magnification. Primary antibodies were:

Anti-SMAD7: (#25840-1-AP, Proteintech): 1:200; anti-YAP1 (#14074, Cell Signaling Technology): 1:400.



Gene Set Variation Analysis and Kyoto Encyclopedia of Genes and Genomes Pathways Analysis With miR-21-3p/SMAD7 Expression

GSVA, an open-source software package for R (3.5.2), was adopted to explore the potential biological relevance of genes according to their levels of expression. Findings are presented in the form of the intuitive volcano and specific heat maps. Gene terms with |logFC| ≥0.1 and P <0.05 were considered statistically significant. The KEGG gene sets (c2.cp.kegg.v6.2.symbols.gmt) downloaded from the Molecular Signatures Database–MsigDB (http://www.broad.mit.edu/gsea/msigdb/index.jsp) were used for miRNA enrichment analysis.



Bioinformatics Data

MicroRNA Target Prediction Database (miRDB), PicTar and TargetScan databases were used for searching miRNA targets and predicting binding sites. Cohort data, including RNA sequencing and clinical data of 376 HCC patients were downloaded from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/). Data with incomplete clinical information were excluded during analysis. Clinical characteristics of HCC patients from the TCGA database are detailed in Table 1.


Table 1 | Clinical characteristics of HCC patients from the studied TCGA data set.





Statistical Analysis

Data were presented as mean ± standard deviation (SD) and analyzed using the Student’s t-test or one-way ANOVA. Quantitative data were representative of three experiments. Wilcoxon signed-rank and Wilcoxon rank-sum tests were adopted to analyze gene expression in paired and non-paired tissue samples. The relationship between clinicopathological characteristics and gene expression was evaluated using the Wilcoxon rank-sum test. Prognosis analysis was performed using the Kaplan–Meier method and univariate Cox regression. All statistical analyses and data plotting were performed using R (v.3.5.2); P< 0.05 was considered statistically significant.




Results


The Upregulation of miR-21-3p in HCC and Its Clinical Significance Based on Bioinformatics Analysis

Based on our earlier chip analysis results, which were sorted by P-value and differential expression, miR-21-3p was found to be significantly (P = 0.0278) upregulated in HCC as compared to normal liver tissue (Table 2). To further verify chip analysis results, miR-21-3p mRNA expression was examined in both human HCC as well as Wistar rat model tissues, respectively. Results revealed miR-21-3p to have been significantly enriched in human HCC tissues as compared to background liver tissues [Figure 1A(a)]. Such upregulation was also observed in tissues obtained from rats with late-stage liver fibrosis and cirrhosis [Figure 1A(b)]. Relative to normal human L02 cells, miR-21-3p levels were increased in Huh-7, Hep-G2, and HCCL-M3 HCC cell lines [Figure 1A(c)]. Considering expression consistency in human tissues, rat liver disease models and cell lines, miR-21-3p upregulation was further investigated. Data downloaded from TCGA, including the clinicopathological characteristics of 376 HCC patients (Table 1), were divided into high and low miR-21-3p expression groups. Patients with high miR-21-3p expression were significantly correlated with advanced clinical stages (P = 0.029), especially higher T staging (P = 0.026), while no significant differences were observed in patient age or gender (Figure 1B). Higher miR-21-3p expression was also correlated to shorter 10-year overall survival (OS) time (log-rank P = 0.026) (Figure 1C). GSVA analysis of miR-21-3p displayed that high miR-21-3p expression was mainly enriched among 20 pathways in the progression of HCC (Figure 1D). The top three relevant gene sets were involved in nitrogen metabolism, fatty acid metabolism and primary bile acid biosynthesis, underscoring the vital influence miR-21-3p exerts on cellular metabolic activity (Figure 1E). KEGG pathway analysis of miR-21-3p targets revealed that downstream targets were strongly associated with metabolic pathways, the Hippo signaling pathway and TGF-β transduction pathway (Table 3). The intersections of miR-21-3p potential targets from three authoritative databases, namely TargetScan, PicTar, and miRDB, were SMAD7, HBP1, and FBXO11, respectively (Figure 1F). Of these, SMAD7 scored highest (Table 4). The relationship between miR-21-3p and SMAD7, however, requires further elucidation.


Table 2 | Levels of miRNA expression in all three HCC cases and corresponding normal liver samples (top 10 listed here).






 Figure 1 Upregulation and clinical significance of miR-21-3p in hepatocellular carcinoma (HCC). (A) TaqMan quantitative RT-PCR was performed to analyze microRNA-21-3p (miR-21-3p) expression; 16 pairs of human HCC and counterpart background liver (BL) tissue were examined (A-a); Normal liver tissue (NLT), fibrotic (F1–F3) and cirrhotic (F4) tissue from rat models were also analyzed (A-b); MiR-21-3p expression in L02, Huh-7, Hep-G2 and HCCL-M3 cell lines (A-c); Each dot indicates the level of expression in an individual case, calculated by the 2−ΔΔCt method. (B) Association of the miR-21-3p expression level with clinicopathological characteristics (age, gender, and TNM staging, respectively). (C) Kaplan–Meier curves representing the relationship between miR-21-3p and the overall survival (OS, as percentage) in HCC patients among the studied data set from The Cancer Genome Atlas (TCGA) (n = 376). Statistical significance between miRNA expression and OS was determined using the log-rank test. (D) Volcano map of the microarray gene set variation analysis (GSVA) data based on high or low miR-21-3p expression. (E) Kyoto Encyclopedia of Genes and Genomes pathways of miR-21-3p, based on TCGA data GSVA in HCC. Significant terms are described in the heat map (top 13 listed). (F) Venn diagram of the intersections of three databases (miRDB, TargetScan, and PicTar) of predicted downstream target genes of miR-21-3p. *P < 0.05, **P < 0.01, ****P < 0.0001.




Table 3 | The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of miR-21-3p downstream targets (top 12 listed here).




Table 4 | Intersection of potential miR-21-3p targets based on analysis of three online databases.





SMAD7, a Direct Target of miR-21-3p, Was Decreased in HCC

The KEGG enrichment results of miR-21-3p and prediction of potential target scores were considered when evaluating expression of SMAD7 in human and rat model tissue samples, respectively. Compared to background liver tissue, SMAD7 was decreased in HCC (9/10) [Figure 2A(a)]. In addition, lighter brown staining was observed in HCC as compared to background liver tissue [Figure 2B(a)]. Along with the progression of liver disease in rat models, SMAD7 deletion in rats with advanced fibrosis and cirrhosis (F3, F4) (F: fibrosis) was observed in terms of protein expression levels when compared to normal rats [Figure 2A(b)]; immunohistochemical staining confirmed this trend [Figure 2B(b)]. Considering the apparent up-regulation of miR-21-3p and down-regulation of SMAD7 in HCC, the Dual-Luciferase assay was performed in Huh-7 cells to confirm the linear regulatory association among miR-21-3p and SMAD7. Binding site prediction revealed two high-scoring potential binding sites in the 3′-UTR region of SMAD7. In the miR-21-3p and reporter vector containing wild-type SMAD7 co-transfection group, luciferase activity was found to be significantly inhibited, while in the group containing mutant SMAD7 reporter vectors, the inhibition efficiency was not found to be statistically significant between miR-NC and miR-21-3p groups (Figure 2C). The above findings indicate that the predicted binding sites likely both inhibit SMAD7.




Figure 2 | SMAD7, a direct target of miR-21-3p, was decreased in HCC. (A) Western blotting and density photography of SMAD7 expression in human HCC (T: tumor) and background liver tissue (B: background) (a); SMAD7 and YAP1 expression in different stages of rat hepatocarcinogenesis, including normal, fibrotic (F1–F3) and cirrhotic (F4) tissue (b). (B) SMAD7 expression in HCC (a) and rat liver tissue in different stages of tumorigenesis (b) as illustrated by immunohistochemical methods (magnification 400×). Six paired human and three rat samples from each group were statistically analyzed. (C) Base pairing complement detailed the two putative YAP1 miR-21-3p binding sites at 3’-UTR predicted by TargetScan. PmiR-GLO-SMAD7 vector was co-transfected with mimic-21 or mimic-NC; wild-type (WT); or mutant (Mut). Mut-1-2 represents the two predicted binding sites. Mut-3 represents two mutant binding sites. Luciferase activity assay of pmiR-GLO-SMAD7-3’-UTR co-transfection with miR-21-3p or NC mimics. Firefly luciferase activity was measured 24 h after transfection and normalized to Renilla luciferase activity. All data for miR-NC groups were set as 1. All experiments were performed in triplicate. Data are presented as mean ± SEM. *P < 0.05,**P < 0.01, ***P < 0.001.





Overexpression of SMAD7 Partly Abrogates the Tumorigenic Effect of miR-21-3p on Malignant Phenotypes in HCC

Expression of SMAD7 increased after transfection of miR-21-3p inhibitors and decreased following transfection of miR-21-3p mimics in Huh-7 [Figure 3A(a)] and Hep-G2 [Figure 3A(b)] cells. To investigate the effects of the miR-21-3p/SMAD7 axis on HCC malignant phenotypes, biomarkers associated with cell apoptosis, migration, and invasion were studied. The pro-apoptotic protein Bax and epithelial signature protein E-cadherin (E-cad) were found to be upregulated, while the anti-apoptotic protein Bcl-2, mesenchymal characteristic protein N-cadherin (N-cad) and vimentin were downregulated after down-regulating miR-21-3p in Huh-7 and Hep-G2 cells, respectively (Figure 3A). Effects of miR-21-3p on malignant cellular biomarkers were partly attenuated by SMAD7 co-transfection in both cell lines (Figure 3B). Flow cytometry results revealed that rates of early apoptosis, as evidenced by green staining, were increased after SMAD7 transfection (P < 0.01) (Figure 4A). Migration [Figure 4B (a-b)] and invasion [Figure 4B(c-d)] were enhanced by transfection of miR-21-3p mimics and partly reversed by SMAD7 restoration.




Figure 3 | Cell phenotype biomarker variation after SMAD7 transfection with or without miR-21-3p mimics. (A) Western blotting revealing expression of the pro-apoptotic proteins Bax and Bcl-2 and the epithelial–mesenchymal transition (EMT) proteins E-cadherin, N-cadherin and vimentin 48 h after transfection with miR-21-3p inhibitors with or without mimics in Huh-7 (a) and Hep-G2 (b) cells, respectively. Transfection efficiency is listed alongside the image. (B) SMAD7 plasmids (P-SMAD7) were constructed to overexpress SMAD7; plasmids-NC (P-NC) served as control. Transfection efficiency of SMAD7 is listed alongside the image. Pro-apoptotic (Bcl-2, Bax) and EMT (E-cadherin, N-cadherin, vimentin) biomarkers were quantified after P-SMAD7 and/or miR-21-3p mimic co-transfection in Huh-7 (a) and Hep-G2 (b) cells; photo density in group 1 (mimic-NC+ P-NC) was set at 1. All experiments were performed in triplicate. Data are presented as mean ± SEM. **P < 0.01, ***P < 0.001.






Figure 4 | Effects of miR-21-3p on malignant HCC phenotypes could be partly reversed via SMAD7 overexpression. (A) Flow cytometry was performed to analyze the apoptotic index of Huh-7 (a) and Hep-G2 (b) cells after transfection. Cells were co-stained with Annexin FITC/PI; Annexin FITC+/PI- cells that stained green were considered as being in early apoptosis. Normal, late-stage apoptotic and necrotic cells are shown in yellow, red and purple, respectively. Three independent experiments were performed. Data are shown as mean ± SD. (B) Transwell assay was performed to detect the migration (a, b) and invasion (c, d) in Huh-7 and Hep-G2 cells separately after transfection. *P < 0.05, **P < 0.01; ***P < 0.001.





MiR-21-3p Enhanced YAP1 Expression Partly via Downregulation of SMAD7

KEGG pathway enrichment analysis revealed that miR-21-3p associates significantly with the Hippo/YAP1 pathway (Table 3). Notably, a prior study reported cytoplasmic YAP1 to enhance SMAD7 binding to activated TβRI (22). To further investigate potential associations among, miR-21-3p, SMAD7 and YAP1 in HCC, YAP1 expression was detected in both human and rat model HCC tissues. Compared to background liver tissue, YAP1 was found to be enriched in human HCC tissues (8/10) (Figure 5A), as well as in advanced liver fibrosis and cirrhosis tissues compared to early stages (F1, F2) (F: fibrosis) [Figure 2A(b)]. Darker brown staining on immunohistochemistry was observed in HCC tissues [Figure 5B (a)] as well as F3 and F4 stages in rat tissues as compared to F1 [Figure 5B (b)]. In both Huh-7 and Hep-G2 cells, YAP1 expression was upregulated by miR-21-3p and inhibited after reducing miR-21-3p [Figures 5C(a, b)]. On the protein level, promotion of YAP1 expression was partly attenuated by co-transfecting SMAD7 [Figure 5C(b)]. However, neither miR-21-3p nor SMAD7 had any significant influence on YAP1 mRNA levels [Figures 5C (c, d)]. Besides, mRNA (Figure S2A) and protein [Figure 5C(b)] expression trends of connective tissue growth factor (CTGF), previously demonstrated to be the direct nuclear target of YAP1, were consistent with YAP1 here (26).




Figure 5 | YAP1 is upregulated in HCC and is facilitated by miR-21-3p via SMAD7 inhibition. (A) Western blotting was performed to show YAP1 expression in human HCC (T: tumor) and corresponding background liver tissue (BL) (B: background). Photographs are detailed alongside. (B) YAP1 expression in HCC, BL (a) and different liver disease stages in a rat model (b) was evaluated via immunohistochemical staining (magnification 400×). Six paired human and three rat samples in each group were statistically analyzed. (C) Western blotting of YAP1 48 h after transfection with miR-21-3p inhibitors or mimics in Huh-7 and Hep-G2 cells (a); protein (b) and mRNA (c, d) YAP1 expression after plasmid-SMAD7 transfection, with or without miR-21-3p mimics. Experiments were performed separately in triplicate. *P < 0.05, **P < 0.01; ***P < 0.001.





The Clinical Significance of SMAD7/YAP1 Based on Bioinformatics Analysis

SMAD7 was decreased (P = 4.578e-04) and YAP1 (P = 3.6e-05) was increased in HCC compared to adjacent normal liver tissues based on data of 376 HCC patients downloaded from TCGA database (Figure 6A). Analysis of RNA sequencing and patient clinicopathological data revealed that higher levels of SMAD7 associate with lower grades (P = 0.047) [Figure 6B (a)]. In addition, higher YAP1 levels were found to associate with higher disease stages (P = 0.037), in particular, M stages (P = 0.045) [Figure 6B(b)]. Co-survival analysis revealed that lower miR-21-3p/higher SMAD7 (P = 0.0494) and lower miR-21-3p/lower YAP1 (P = 0.0379) ratios associate with a better five-year OS rate (Figure 6C). GSVA data, presented as a volcano map, revealed SMAD7 to be mainly involved in 18 pathways (Figure 6D). Among them, the TGF-β signaling pathway and the Notch signaling pathway were most relevant in HCC (Figure 6E).




Figure 6 | The clinical significance of SMAD7/YAP1 in HCC based on bioinformatics analysis. (A) Discrepancies in SMAD7 (a) and YAP1 (b) expression levels in liver tumor tissues (Tumor) and non-paired relative normal samples (Normal) from the TCGA database are presented. (B) Relationship between expression of SMAD7 (a), YAP1 (b) and HCC clinicopathological terms as quantified using the Wilcoxon rank-sum test. Data with incomplete clinical traits were excluded from analysis. (C) Kaplan-Meier curves representing overall survival (OS, as percentage) in HCC patients based on miR-21-3p/SMAD7 or miR-21-3p/YAP1 levels from the studied TCGA data set (n = 376). Statistical significance among miRNA/mRNA expression and OS was determined using the log-rank test. SMAD7-related KEGG pathways based on gene set variation analysis of TCGA data are shown in volcano (D) and heat (E) maps (top ten including representative terms), respectively.






Discussion

As the second leading cause of cancer-related death worldwide, HCC still lacks efficient treatments. Pathological miRNA expression plays a critical role in cancer pathogenesis. According to data obtained from our microarray analysis, miR-21-3p ranked fourth based variance and P-values, while miR-34a, miR-224 and miR-34b ranked top three, respectively. The miR-34 family was reported to associate with DNA methylation in HCC (27), while miR-224 was reported to promote HCC migration and invasion via Homeobox D gene targeting (28). Prior literature primarily focused on introducing the function of the guide strand of miR-21, miR-21-5p, in HCC; not much data concerning the passenger strand miR-21-3p were detailed. Increasing studies have detailed the function of miR-21-3p, thereby furthering knowledge of the role this miRNA plays in cellular signaling (29, 30). Importantly, miR-21-3p may be used as a signature in predicting the survival rate of triple-negative breast cancer patients (31). In addition, its overexpression facilitates pulmonary metastasis by compromising the junction between tumor and stromal cells (8). Here, miR-21-3p levels were found to be increased in HCC tissue samples compared to adjacent background liver tissue (P < 0.001), suggesting a poor prognosis. Furthermore, mRNA expression level analysis of miR-21-3p in rat models revealed that miR-21-3p is involved in not only HCC progression but also tumorigenesis. KEGG pathway analysis of miR-21-3p binding targets revealed a significant association with the TGF-β transduction and Hippo signaling pathways. The abnormal overexpression of miR-21-3p perpetuated malignant HCC phenotypes.

A number of chronic liver pathologies including fibrosis and cirrhosis are strongly associated with the development of HCC (32). One in three patients with cirrhosis will develop HCC in their life (33). Dysregulation of the TGF-β/SMAD family was confirmed in the setting of liver fibrosis and cirrhosis (34). Subsequent evidence demonstrated that miRNAs were involved in both liver fibrosis and cirrhosis via direct targeting of SMAD proteins (35). The promotion of epithelial–mesenchymal transition and cancer cell metastasis by TGF-β and the SMAD family was reported in a great number of malignancies. Of note, SMAD7 is known to be one of the most significant regulators of the TGF-β pathway. Our findings highlighted the role of SMAD7 in HCC pathogenesis. The absence of SMAD7 was widely noted in HCC tissues compared to background liver tissue, and a pronounced decline in SMAD7 levels in rat models with advanced liver fibrosis and cirrhosis was found as compared to normal rat liver tissue. In addition, SMAD7 deletion was consistently noted in HCC cell lines (Figure S2B). We confirmed SMAD7 to be a direct target of miR-21-3p in HCC. Restoration of SMAD7 levels was found to impair Huh-7 and Hep-G2 cell migration and invasion capabilities, which were noted to be enhanced by miR-21-3p. GSVA analysis revealed SMAD7 to be mainly involved in the TGF-β signaling transduction pathway in HCC. Deletion of SMAD7 in the progression of HCC is thus of vital importance.

Previous genetic analysis of miR-21-3p targets confirmed that miR-21-3p is strongly associated with the Hippo signaling pathway. Cross-talk between the TGF-β/SMAD and Hippo/YAP1 signaling pathways has also been widely studied  (36, 37). YAP1, a protein that interacts with SMAD7, plays diverse roles in various illnesses (22). Increased levels of SMAD7 were observed in approximately 50% of pancreatic cancer cases, with increased SMAD7 and YAP1 mRNA expression found to contribute to resistance against TGF-β signaling in this condition (38). Intranuclear SMAD7 promotes YAP1 translocation from the nucleus to the cytoplasm and blocks YAP1 transcription, inhibiting HCC progression (39). In the cytoplasm, YAP1 facilitates SMAD7 to activated TβRI and inhibits the TGF-β/SMAD signal transduction. The counterbalance between SMAD7 and YAP1 exerts a great impact on the TGF-β signal transduction. Here, we explored interactions among miR-21-3p, SMAD7 and YAP1. Our findings revealed YAP1 expression to be increased in HCC tissues compared to background liver tissue. In the advanced stages of liver disease in rat models, YAP1 expression was higher than in normal liver tissue. Overexpression of miR-21-3p was found to enhance YAP1 expression; YAP1 overexpression via miR-21-3p was partly reversed by SMAD7 transfection. Increased levels of YAP1 were found to promote the expression of nuclear transcription factor CTGF. Lower SMAD7 expression facilitates the intranuclear entry of YAP1 and the subsequent initiation of downstream factor transcription. In vitro experiments revealed this phenomenon to be more pronounced in Huh-7 as compared to Hep-G2 cells, and this is likely of relevance to intracellular miR-21-3p and SMAD7 expression [Figure 1A(c), S2B].

Recent studies have suggested that not only is YAP1 regulated by a series of miRNAs, but that nuclear YAP1/TAZ (the paralog of YAP1) influences the conversion of pri-miRNA into pre-miRNA (40). The Hippo/YAP1 signaling pathway is currently understood to be the key pathway that converts physicomechanical into biochemical signals to affect cellular functions. The characteristic microenvironment that distinguishes HCC from other malignancies is an increase in local mechanical stress and stiffness. Over half of HCC manifests in the setting of existing cirrhosis. Hepatic fibrosis and cirrhosis are typical examples of extracellular matrix sclerosis (41). Although data were varied among studied patients, the stiffness of HCC tissue (55 kpa) was reported to be almost 10 times that of normal liver tissue (4 kpa) as detected by Fibroscan (42). Previous studies confirmed YAP1 to be a mechano-transducing effector that translocates from the cytoplasm to the nucleus when cells are shifted from soft to stiff matrices (43–45), consistent with our findings studying rat model fibrosis and cirrhosis. We supposed that throughout the pathogenesis of HCC, not only does stiffness increase but the increased synthesis of YAP1 via miR-21-3p likely results in nuclear translocation and further facilitation of pre-miR-21-3p formation (Figure 7). However, such possible positive feedback and the cascade amplification response brought about in HCC require further cell fractionation and in vivo confirmatory experiments.




Figure 7 | Graph abstract HCC manifestation is typically preceded by hepatic fibrosis and cirrhosis. There are limited cures for patients suffering advanced liver cirrhosis and HCC. Dysfunction of the Hippo signaling and TGF-beta transduction pathways plays a vital role in the pathogenesis and course of this illness. YAP1 recruits SMAD7 to activated TGF-β receptor I (TβRI), hampering the formation of co-SMAD (SMAD2/3 and SMAD2/4) complexes. These SMAD complexes are thus unable to enter the nucleus to activate transcription of downstream effectors. SMAD7 serves as the negative regulator of the TGF-β signaling pathway. The Hippo signaling pathway is composed of a series of kinases including MST1/2, LATS1/2, and nuclear effector YAP1. Once the Hippo pathway is activated, LATS1/2 is phosphorylated by MST1/2. LATS1 is mainly involved in cell autophagy, DNA methylation and drug resistance. LATS2 phosphorylates YAP1, leading to its degradation. Overexpressed miR-21-3p directly silences SMAD7 expression by binding to its 3′-UTR region, further impairing the linkage between SMAD7 and YAP1. The decreased stability of the SMAD7/YAP1 complex facilitates YAP1 translocation to the nucleus and results in the subsequent transcription of the downstream gene connective tissue growth factor (CTGF).



In conclusion, our results underscored the oncogenic role of miR-21-3p in HCC. MiR-21-3p-SMAD7/YAP1 axis was identified to better understand the mechanisms of occurrence and development of liver cancer.
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Background

Hepatocellular carcinoma (HCC) is a highly heterogeneous disease, which makes the prognostic prediction challenging. As part of the active cross-talk between the tumor and the host, inflammatory response in the tumor or its microenvironment could affect prognosis. However, the prognostic value of inflammatory response-related genes in HCC remains to be further elucidated.



Methods

In this study, the mRNA expression profiles and corresponding clinical data of HCC patients were downloaded from the public database. The least absolute shrinkage and selection operator Cox analysis was utilized to construct a multigene prognostic signature in the TCGA cohort. HCC patients from the ICGC cohort were used for validation. Kaplan Meier analysis was used to compare the overall survival (OS) between high- and low-risk groups. Univariate and multivariate Cox analyses were applied to determine the independent predictors for OS. Single-sample gene set enrichment analysis was utilized to calculate the immune cell infiltration score and immune related pathway activity. Gene set enrichment analysis was implemented to conduct GO terms and KEGG pathways. The qRT-PCR and immunohistochemistry were utilized to perform the mRNA and protein expression of prognostic genes between HCC tissues and normal liver tissues respectively.



Results

An inflammatory response-related gene signature model was constructed by LASSO Cox regression analysis. Compared with the low-risk group, patients in the high-risk group showed significantly reduced OS. Receiver operating characteristic curve analysis confirmed the predictive capacity of the prognostic gene signature. Multivariate Cox analysis revealed that the risk score was an independent predictor for OS. Functional analysis indicated that immune status was definitely different between two risk groups, and cancer-related pathways were enriched in high-risk group. The risk score was significantly correlated with tumor grade, tumor stage and immune infiltrate types. The expression levels of prognostic genes were significantly correlated with sensitivity of cancer cells to anti-tumor drugs. Furthermore, the expression of prognostic genes showed significant difference between HCC tissues and adjacent non-tumorous tissues in the separate sample cohort.



Conclusion

A novel signature constructed with eight inflammatory response-related genes can be used for prognostic prediction and impact the immune status in HCC. Moreover, inhibition of these genes may be a therapeutic alternative.
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Introduction

Liver cancer is the sixth most commonly diagnosed cancer and the fourth leading cause of cancer death worldwide (1). Hepatocellular carcinoma (HCC) accounts for the majority of primary liver cancer. Etiologies for HCC include chronic infection with hepatitis B virus and hepatitis C virus, alcohol addiction, metabolic liver disease (especially nonalcoholic fatty liver disease) and exposure to dietary toxins such as aflatoxin and aristolochic acid (2). HCC is a complex and heterogeneous disease with a 5-year survival rate of only 14.1% in China due to the high frequency of recurrence (3), usually accompanied by cirrhosis or other related complications that bring great challenges to the prognosis evaluation.

The link between inflammation and cancer is well recognized. Rudolf Welshaw et al. first discovered “lymphatic network infiltration” near the origin of cancer, and pointed out that it plays an active role in the occurrence of cancer (4). The role of inflammation in the occurrence and development of cancer has always been the focus of people’s research (4–7). Inflammation can both promote and inhibit cancers (5, 8). By analyzing the routinely available parameters in the blood, people can explore the relationship of cancer with inflammatory markers. For example, studies confirmed many inflammatory response-related features in the peripheral blood of patients with liver cancer, such as thrombocytosis, leukocytosis, hypoproteinemia and elevated plasma fibrinogen (9). The clinical systemic inflammation markers including medium-granulocyte ratio, platelet-lymphoid ratio and lymphoid-monocyte ratio were evaluated in newly diagnosed and previously untreated HCC, and these markers showed significant prognostic ability for OS independent of previously recognized prognostic factors for HCC (10). The Glasgow prognosis score composed of C-reactive protein and albumin had independent prognostic value for cancer patients (11). More and more studies supported the combination of various acute phase proteins to develop comprehensive prognostic scores for cancers based on inflammation. In addition to serum markers, some inflammatory response-related genes were used to predict the metastatic potential of HCC (12). However, the relationship between inflammatory response-related genes and the prognosis of HCC remains unknown.

In this study, we downloaded the mRNA expression profile and corresponding clinical data of patients with HCC from the public database. Then, we constructed a prognostic signature with differentially expressed genes (DEGs) related to inflammatory response in the TCGA cohort and validated the stability and reliability of the model through the ICGC cohort. Then, we further carried out functional enrichment analysis to explore its potential mechanism. Besides, we analyzed the association between prognostic gene expression and immune infiltrate types. Moreover, we investigated the relationship of prognostic gene expression with tumor stemness and cancer chemoresistance. Finally, the mRNA and protein expression of prognostic genes between HCC tissues and adjacent non-tumorous tissues was validated by laboratory experiments.



Methods


Data Collection (TCGA-LIHC Cohort and ICGC (LIRI-JP) Cohort)

RNA sequencing data and corresponding clinical information of 370 patients with liver cancer were downloaded from TCGA website (https://portal.gdc.cancer.gov/repository). RNA sequencing data and clinical information of another 231 tumor samples were obtained from ICGA website (https://dcc.icgc.org/projects/LIRI-JP). These samples were mainly derived from Japanese people infected with hepatitis B virus or hepatitis C virus. The data from TCGA and ICGC were both public, following the data access policy and publication guidelines of TCGA and ICGC. Then, 200 inflammatory response-related genes were found in the Molecular Signatures database and provided in the Supplementary Table 1.



Construction and Validation of a Prognostic Inflammatory Response-Related Gene Signature

DEGs between tumor tissues and non-tumor tissues were identified by “limma” R package with fold change > 2 and a false discovery rate < 0.05 in TCGA cohort. Univariate Cox analysis was used to screen the inflammatory response-related genes with prognostic value, and the P value was adjusted by Benjamini & Hochberg (BH) correction method. LASSO-penalized Cox regression analysis was utilized to construct a prognostic model in order to minimize the risk of overfitting (13, 14). The LASSO algorithm was used to select and shrink variables with “glmnet” R package, so that some regression coefficients were strictly equal to 0, thereby obtaining an interpretable model. The normalized expression matrix of candidate prognostic DEGs was the independent variable in regression, and the dependent variable was the overall survival and status of patients in the TCGA cohort. The tenfold cross-validation was used to determine the penalty parameter (λ) of the prognostic model and was followed the minimum criteria (i.e. the value of λ corresponding to the lowest partial likelihood deviance). The risk scores of patients were calculated according to the expression level of each inflammatory response-related gene and its corresponding regression coefficient. The formula was established as follows: score= esum (each gene’s expression × corresponding coefficient). According to the median risk score, patients were divided into high- and low-risk groups. In terms of expression levels of genes in the constructed model, PCA analysis and t-SNE analysis were performed with “Rtsne” and “ggplot2” R packages to explore the distribution of different groups. The survival analysis was implemented to analyze the OS of high- and low-risk groups using the “survminer” R package. The “survival” R package and “timeROC” R package were carried out to conduct time‐dependent ROC curve analysis in order to evaluate the predictive value of the prognostic signature. Furthermore, univariate and multivariate Cox analyses were performed to explore the independent prognostic value of the 8-gene signature.



Functional Enrichment Analysis

Gene set enrichment analysis (GSEA) was utilized to conduct Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses with GSEA software 4.1 based on the DEGs between the high- and low-risk groups. P value was adjusted by BH method. The infiltration scores of 16 immune cells and the activities of 13 immune-related pathways between the high- and low-risk groups were calculated by single-sample gene set enrichment analysis (ssGSEA) with the “GSVA” R package.



Tumor Microenvironment and Immune Response Analysis

The infiltration levels of immune cells and stromal cells in different tumor tissues were analyzed by immune score and stromal score (15). Spearman correlation was utilized to test the correlation between risk score and those scores. The association between risk score and immune infiltration subtype was tested by 2-way ANOVA analysis. Tumor stem cell features extracted from transcriptome and epigenetics of TCGA tumor samples were used to measure stem cell-like features of tumor (16). The association of tumor stemness with risk score was analyzed by Spearman correlation test.



Chemotherapy Sensitivity Analysis

The NCI-60 database containing 60 different cancer cell lines from 9 different types of tumors was accessed through the CellMiner interface (https://discover.nci.nih.gov/cellminer). Pearson correlation analysis was performed to investigate the association between the prognostic gene expression and drug sensitivity. Correlation analysis was made on the efficacy of 263 drugs approved by FDA or in clinical trials (Supplementary Table 2).



Verification of the mRNA Expression of Prognostic Genes Between HCC Tissues and Adjacent Non-Tumorous Tissues by qRT-PCR

A total of twenty paired HCC and adjacent non-tumorous tissue samples were collected from the First Affiliated Hospital of Wenzhou Medical University. Ethics approval was granted by Human Research Ethics Committee in The First Affiliated Hospital of Wenzhou Medical University. The mRNA expression levels of eight prognostic genes in samples were detected by qRT-PCR method. According to the manufacturer’s instruction, the total RNA of HCC and adjacent normal liver tissue samples was prepared with Trizol reagent (Servicebio). Then, RNA was reverse-transcribed into cDNA using RevertAid First Strand cDNA Synthesis Kit (Thermo). Gene expression was standardized as GAPDH. FastStart Universal SYBR Green Master (Roche) was utilized to quantify the real-time PCR analysis by StepOne (Applied Biosystems). The sequence of primers was shown in Supplementary Table 3. Each RNA sample was performed in triplicate. In order to compare the expression levels of different samples, the relative expression of inflammatory response-related genes was calculated by 2−ΔΔCt method.



Verification of the Protein Expression of Prognostic Genes Between HCC Tissues and Adjacent Non-Tumorous Tissues by Immunohistochemistry (IHC)

A total of ten paired HCC and adjacent non-tumorous tissue samples were collected from the First Affiliated Hospital of Wenzhou Medical University with permission from the ethics committees of The First Affiliated Hospital of Wenzhou Medical University. The expression levels of eight prognostic genes in ten pairs of HCC and adjacent non-tumorous tissues were validated by IHC experiment. All specimens were fixed with 10% formalin at room temperature, embedded in paraffin and processed into 4 μm serial sections. Briefly, the tissue slices were dewaxed, then hydrated and boiled in 10 mmol/L citrate buffer (pH=6.4) for 10 minutes to recover the antigen. After that, the slices were treated with methanol containing 3% hydrogen peroxide to inactivate the endogenous peroxidase and treated with citric acid buffer (pH=6.0) to obtain optimal antigen recovery. The 1% bovine serum albumin was incubated in phosphate buffer for 30 minutes to block non-specific binding. In addition, the slices were stained with primary antibody and incubated overnight at 4°C. Then, these sections were treated with three 5-min mild washing in phosphate buffer saline, followed by staining with secondary antibody (HRP polymer) at 1:200 for 50 minutes. Diaminobenzidine was applied before being counterstained with hematoxylin. Finally, the samples were sealed, observed and photographed by light microscope. The primary antibodies used in our work were as follows: Anti-ADORA2B antibody (1:200, ER1903-44, HUABIO), Anti-Integrin alpha 5 antibody [JJ08-94] (1:50, ET1701-58, HUABIO), Rabbit Anti-MEP1A/Meprin alpha antibody (1:100, bs-6056R, BIOSS), NOD2 Antibody - N-terminal (1:100, DF12125, Affinity), P2RX4 Polyclonal Antibody (1:100, 13534-1-AP, Proteintech), Anti-RIP2 antibody (1:200, ER1915-87, HUABIO), Anti-SERPINE1 antibody [H9-D5] (1:150, EM1709-36, HUABIO), CAT-1 Polyclonal Antibody (1:100, 14195-1-AP, Proteintech). Primary antibody information was summarized in Supplementary Table 5.



Statistical Analysis

DEGs between tumor tissues and adjacent tissues were compared by WilCoxon test. The Chi-squared test was used to compare the different proportions. The ssGSEA scores of immune cells or immune pathways between high- and low-risk groups were compared by Mann-Whitney test, and the P value was adjusted by BH method. Kaplan-Meier analysis was employed to compare the differences of OS among different groups. Univariate and multivariate Cox analyses were performed to screen the independent predictors for OS. The correlation of prognostic model risk score or prognostic gene expression level with stemness score, stromal score, immune score and drug sensitivity was tested by Spearman or Pearson correlation analysis. R software (Version 3.6.3) with packages venn, igraph, ggplot2, pheatmap, ggpubr, corrplot and survminer was used to create plots. In all statistical results, a two-tailed P value less than 0.05 indicated statistical significance.




Results

The flow chart of this study was shown in Figure 1. The study population consisted of 365 HCC patients from TCGA-LIHC cohort and 231 HCC patients from ICGC (LIRI-JP) cohort. Table 1 summarized the detailed clinical features of these patients.




Figure 1 | Flow chart of data collection, analysis and experiment.




Table 1 | Clinical characteristics of the HCC patients used in this study.




Identification of Prognostic Inflammation-Related DEGs in the TCGA Cohort

There were 44 inflammatory response-related genes differentially expressed in tumor tissues and adjacent non-tumorous tissues. Univariate Cox analysis showed that 14 of them were correlated with OS (Figure 2A). TACR3 was excluded from this analysis because its expression was 0 in more than 350 samples. The 13 inflammatory response-related genes were preserved as prognostic indicators, and the risk ratio of NOD2 gene was 2.07 (95% CI = 1.226-3.495, P = 0.006, Figure 2C). The correlation between these genes was presented in the Figure 2D.




Figure 2 | Identification of the candidate inflammatory response-related genes in the TCGA cohort. (A) Venn diagram to identify DEGs between HCC tissues and adjacent normal tissues. (B) The 13 overlapping genes expression between HCC tissues and adjacent normal tissues. (C) Forest plots showing the results of the association between 13 overlapping gene expression and OS. (D) The correlation network of candidate genes.





Construction of a Prognostic Model in the TCGA Cohort

The expression profiles of the above 13 genes were analyzed by LASSO-Cox regression analysis, and the prognostic model was established. A marker of eight genes was determined based on the optimal value of λ (Supplementary Figure 1). The risk score was calculated as follows: score = 0.118*expression level of SLC7A1 + 0.114*expression level of RIPK2 + 0.113*expression level of NOD2 + 0.022*expression level of ADORA2B+ 0.058*expression level of MEP1A+ 0.051*expression level of ITGA5 + 0.016*expression level of P2RX4 + 0.018*expression level of SERPINE1. Patients were divided into two groups according to the median cut-off value (Figure 3A). In the TCGA cohort, high-risk group was found to be significantly associated with higher tumor grade and advanced TNM stage (Table 2). PCA analysis and t-SNE analysis showed that patients in different risk groups were distributed in two directions (Figures 3E–F). Besides, the scatter chart indicated that patients with high risk were more likely to die earlier than those with low risk (Figure 3B). Consistently, the Kaplan-Meier curve showed the patients with high risk had a significantly worse OS than their low-risk counterparts (Figure 3I, P<0.001). Time-dependent ROC curves were generated for analysis of survival prediction by the prognostic model, and the area under the curve (AUC) reached 0.685 at 1 year, 0.626 at 2 years, and 0.605 at 3 years (Figure 3J). To explore the relationship between each prognostic gene and prognosis, survival analysis was performed based on the optimal cut-off expression value of each prognostic gene, which indicated that high expression of these genes was all significantly correlated with poor OS (Supplementary Figures 2A–H, P < 0.001). As shown in Supplementary Figure 3, the expression levels of all prognostic genes were higher in tumor tissues compared with adjacent non-tumorous tissues except SERPINE1.




Figure 3 | Prognostic analysis of the 8-gene signature model in the TCGA cohort and ICGC cohort. TCGA cohort (A, B, E, F, I, J), ICGC cohort (C, D, G, H, K, L). (A, C) The median value and distribution of the risk scores. (B, D) The distribution of OS status. (E, G) PCA plot. (F, H) t-SNE analysis. (I, K) Kaplan-Meier curves for OS of patients in the high- and low-risk groups. (J, L) AUC time-dependent ROC curves for OS.




Table 2 | Baseline characteristics of the patients in different risk groups.





Validation of the 8-Gene Signature in the ICGC Cohort

To test the stability of the model constructed from the TCGA cohort, patients in the ICGC cohort were also categorized into high-risk or low-risk groups according to the median value from the TCGA cohort. Similar to the results obtained from the TCGA cohort, PCA and t-SNE analyses confirmed a discrete distribution of patients in the two subgroups (Figures 3G, H). Similarly, patients in the high-risk group were more likely to die earlier (Figure 3D) and had a shorter survival time compared with the low-risk group (Figure 3K). Besides, the AUC of the 8-gene signature was 0.649 at 1 year, 0.646 at 2 years, and 0.681 at 3 years (Figure 3L).



Independent Prognostic Value of the 8-Gene Signature

Univariate and multivariate Cox analyses of variables were employed to determine whether the risk score was an independent prognostic factor for OS. In univariate Cox analysis, the risk scores in both TCGA and ICGC cohorts were significantly correlated with OS (TCGA cohort: HR = 1.906, 95% CI = 1.304-2.786, P < 0.001; ICGC cohort: HR = 2.974, 95% CI = 1.518-5.823, P = 0.001) (Figures 4A, B). After correcting for other confounding factors, multivariate Cox analysis showed that the risk score was still an independent predictor for OS (TCGA cohort: HR = 1.842, 95% CI = 1.257-2.699, P = 0.002; ICGC cohort: HR = 2.716, 95% CI = 1.382-5.338, P = 0.004) (Figures 4C, D). ROC curve analysis showed that the risk score had good predictive accuracy of prognosis, and it combined with tumor stage provided a more accurate prediction in 3-year OS in HCC patients, wherever in TCGA dataset (AUC = 0.705) or in the ICGC dataset (AUC = 0.731) (Figures 4E, F). Therefore, the combination of risk score and clinicopathological features had excellent prognostic value of HCC.




Figure 4 | OS-related factors were screened, and the prognostic accuracy of risk score and clinicopathological factors were compared. TCGA cohort (A, C, E), ICGC cohort (B, D, F). (A, B) OS-related factors were screened by Univariate Cox regression analyses. (C, D) OS-related factors were screened by Multivariate Cox regression analysis. (E, F) Time-dependent ROC curve was used to compare the prognostic accuracy of risk score, tumor stage, and the combination of risk score and tumor stage in 3-year.





Prognostic Model Risk Score and Clinical Features

By analyzing the association of risk score with the clinical characteristics of HCC patients, we showed that the risk score was significantly higher in tumor grade 3-4 (P < 0.001) or tumor stage III-IV (P < 0.01) compared with tumor grade 1-2 or tumor stage I-II (Figures 5C, D). In addition, the same analysis in the ICGC dataset confirmed that the risk score was definitely higher in tumor stage III-IV compared with tumor stage I-II (There was no data about the grade of HCC in the ICGC dataset) (Figure 5G). Furthermore, the results revealed that the expression of prognostic genes was significantly higher in tumor grade 3-4 compared with tumor grade 1-2 except SERPINE1 (P < 0.05, Supplementary Figure 4C). The expression of ADORA2B, SERPINE1 and SLC7A1 was definitely higher in tumor stages III-IV compared with tumor stage I-II (P < 0.05, Supplementary Figure 4D). In addition, the expression of ITGA5 and SLC7A1 was different between age <=60 year and age > 60 year, and the expression of ITGA5, MEP1A, RIPK2 and SLC7A1 were different between female and male (P < 0.05, Supplementary Figures 4A, B).




Figure 5 | The risk score in different groups divided by clinical characteristics. TCGA cohort (A–D), ICGC cohort (E–F). (A, E) Age. (B, F) Gender. (C) Tumor grade. (D, G) Tumor stage.





Immune Status and Tumor Microenvironment Analysis

In order to further explore the correlation between risk score and immune status, the enrichment scores of different immune cell subpopulations, related functions and pathways were quantified by ssGSEA. We found that the contents of the antigen presentation process in the TCGA cohort, including aDCs, iDCs, pDCs, APC co-inhibition, APC co-stimulation, HLA and MHC class I, were significantly elevated in the high-risk group (all adjusted P < 0.05, Figures 6A, C). In addition, compared with the low-risk group, the fractions of Tfh cells, Treg cells, Th1 cells, Th2 cells, T cell co-stimulation and T cell co-inhibition were higher in high-risk group, indicating the differences in T cell regulation between high- and low-risk groups. Furthermore, the scores of CCR, check-point, macrophages, neutrophils and inflammation-promoting activity were higher in the high-risk group, while the activity of type II IFN response score was just the opposite (adjusted P < 0.05). The results of comparisons in the ICGC cohort were similar to those in the TCGA between the two risk groups (adjusted P < 0.05, Figures 6B, D).




Figure 6 | Immune status between different risk groups and the association between risk score and tumor microenvironment. TCGA cohort (A, C), ICGC cohort (B, D). (A, B) The scores of 16 immune cells and (C, D) 13 immune-related functions were showed in boxplots. (E) Comparison of the risk score in different immune infiltration subtypes. (D) The relationship between risk score and RNAss, DNAss, Stromal Score and Immune Score. P values were showed as: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.



To understand how risk score was associated with immune components, we tested the correlation between risk score and immune infiltrates. Six types of immune infiltrates were identified in human tumors, which corresponded from tumor promoting to tumor suppressing respectively (17), namely C1 (wound healing), C2 (INF-γ dominant), C3 (inflammatory), C4 (lymphocyte depleted), C5 (immunologically quiet) and C6 (TGF-β dominant) [29]. No patient sample belonged to C5 immune subtype in HCC and only 1 sample belonged to C6 immune subtype, so C5 and C6 immune subtypes were not included in the study. We analyzed the immune infiltration of HCC in TCGA-HCC data and correlated it with risk score, and the results showed that high risk score was significantly associated with C1, while low risk score was significantly associated with C4 (Figure 6E). As shown in Supplementary Figure 5, except for NOD2, the high expression of prognostic genes was significantly associated with C1. On the contrary, the expression of all prognostic genes was definitely associated with C4.

PD-1/PD-L1 and PD-1/PD-L2 pathways are key regulators in cancer immune evasion. The expression levels of immune checkpoints including PD-L1 and PD-L2 are important indicators for individualized immunotherapy. As expected, the expression levels of PD-L1 and PD-L2 were significantly higher in the high-risk group compared with the low-risk group (Figures 7A, B) and the expression levels of these immune checkpoints showed a positive correlation with the risk score (Figures 7E, F). In terms of tumor drug resistance genes, high-risk group had higher expression of MRP1 and MRP3 compared with low-risk group (Figures 7C, D). Furthermore, the expression of MRP1 and MRP3 was significantly positively correlated with risk score (Figures 7G, H).




Figure 7 | The comparison of the expression levels of PD-L1, PD-L2, MRP1 and MRP3 between different risk groups and correlation analysis between risk score and the expression levels of PD-L1, PD-L2, MRP1 and MRP3. (A, E) PD-L1. (B, F) PD-L2. (C, G) MRP1. (D, H) MRP3.



Tumor stemness can be measured by RNA stemness score (RNAss) based on mRNA expression and DNA stemness score based on DNA methylation pattern (DNAss) (18). Stromal score and immune score were used to estimate tumor immune microenvironment. The correlation analysis was performed to explore whether the risk score was associated with tumor stem cells and the immune microenvironment, and the results indicated that the risk score was not significantly associated with DNAss and RNAss, but significantly positively correlated with immune score (P < 0.001) (Figure 6F). Besides, the correlation between prognostic gene expression and tumor stem cells was analyzed, and the results showed that ITGA5 and SCL7A1 were significantly negatively correlated with RNAss and DNAss. MEP1A and P2RX4 were significantly positively correlated with RNAss (Supplementary Figure 6). Since stromal cells were the important components of the tumor microenvironment, especially in HCC, we further investigated the correlation between immune microenvironment and prognostic gene expression. We found that ITGA5, NOD2, SERPINE2 and SLC7A1 were positively correlated with the stromal score of HCC, suggesting that ITGA5, NOD2, SERPINE2 and SLC7A1 were expressed in the stroma of HCC tissues. In addition, ITGA5, NOD2, P2RX4, RIPK2, SERPINE1 and SLC7A1 were all significantly positively correlated with the immune score, which measured the presence of infiltrating immune cells.



Biological Function and Pathway Analyses

The GSEA was used to perform GO function and KEGG pathway enrichment analyses between the high- and low-risk groups. GO function enrichment analysis revealed that regulation of cell cycle phase transition was significantly enriched in the high-risk group (Figure 8A, Supplementary Figure 7). Besides, 20 KEGG pathways were enriched in the high-risk group with a false discovery rate < 0.05 (Figure 8B, Supplementary Figure 8). The results revealed that some pathways related to cancer process such as Cell Cycle, JAK-STAT, MAPK, NOTCH, P53 and WNT were enriched. In addition, the KEGG pathways also included the Chemotaxis, Fc-γ receptor mediated phagocytosis, T cell receptor and Toll-like receptor, which were correlative with inflammatory response. Similar to the results of KEGG, GSEA using TCGA data of the Hallmarks gene sets indicated that NOTCH, P53, IL2-Stat5-Signaling, IL6-Jak-Stat3-Signaling and Inflammatory Response pathways were statistically significant programs (Figure 8C, Supplementary Figure 9).




Figure 8 | Gene set enrichment analysis of Biological functions and pathways. (A) GO, Gene Ontology. (B) KEGG, Kyoto Encyclopedia of Genes and Genomes. (C) Hallmark gene set.





Prognostic Gene Expression and Cancer Cell Sensitivity to Chemotherapy

We investigated the expression of prognostic genes in NCI-60 cell lines and analyzed the relationship between their expression levels and drug sensitivity. The results showed that all prognostic genes were correlative to some chemotherapy drug sensitivity (P < 0.01) (Figure 9). For example, increased expression of ADORA2B, SLC7A1, ITGA5, RIPK2 and P2RX4 was associated with increased drug resistance of cancer cells to Ixazomib citrate, Homoharringtonine, Erlotinib, Tamoxifen, Elesclomol, LDK-378, Pipobroman, Decitabine, eribulin mesylate, ponatinib, carfilzomib, etc. On the contrary, increased expression of NOD2 and MEP1A was associated with increased drug sensitivity of cancer cells to a number of chemotherapy drugs such as Oxaliplatin, Nelfinavir, Entinostat, Tegafur, Benzimate and Paclitaxel. Interestingly, increased expression of SERPINE1 was associated with increased drug sensitivity of cancer cells to Lenvatinib, which was approved by the FDA as the first-line treatment for unresectable HCC in 2018.




Figure 9 | Scatter plot of relationship between prognostic gene expression and drug sensitivity. (A) ADORA2B. (B) ITGA5. (C) MEP1A. (D)NOD2. (E) P2RX4. (F) RIPK2. (G) SERPINE1. (H) SLC7A1.





Verification of the Prognostic Gene Expression Between HCC Tissues and Adjacent Non-Tumorous Tissues by qRT-PCR and IHC

To validate the different expression of the eight prognostic genes (ADORA2B, MEP1A, P2RX4, SERPINE1, ITGA5, NOD2, RIPK2 and SLC7A1) between HCC tissues and adjacent non-tumorous tissues, qRT-PCR and IHC were implemented to analyze the mRNA and protein expression respectively. The results of qRT-PCR showed that prognostic genes except SERPINE1 were highly expressed in HCC tissues compared with adjacent non-tumorous tissues (Figure 10A, P < 0.001). IHC staining showed the same results as qRT-PCR (Figure 10B, P < 0.01). The validation results were consistent with RNA sequencing expression of eight prognostic genes in the TCGA dataset (Supplementary Figure 3).




Figure 10 | Experiment confirmed the difference of the prognostic gene expression between HCC and adjacent non-tumor tissues. (A) The mRNA expression analysis by qRT-RCR. (B) The protein expression analysis by IHC.






Discussion

With the establishment of next-generation sequencing technology and the beginning of the era of precision medicine, various treatments for HCC have been developed. However, we are often unable to make early diagnosis and predict the therapeutic effect of HCC due to the small number of useful biomarkers. Previous studies indicated that novel serum biomarkers including circulating tumor cells, circulating nucleic acids (19), and the combination of retinol and retinal panel (20) have excellent accuracy of HCC prognosis. In addition, inflammatory response-related serum biomarkers such as medium-granulocyte ratio, platelet-lymphoid ratio and lymphoid-monocyte ratio also have a good performance in predicting prognosis of HCC (10). However, the inflammatory response-related gene signature as prognostic marker for HCC has not been reported. Previous studies indicated that ferroptosis-related gene signature, immune-related gene signature, energy metabolism-related gene signature, m6A-related gene signature and hypoxia-related gene signature predict 3-year OS for HCC with AUC at 0.668, 0.663, 0.69, 0.647 and 0.685 (21–25), respectively, which were similar to our research. In addition to good predictive performance for HCC prognosis, the inflammatory response-related gene signature constructed in our study demonstrates more advantages compared with gene signatures above. For example, it can distinguish immune checkpoints genes and tumor drug resistance genes to a high-expression group and a low-expression group, and risk score has been proved to be correlated with many chemotherapeutic drugs resistance. A recent study pointed out that mSEPT9 as a prognostic marker of HCC has remarkable predictive effect for prognosis in HCC (AUC = 0.85) (26). The methylation level of SEPT9 gene was detected by methylation specific PCR (MS-PCR). MS-PCR can only detect a few methylation sites in the gene sequence. However, the gene methylation sites are widely distributed in the DNA sequence, so there is a certain deviation in the methylation level of the whole gene when the MS-PCR results are used to represent the methylation level of the whole gene. However, in our study, the expression levels of genes in prognostic signature were determined by high-throughput sequencing, a frequently used technique that could provide accurate results.

In this study, we systematically analyzed the expression of 200 inflammatory response-related genes in HCC tissues and their relationship with OS. Forty-four DEGs were screened out from the TCGA cohort. Univariate Cox analysis showed that 14 of DEGs were associated with OS. A prognostic model integrating 8 inflammatory response-related genes was constructed by LASSO regression analysis and validated in the ICGC cohort. According to the median risk score, patients were divided into high- and low-risk groups. We found that high-risk group was significantly correlated with higher tumor grade, advanced TNM stage and shorter OS period. Independent prognostic analysis showed that risk score was an independent predictor for OS.

The prognostic model established in this study consisted of 8 inflammatory response-related genes (ADORA2B, ITGA5, MEP1A, NOD2, P2RX4, RIPK2, SERPINE1 and SLC7A1). These genes were all upregulated in HCC tumor tissues and associated with poor prognosis except SERPINE1. ADORA2B is an adenosine A2B receptor, which was reported to play an important role in tumorigenesis and development by regulating immune system and modulating proliferation, differentiation and apoptosis of parenchymal cells (27). Sorafenib combined with adenosine A receptor blocker significantly reduced the progression of hepatoma in mice (28). Integrin family including ITGA5, expressed by tumor and tumor-related host cells, mediates a variety of cellular effects, leading to tumor progression and metastasis (29). MEP1A has been explored as a prognostic marker for patients with HCC, especially early HCC, and it may play an important role in the progression of HCC by promoting migration and invasion of cancer cells (30). P2X4 receptor may be closely related to the downstream inflammatory process by activation of oxidative stress, inflammasome, and immune modulation for continuous cancer progression (31). Arun Asif et al. demonstrated that increased RIPK2 activity leads to the activation of NF-κB, which up-regulates the proliferation, invasion, metastasis and anti-apoptosis of cancer cells (32). By inhibiting proteolytic activity and promoting angiogenesis, increased expression of SERPINE1 in colon cancer models may lead to the spread of malignant tumors (33), and high expression of SERPINE1 is a poor prognostic indicator of breast cancer (34). However, contrary to expectations, SERPINE1 had lower expression in HCC tumor tissues than adjacent normal tissues in TCGA dataset. It seemed to contradict the result that the high expression of SERPINE1 in cancer indicates poor survival, which may be explained by the following reason that SERPINE1 serves as different roles in tumor and normal tissues. Compared with HCC, the relatively high expression of SERPINE1 in normal liver tissue is essential for maintaining cell growth. On the contrary, high expression of SERPINE1 acts as tumor promoter in tumor tissues due to interact with some tumorigenic factors, resulting in poor prognosis. But its idiographic action mechanism remains to be addressed.

To gain more insight into the relationship between risk score and immune components, we studied the role of risk score in immune infiltration type. Interestingly, we showed that high risk score was significantly correlated with C1, while low risk score was definitely associated with C4, indicating that C1 promotes the occurrence and development of tumor and C4 is a good protective factor. This discovery was consistent with the results of previous studies, because high cytotoxicity can inhibit the occurrence and development of tumor (17). In terms of the association between risk score and clinical characteristics, high risk score was significantly associated with tumor grade 3-4 or tumor stage III-IV, which indicated that high risk score is definitely related with poor prognosis.

However, whether these genes affect the prognosis of HCC patients by inflammatory response remains to be elucidated, because there were few studies on these genes. Based on the GSEA analysis, tumor-related signal pathways such as JAK-STAT, MAPK, p53 and NOTCH were significantly enriched, and continuous activation of these pathways has been confirmed to be linked with HCC, which would be new therapeutic targets (35–38). Inflammation-related signal pathways such as Chemotaxis, Fc-γ receptor-mediated phagocytosis, T cell receptor, Toll-like receptor, IL2-Stat5-Signaling, IL6-Jak-Stat3-Signalling and Inflammatory Response pathways were significantly enriched in the high-risk group, which further validated that the inflammatory response has a close connection with tumor procession. Besides, high-risk group had higher fractions of macrophages, neutrophils and Treg cells. Previous studies have demonstrated that the increase of tumor-associated macrophages (39, 40), neutrophils (39) and Treg cells (39, 41) is associated with poor prognosis in patients with HCC due to their role in immune invasion. Cancer immunotherapies that target immune checkpoints such as anti-PD-L1 antibodies have shown clinical activity in various cancer types (42). Increased immune checkpoint suppresses the anti-tumor immune response of T cells by increasing the expression of PD-1 and CTLA4 receptors, and research on immune checkpoint inhibitors has made significant progress in the treatment of HCC (43). In our study, the score of immune checkpoints in the high-risk group was higher compared with the low-risk group and risk score was positively correlated with the expression of PD-L1 and PD-L2. Therefore, the prognostic model can predict the expression level of immune checkpoints and have the potential to guide immunotherapy decisions. In addition, the high risk score was related to the impairment of activity of type II IFN response, which plays an important role in tumor immune surveillance, stimulating anti-tumor immunity and promoting tumor elimination (44–49). Moreover, increased activities of Tfh cells, Treg cells, Th1 cells, Th2 cells, T cell co-stimulation and T cell co-inhibition in the high-risk group indicated that immune regulatory function in the high-risk group is disturbed. Therefore, it is reasonable to assume that anti-tumor immunity of the high-risk group is attenuated, which may be an important reason for its poor prognosis.

At present, cancer biology is constantly changing from a “cancer cell-centered” view to a more inclusive concept, in which cancer cells are placed in a network of stromal cells made up of fibroblasts, vascular cells and inflammatory immune cells. These cells make up the tumor microenvironment (5). Cancer stem cell-like cells (CSCs) can be derived from different sources, including long-lived stem cells, progenitor cells or converting from non-stem cells through dedifferentiation (18). CSCs promote tumor progression due to their ability of self-renewal and invasion, which is the main cause of treatment induced drug resistance (50–52). The correlation between prognostic gene expression and tumor stem cell score suggested that ITGA5 and SLC7A1 may have a tumor inhibitory effect, because they were negatively correlated with tumor stemness based on DNAss and RNAss. However, this conclusion is contrary to the role of ITGA5 in tumors (53–55), which may be because ITGA5 plays the opposite role through different pathways. It is possible that ITGA5 inhibits differentiation of tumor stem cells but promotes tumor proliferation and invasion, of which the specific mechanism is worthy of further study. According to ESTIMATE algorithm, the prognostic gene expression was also correlated with stromal score and immune score to some extent. There was a strong correlation between ITGA5, NOD2, SERPINE1, SLC7A1 and stromal score, suggesting that they may be secreted by stromal cells or participate in stroma related activities. And the positive correlation between ITGA5, NOD2, P2RX4, RIPK2, SLC7A1 and immune score indicated that the tumor tissue in the high-risk group is highly infiltrated by immune cells, which is consistent with risk score.

Using NCI-60 cell lines data, we found that increased expression of some prognostic genes was associated with increased drug resistance for a number of FDA approved chemotherapy drugs, such as Tamoxifen, Lxazomib citrate, Pipobroman, Homoharringtonine and Decitabine. Of course, various prognostic genes were also associated with increased drug sensitivity of a few drugs. For instance, increased expression of SERPINE1 was associated with sensitivity of cancer cells to Lenvatinib, which was approved by the FDA as the first-line treatment for unresectable HCC in 2018. The MRP family comprises 13 members, among which MRP1 to MRP9 are the main transporters indicated to result in multidrug resistance by extruding anticancer drugs out of tumor cells (56). Hence, the correlation between risk score and drug resistance genes including MRP1 and MRP3 suggested that targeting tumor drug resistance genes appears to have a therapeutic potential for high-risk patients. These data demonstrated that some prognostic genes can be used as therapeutic targets to overcome drug resistance or adjuvant drug sensitivity.



Conclusion

To sum up, our study defined a new prognostic signature consisting of eight inflammatory response-related genes. The signature was proved to be independently associated with OS in TCGC cohort and ICGC validation cohort, and was confirmed to be valuable in functional analysis, tumor microenvironment and drug sensitivity, providing insight for predicting the prognosis of HCC. The specific potential mechanism between inflammatory response-related genes and tumor immunity in HCC remains unclear, which is worthy of further study. Taken together, our work will go a long way towards revealing their role in tumorigenesis, particularly in the areas of immune response, tumor microenvironment and drug resistance, which is essential for the development of personalized cancer therapies.
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Hepatocellular carcinoma (HCC) is among the utmost deadly human malignancies. This type of cancer has been associated with several environmental, viral, and lifestyle risk factors. Among the epigenetic factors which contribute in the pathogenesis of HCC is dysregulation of long non-coding RNAs (lncRNAs). These transcripts modulate expression of several tumor suppressor genes and oncogenes and alter the activity of cancer-related signaling axes. Several lncRNAs such as NEAT1, MALAT1, ANRIL, and SNHG1 have been up-regulated in HCC samples. On the other hand, a number of so-called tumor suppressor lncRNAs namely CASS2 and MEG3 are down-regulated in HCC. The interaction between lncRNAs and miRNAs regulate expression of a number of mRNA coding genes which are involved in the pathogenesis of HCC. H19/miR-15b/CDC42, H19/miR-326/TWIST1, NEAT1/miR-485/STAT3, MALAT1/miR-124-3p/Slug, MALAT1/miR-195/EGFR, MALAT1/miR-22/SNAI1, and ANRIL/miR-144/PBX3 axes are among functional axes in the pathobiology of HCC. Some genetic polymorphisms within non-coding regions of the genome have been associated with risk of HCC in certain populations. In the current paper, we describe the recent finding about the impact of lncRNAs in HCC.
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Introduction

Liver cancer is among the most lethal malignancies among both sexes. More than 8% of cancer-related mortalities are due to this type of cancer (1). Hepatocellular carcinoma (HCC) includes more than 75% of the primary liver neoplasms (1). Several factors have been related with elevated risk of HCC among them are chronic infection with hepatitis B virus (HBV) B or hepatitis C virus (HCV), dietary exposure with aflatoxin, excessive alcohol use, obesity, and smoking (2). The cirrhosis-induced carcinogenic alterations have been detected in 90% of HCC patients (3). High throughput sequencing methods have shown the occurrence of several genetic changes in the HCC samples (4) among the early events are inactivating mutations in insulin-like growth factor 2 receptor (5). Catenin Beta 1 (CTNNB1) and Tumor Protein P53 (TP53) are the utmost recurrently mutated oncogene and tumor suppressor gene in HCC, respectively (4). In addition to these somatic mutations, several epigenetic factors partake in the evolution of HCC. Such involvement is further highlighted by the fact that liver is an organs that is continuously adapting to extremely various environmental factors (6). Non-coding RNAs are among epigenetic elements that contribute in the pathogenesis of HCC. Long non-coding RNAs (lncRNAs) can affect expression of genes via diverse mechanisms including recruitment of regulatory protein complexes, acting as a decoy, changing genome organization and modulating the distribution of posttranslational modifications (7). These transcripts have sizes longer than 200 nucleotides and are comparable with mRNAs in the terms of chromatin state of genome loci, their transcription by RNA polymerase II, polyadenylation, 5’ capping and being spliced, yet they do not produce large-sized polypeptides (8). However, there are several reports demonstrating the presence of stable, functional micropeptides being translated from lncRNAs (9). Several lines of evidence indicates that these transcripts contribute in the pathophysiology of HCC (10). In the present manuscript, we review the current knowledge about the partake of lncRNAs in the pathogenesis of HCC.



Up-regulated lncRNAs in HCC

The LINC01138 is located in a frequently amplified region in HCC. This lncRNA transcript is stabilized by IGF2BP1/IGF2BP3. Over-expression of LINC01138 in HCC confers malignant characteristics and is associated with poor survival of patients. Mechanistically, this lncRNA interacts with arginine methyltransferase 5 and increases the stability of this protein through inhibiting ubiquitin-mediated degradation in proteasomes (11). Over-expression of the lnc-Epidermal Growth Factor Receptor (EGFR) regulatory T cells (Tregs) has been related with tumor size and levels of EGFR/Foxp3. Its over-expression has also been negatively correlated with the levels of interferon (IFN)-γ in HCC patients and animal models. This lncRNA promotes Treg differentiation, inhibits function of cytotoxic T cells and increases HCC growth. These effects are exerted through binding of lnc-EGFR with EGFR, increasing its stability and activation of the AP-1/NF-AT1 axis (12). The oncogenic lncRNA HULC has been shown to exert its effects via modulation of phosphorylation pattern of YB-1. Notably, up-regulation of this lncRNA in HCC has been correlated with pathological grade and patients’ outcome. HULC can also increase cell proliferation, migration, and invasion and suppress cisplatin-associated cell apoptosis (13). LncRNA-MUF is another over-expressed lncRNA in HCC tissues whose up-regulation has been correlated with poor clinical outcome. This lncRNA has an indispensable impact in epithelial-mesenchymal transition (EMT). Such effects have been exerted through binding with Annexin A2 and induction of the Wnt/β-catenin signaling. Mechanistically, lncRNA-MUF serves as a competing endogenous RNA (ceRNA) for miR-34a, resulting in up-regulation of Snail1 induction of EMT process (14). GHET1 over-expression in HCC sections has been associated with vascular invasion, cirrhosis, size of tumor, histological grade, and poor clinical outcome. GHET1 silencing has suppressed cell proliferation and prompted both cell cycle arrest and cell apoptosis. GHET1 can suppress expression of KLF2 in HCC cells through recruitment of PRC2 into its promoter (15). MALAT1 is another up-regulated lncRNA in HCC, which affect neoplastic transformation through several mechanisms among them is its role as a ceRNA. Figure 1 depicts this mechanism in HCC.




Figure 1 | MALAT1 is an important oncogenic lncRNA in hepatocellular carcinoma (HCC). MALAT1 can sequester several miRNAs. For instance, MALAT1 can sequester miR-140. Through down-regulation of miR-140, MALAT1 enhances expression of VEGF-A and increases angiogenic potential. Moreover, via this route, MALAT1 enhances polarization of macrophage differentiation to M2. These macrophages facilitate tumor progression via modulation of tumor microenvironment (16). MALAT1 also reduces expression of miR-204 in HCC leading to upsurge in SIRT1 levels. SIRT1 up-regulation enhances expression of Vimentin and Twist and inhibits E-cadherin, thus facilitating epithelial-mesenchymal transition (EMT) (17). MALAT1 can also sequester miR-143-3p, thus up-regulating FGF1, N-cadherin, Vimentin, Snail, and Slug while down-regulating E-cadherin. These effects are associated with enhancement of EMT (18). Similarly, through down-regulation of miR-30a-5p, MALAT1 enhances Vimentin levels and EMT process (19). Via sequestering miR-200a, MALAT1 increases aspartate-β-hydroxylase (ASPH) levels, thus elevating expression of proteins which are involved in EMT or cell proliferation (20). MALAT1-mediated down-regulation of miR-124-3p leads to up-regulation of Slug, therefore increasing cell proliferation and EMT (21). MALAT1 can also sponge miR-195 resulting in over-expression of FGFR, activation of PI3K/AKT and enhancement of cell proliferation and invasion (22). Finally, MALAT1-mediated down-regulation of miR-22 increases Snail levels and facilitates EMT. Moreover, MALAT1 recruits EZH2 to the of promoter E-cadherin and miR-22 to decrease their expression (23). Table 1 enlists function of over-activated lncRNAs in HCC.




Table 1 | Function of over-activated lncRNAs in HCC (ANT, adjacent non-cancerous tissue; HBS Ag, hepatitis B surface antigen).



















Down-Regulated lncRNAs in HCC

Through a high throughput approach, Ni et al. have identified uc.134 as a novel lncRNA which is under-expressed in a highly aggressive HCC cell line. They further verified its down-regulation in clinical HCC samples compared with paired nearby tissues. Notably, down-regulation of uc.134 has been related with poor prognosis of HCC patients. Functionally, this lncRNA suppresses cell proliferation, invasion, and metastasis through binding with CUL4A suppressing its nuclear export. Besides, uc.134 suppresses the CUL4A-associted ubiquitination of LATS1 and enhances YAPS127 phosphorylation which results in down-regulation of YAP target genes of YAP (223). LncRNA-PRAL has been shown to suppress HCC growth and stimulate apoptosis via a p53-dependent route. Certain motifs at the 5’ end of this lncRNA have been identified that participate in competitive inhibition of MDM2-dependent p53 ubiquitination (224). Expression of the lncRNA-LET has been decreased in HCC. Further experiments have shown the role of hypoxia-induced histone deacetylase 3 in down-regulation of this lncRNA. Notably, repression of lncRNA-LET has been identified as an important step in the stabilization of nuclear factor 90 protein and subsequent hypoxia-associated tumor cell invasion. The association between down-regulation of lncRNA-LET and metastatic potential of HCC has also been verified in clinical samples (225). TSLNC8 is also down-regulated in HCC samples. Down-regulation of this lncRNA in HCC has been shown to confer malignant phenotype. TSLNC8 competitively interacts with transketolase and STAT3 and alters the phosphorylation patterns and transcriptional activity of STAT3 leading to suppression of the IL-6-STAT3 signaling (226). CASC2 is another down-regulated lncRNAs in HCC samples, particularly in the samples obtained patients with aggressive and recurrent forms of HCC. CASC2 suppresses migration and invasive properties of HCC cells and inhibits EMT program in these cells. Mechanistically, it serves as a competing endogenous RNA for miR-367 to increase expression of its target gene FBXW7. Notably, CASC2 down-regulation and miR-367 up-regulation have been associated with the metastasis-associated characteristics in the clinical samples (227). Table 2 displays the impact of down-regulated lncRNAs in HCC.


Table 2 | List of under-expressed lncRNAs in HCC (ANT, adjacent non-cancerous tissue).









Diagnostic and Prognostic Impact of lncRNAs in HCC

Expression patterns of several lncRNAs have been related with overall survival or disease-free survival of patients with liver neoplasm. Oncogenic lncRNAs which decrease survival of HCC patients include NEAT1, PTTG3P, UBE2CP3, LINC00461, MALAT1, MNX1-AS1, MCM3AP-AS1, ANRIL, AWPPH, PVT1, SNHG1, ENST00000429227.1, LINC00665, CRNDE, FOXD2-AS1, HULC and some other lncRNAs. Instead, low expressions of several tumor suppressor lncRNAs namely PSTAR, CASC2, lnc-FTX, LINC00472, TSLNC8, miR503HG, MEG3, LIN00607, AOC4P, uc.134, GAS8-AS1, LINC00657, MAGI2-AS3, LINC01093, GAS5, SchLAH, and NKILA predict patients’ outcome. Univariate/multivariate cox regression analyses have confirmed the role of these lncRNAs in the determination of HCC prognosis. Table 3 lists the results of studies which evaluated the prognostic roles of lncRNAs in patients with HCC.


Table 3 | Prognostic role of lncRNAs in HCC (ANT, adjacent non-cancerous tissue; OS, overall survival; RFS, relapse-free survival; DFS, disease-free survival; PFS, progression-free survival; TTR, time to tumor recurrence).







Table 4 | Diagnostic role of lncRNAs in HCC.






Genomic Variants Within lncRNAs and Risk of HCC

Genetic polymorphisms include at least four type of variations namely, single nucleotide polymorphisms, small insertion/deletion polymorphisms, polymorphic repetitive elements and microsatellites. The importance of somatic copy number variations (SCNVs) loci in non-coding regions in the development of HCC has been assessed by Zhou et al. Such investigation has led to identification of recurrent deletion of lncRNA-PRAL in HCC samples in association with poor clinical outcome (224). The lncRNA TSLNC8 on 8p12 is another tumor suppressor lncRNA which is commonly deleted in HCC tissues (226). Table 5 shows the summarized results of studies which assessed association between lncRNAs insertion/deletion or tetranucleotide repeat polymorphisms and HCC.


Table 5 | Association between lncRNAs polymorphisms and HCC.





Discussion

LncRNAs contribute in the pathogenesis of HCC through diverse mechanisms including modulation of oncogenes and tumor suppressor genes as well as modification of tumor microenvironment. The latter route of action has been best exemplified by the lnc-EGFR which enhances differentiation of Tregs therefore increasing immune evasion (12). Moreover, certain lncRNAs such as MUF and SNHG7 facilitate EMT process through modulation of Wnt/β-catenin signaling pathway (14, 114). Other lncRNAs can modulate EMT through sponging a number of miRNAs. MAPK, PI3K/AKT and JAK/STAT signaling pathways are other cancer-related pathways that are modulated by several lncRNAs in HCC. The interactions between lncRNAs, miRNAs and mRNAs have functional importance in the pathogenesis of HCC. Examples of such trios include H19/miR-15b/CDC42, H19/miR-326/TWIST1, NEAT1/miR-485/STAT3, MALAT1/miR-124-3p/Slug, MALAT1/miR-195/EGFR, MALAT1/miR-22/SNAI1 and ANRIL/miR-144/PBX3.

Functional roles of lncRNAs in HCC have been appraised in animal models. These models have facilitated identification of lncRNAs targets and related pathways (304), which can be used as therapeutic candidates in HCC. HCC-associated lncRNAs can affect gene expression via recruiting epigenetic factors (305), regulation of transcription factors (306), modulation of protein degradation (307) and alteration of phosphorylation of proteins (308).

Genomic alterations and polymorphisms within lncRNA-coding regions have been shown to confer risk of HCC. Such variations might also predict survival of these patients. However, the observed association between these variants and HCC should be verified in independent samples from different ethnic groups. Integration of the results of genome-wide association studies with high throughput sequencing data obtained from microarray and RNA seq experiments would help in discovery of HCC-related single nucleotide polymorphisms within lncRNAs.

The biomarker role of lncRNAs in HCC has been verified by several studies indicating their importance both in the diagnosis and in the prognosis of this cancer. Expression levels of lncRNAs can differentiate HCC patients from inactive HBs Ag carriers, patients with chronic hepatitis and those with liver cirrhosis. In addition, the high diagnostic power values of peripheral levels of a number of lncRNAs such as UCA1 and NEAT1 have potentiated them as methods for non-invasive diagnosis of HCC. Moreover, lncRNAs can be regarded as therapeutic targets in HCC. The importance of lncRNAs as therapeutic targets in HCC has been noted by several experiments in animal models of HCC. Yet, such experiments wait approval in clinical settings. In vivo delivery of a number of lncRNAs such as lncRNA-PRAN, uc.134 and TSLNC8 has been shown to attenuate tumor growth and enhance lifespan of xenograft models of HCC (223, 224, 226). Moreover, a number of lncRNAs such as HULC confer resistance to chemotherapeutic agents (13), indicating the potential of targeted therapies against these transcripts in enhancement of response of HCC patients to conventional therapeutic options. Antisense oligonucleotides and small interfering RNAs are putative methods for suppression of expression of lncRNAs (309, 310) whose efficacies have been verified in animal models and cell line experiments. Yet, this knowledge has not been translated into clinical practice.

Taken together, lncRNAs as important class of regulatory transcripts can influence pathogenesis of HCC from different aspects and can be used as suitable markers for differentiation of HCC from related pathogenic conditions.
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Morphine is an analgesic widely adopted to relieve cancer pain. A number of discrepancies, however, are presented by the published literature, with reports suggesting that opioids may either promote or inhibit the spread of cancer. It is of great significance to determine whether morphine may increase the risk of metastasis while utilized in liver cancer surgical treatment. In this study, we explore the effects of morphine on liver cancer cells in vitro and in vivo. Our results showed that morphine does not promote proliferative ability to cultured liver cancer cells. While morphine could increase the apoptosis rate of Hep3B/HepG2 cells. Furthermore, morphine could significantly inhibit the migratory and invasion ability of Hep3B/HepG2 cells. Subsequent investigations disclosed that morphine could inhibit sphere formation ability of Hep3B/HepG2 cells by using sphere formation assay. Based on nude mouse models, we demonstrated that morphine significantly reduced pulmonary tumorigenicity of Hep3B/HepG2 cells. In conclusion, our results found that morphine at clinical concentrations could suppress liver cancer cell tumor properties in vitro and in vivo, indicating the safety of morphine utilization in HCC patients’ pain management.
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Introduction

Hepatocellular carcinoma (HCC) has heterogeneous etiologic and molecular profiles and varied reaction to therapeutics. In spite of the progresses in operative and oncological therapies, HCC is still a worldwide burden and a major sort of liver tumor in China (1). In the United States, the incidence of HCC has nearly tripled in the past 30 years, and it is the fastest rising reason of cancer-relevant deaths (2). Recent epidemiologic researches have concentrated on potential positive effects of morphine, and the differences in cancer prognosis may originate from anesthetics on cancer biologic performance.

Perioperative care and anesthetic management are increasingly considered to be a treatment that may affect cancer recurrence, metastasis and patients survival (3–6). Over the years, clinical and laboratory studies have suggested that modifiable conditions during anesthesia and surgery may affect the recurrence of cancer (7). One of those factors is the opioid administration. It is acknowledged that opioids are widely utilized in cancer patients’ pain management, and interest in the opportunity that they may change the course of cancer has been induced (8). There has been recent focus on the management of opioids in cancer patients that were based on a combination of: numerous studies suggesting that restraining pain decreases operative stress and as a result, may possess a protective influence on neoplasm metastasis; researches both in vitro and in vivo examining the pathways that opioids can either promote or inhibit cancer (9); recent retrospective clinical experiments and ongoing prospective trials identifying whether regional anesthesia possesses the ability to prevent the metastasis of neoplasm while in comparison with general anesthesia (10). The role and underlying mechanisms of morphine in hepatocellular carcinoma, however, have been seldom studied both in vitro and in vivo.

The aim of this study was to determine the potential effects of morphine on the biologic behavior of liver cancer cells. Furthermore, we used xenograft model to investigate the in vivo effects of morphine on lung tumorigenicity of liver carcinoma.



Materials and Methods


Cell Lines and Cell Culture

Hepatocellular carcinoma Hep3B/HepG2 cells were purchased from the Chinese Type Culture Collection, Wuhan, China. Hep3B/HepG2 cells were routinely cultured in high glucose in Dulbecco Modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (purchased from Si Ji Qing Co., Ltd., Hangzhou, China) and incubated in a humidified atmosphere of 5% CO2 plus 95% air at 37°C.



Drugs and Treatment

Morphine hydrochloride came from Department of Anesthesiology, Tongji Hospital, Tongji Medical College, Huazhong University of Science & Technology, Wuhan, China. Apoptosis detection kit (KGA108 Annexin V-FITC/PI) was bought from Jiangsu KeyGEN Biotech Co., Ltd., Nanjing, China, which was stored at -20°C. Hep3B/HepG2 cell monolayers were incubated with morphine at clinical concentrations (0, 5, 10μM) (11) in the apoptosis analysis, Transwell assays and sphere formation assay for 24h. In the viability assay, liver cancer cells were incubated with morphine (0, 5, 10μM) for 24h, 48h and 72h to determine non-toxic concentrations. In the animal experiment, Hep3B/HepG2 cells were pretreated with morphine (0 or 10μM) for 24h before being injected into the tail vein of the nude mice.



Viability assay

CCK-8 kit (purchased from Sigma-Aldrich, Shanghai, China) was used to evaluate the growth of liver cancer cells. Hep3B/HepG2 were cultured in 96-well flat bottom plates at the concentration of 5–10 × 103 cells per well in a volume of 100μl medium. As soon as attached to the flat, cells were treated with morphine (0, 5, 10μM) for 24h, 48h and 72h. Viability assay was conducted as described previously (12).



Wound Healing Assay

Hep3B/HepG2 clones were grown to confluency. A linear wound was made by scraping a nonopening Pasteur pipette across the confluent cell layer, 24h after treatment by mitomycin C (10 μg/ml). Cells were washed twice to remove detached cells and debris. Then, size of wounds was observed and measured after 24h. The experiments were repeated independently three times.



Transwell Migration and Invasion Assay

Cell migration was conducted using Transwell chambers (24-well insert, 8μm, Corning Costar, purchased from Wolcavi Biotech Co., Ltd., Beijing, China), and cell invasion was conducted using the same Transwell chambers with a Matrigel (BD Biosciences, San Jose, CA, USA). Hep3B/HepG2 cells pretreated with morphine (0, 5, 10μM) for 24h were resuspended in DMEM without fetal bovine serum (FBS) and placed into the uncoated membrane in the upper chamber at the concentration of 105 cells of each chamber. DMEM supplemented with 10% FBS was used as an attractant in the lower chamber. After being incubated for 24h, cells migrated across the membrane were fixed with 4% paraformaldehyde and stained with a 4 g/L crystal violet solution. The images were observed by microscope (Keyence, Japan), and we counted nine random fields at 10× magnification. The experiments were repeated independently three times.



Apoptosis Assay

Hep3B/HepG2 were dealt with the concentrations of morphine indicated. Then we stained samples from three experimental groups at different dose of morphine with FITC Annexin V and PI at 25°C in the dark for 15 min. Apoptotic cells were analyzed by a FACSCalibur Cytometer (Becton Dickinson, USA) within 1 h according to the manufacturer’s instructions. The experiments were repeated independently three times.



Sphere Formation Assay

Ultralow attachment plates (bought from Corning Incorporated, Shanghai, China) were used to perform Sphere formation assay. Hep3B/HepG2 pretreated with morphine (0, 5, 10μM) were resuspended with medium supplemented with 20 ng/ml EGF, 20 ng/ml bFGF, and 2% B27 at the density around 1000cells/ml and cultured at 37°C in 5% CO2. After 1 week, we counted the spheres greater than 50μm diameter at 40 x magnification under Keyence microscope. We calculated the number of spheres per 1000 cells to evaluate Sphere formation efficiency (SFE). The experiments were repeated independently three times.



In Vivo Xenograft Assay

We ordered the 5 week-aged female nude mice from the Chinese Academy of Medical Sciences Institute of experimental animals. Under the protocol on laboratory animals of the National Institutes of Health guidelines (NIH publication 96-01, 1996 revision) approved by the Institute Research Ethics Committee at the Tongji Medical College, Huazhong University of Science & Technology, all animal experiments were performed. We harvested the Hep3B/HepG2 cells expressing Luciferase. Then they were resuspended in PBS at the concentration of 1.6 ×107 cells/ml. Each mouse was injected with 50μl of the cell suspension through the tail vein. Fluorescence imaging was tracked by Xenogen IVIS Imaging System (Caliper Life Sciences, USA) and the Luciferase activity was captured once a week. After 5 weeks the ending point was reached, we sacrificed all the mice and harvested their lungs for pathology analysis.



Western Blot

Western blot analysis was performed as described previously (13). Primary antibodies include OGFR (Abcam, ab1717), μ-opioids receptor (Abcam, ab134054), uPA (Abcam,ab218106), MMP-9 (Abcam, ab76003). Anti-β-actin (Abcam, ab8226) was used as an internal control. Immune complexes were visualized using the Beyo ECL Plus.



RNA and Reverse Transcription-PCR

The cDNA was created according to the manufacturer’s protocol (Takara, PrimeScript RT Master Mix). Quantitative PCR was performed on StepOne Real-Time System (Bio-rad) using SYBR Premix Ex TaqTM (Takara, DRR081A) according to the manufacturer’s protocol. Gene expression was normalized to β-actin mRNA content for human genes, and expressed relatively to the control condition of each experiment. The relative expression of each target gene was determined from replicate samples using the 2-ΔΔCt (Ct, cycle threshold).



Statistical Analysis

GraphPad Prism 4.1 software (GraphPad Software, La Jolla, CA) was employed for all statistical analysis and output of figures. Statistical analyses were performed by Student’s t-test (two groups) or one-way analysis of variance followed by the Dunnett post hoc test (multiple groups). All data are expressed as mean ± SE from at least three separate experiments performed in triplicate except otherwise noted. The statistical significance level was defined as P<0.05.




Results


Morphine Does Not Promote Proliferative Ability to Cultured Liver Cancer Cells

We investigated whether morphine had an effect on the viability of Hep3B/HepG2 cells. Cells were respectively pretreated with morphine (0, 5, 10μM) for 24h, 48h and 72h, followed by CCk-8 assay. Our results indicated that morphine did not promote proliferative ability to Hep3B/HepG2 cells (Figure 1). Meanwhile, we found that morphine has no effect on proliferative behavior of human hepatocellular carcinoma cells when applied to Hep3B/HepG2 cells under 5 or 10μM concentration for 24h. Thus, we used 24h as the checkpoint in the following experiments.




Figure 1 | Morphine does not promote proliferative ability to cultured liver cancer cells. Hep3B/HepG2 cells were pretreated with morphine at the concentration of 0, 5, 10μM for 24h, 48h and 72h. Cell viabilities were measured by CCK-8 assay. Data are expressed as mean ± SE; n=3.





Morphine Could Significantly Increase the Apoptosis Rate of Hep3B/HepG2 cells

The apoptosis rate of Hep3B/HepG2 cells exposed to morphine had significantly increased compared with cells not exposed to morphine (Figures 2A, B). Those cells pretreated with 10μM morphine for 24h had the most apoptotic rate compared with other groups.




Figure 2 | Morphine promotes the apoptosis of Hep3B/HepG2 cells in vitro. (A) Representative image of flow cytometry analysis of Annexin V and Propidium iodide as a measure of apoptosis and (B) quantitative analysis of apoptosis in Hep3B/HepG2 cells exposed to morphine for 24h. Data are expressed as mean ± SE; n=3. *P < 0.05, **P < 0.01, ***P < 0.001.





Hep3B/HepG2 Pre-Exposed to Morphine Had Lower Migratory and Invasion Capacity In Vitro

There was decreased migratory and invasion capacity of Hep3B/HepG2 pretreated with morphine compared with those without morphine. Those cells exposed to 5μM morphine or 10μM morphine for 24h had a lower number of migrating cells compared with control group (Figures 3A–F).




Figure 3 | Morphine suppresses the migration and invasion ability of Hep3B/HepG2 in vitro. (A) Representative image of wound healing assay and (B) quantitative analysis of wound healing assay of Hep3B/HepG2 exposed to morphine for 24h. (C) Representative image of transwell analysis of migration and (D) quantitative analysis of migration of Hep3B/HepG2 exposed to morphine for 24h. (E) Representative image of transwell analysis of invasion and (F) quantitative analysis of invasion of Hep3B/HepG2 exposed to morphine for 24h. Data are expressed as mean ± SE; n=3. ***P < 0.001.





Morphine Inhibits Sphere Formation Ability of Hep3B/HepG2

Hep3B/HepG2 cell lines were chosen to investigate the potential role of morphine in cancer sphere formation ability. We used sphere formation assay in liver cancer cells. Sphere formation assay has been applied as a representative indicator of cancer stem cell activity (14). We pretreated Hep3B/HepG2 cells with morphine (0, 5, 10μM) followed by a sphere formation assay. Results demonstrated that morphine significantly decreased the SFE and the sphere size in Hep3B/HepG2 cells (Figures 4A–C).




Figure 4 | Morphine inhibits the sphere formation ability of Hep3B/HepG2 cells. (A) Representative pictures of spheres formed by Hep3B/HepG2 cells after treating with morphine (0, 5, 10μM) for 24h, respectively (Scale bars, 50μm). (B, C) Bar diagrams showed the diameter and number of spheres (spheres > 50μm). Data are expressed as mean ± SE; n=3. ***P < 0.001.





Morphine Decreases the Tumorigenicity of Liver Cancer in Lung

In vivo experiment was performed by tail vein injection of Hep3B/HepG2 cells pretreated with or without morphine to elucidate whether morphine could decrease the tumorigenicity of liver cancer in lung. We labeled Hep3B/HepG2 with luciferase, which made it feasible for tracking and quantification of cancer cells. We found that morphine reduced the lung tumorigenicity of Hep3B/HepG2 cells significantly (Figure 5).




Figure 5 | Morphine inhibits lung tumorigenicity of Hep3B/HepG2 cells in vivo. (A) Luminescence of nude mice that were tail vein injected with Hep3B cells at the initiation time point and 5 weeks after. (B) Lung sections of nude mice that were tail vein injected with Hep3B cells for H&E staining (scaled bar length = 500μm). (C) Relative quantification of luminescence of nude mice that were tail vein injected with Hep3B cells was showed. (D) Luminescence of nude mice that were tail vein injected with HepG2 cells at the initiation time point and 5 weeks after. (E) Lung sections of nude mice that were tail vein injected with HepG2 cells for H&E staining (scaled bar length = 500μm). (F) Relative quantification of luminescence of nude mice that were tail vein injected with HepG2 cells was showed. Data were shown as mean ± SD. n=9 per group. **P < 0.01.





Morphine Could Suppress Malignant Behavior of Liver Cancer Cells via Up-Regulation of the OGFR and Down-Regulation of μ-opioids Receptor (MOR), uPA and MMP-9

We detected the protein and mRNA level of OGFR, MOR, uPA and MMP-9 in Hep3B/HepG2 cells to explore the molecular mechanisms through which morphine could affect the liver cancer cells. Our results showed that morphine could suppress malignant behavior of liver cancer cells by up-regulation of the OGFR and down-regulation of MOR, uPA and MMP-9 (Figures 6 and 7).




Figure 6 | Liver cancer cells were pretreated with different concentrations of morphine (0,5,10μM) for 24h followed by Western Blot to detect the protein level of OGFR, MOR, uPA and MMP-9 in Hep3B/HepG2 cells. n=3.






Figure 7 | Liver cancer cells were pretreated with different concentrations of morphine (0,5,10μM) for 24h followed by qRT-PCR to detect the mRNA level of OGFR, MOR, uPA and MMP-9 in Hep3B/HepG2 cells. Data are expressed as mean ± SE; n=3. **P < 0.01, ***P < 0.001.






Discussion

OPIOIDS including morphine are routinely adopted in pain management during perioperative period but have been linked to various pro- and anti-tumor properties (15). In this study, we investigated the effects of morphine on the tumor properties of liver cancer cells. We found that Hep3B/HepG2 pre-exposed to morphine does not possess higher growth potential compared with cells not exposed to morphine. Meanwhile, morphine could increase the apoptosis rate of Hep3B/HepG2 cells. Our findings further demonstrate that morphine inhibits cancer sphere formation ability due to significantly decreased sphere size and number. Furthermore, cells pre-exposed to morphine had significant lower migratory and invasion capacity in vitro and migrated less to the lung in vivo.

Former studies have also indicated that morphine-mediated influence on cancer progression may be analgesia independent (16). For instance, a number of in vitro studies indicate that morphine could directly affect cellular pathways controlling cell migration, survival and proliferation in breast (17–22), lung (23–25) and prostate cancer cell lines (26). So far, the majority of these studies demonstrate that morphine boosts neoplasm cell migration, survival and proliferation while just a small part of them imply a tumor-inhibiting impact of morphine in vitro (17, 24, 25). Our results reveal that morphine does not have a significant positive effect on proliferation of liver cancer cells in vitro. These contradictions may be interpreted with selection of different cancer cell lines. In consistent with our findings, Chris et al. (16) suggest that morphine does not lead to the progression of breast cancer in preclinical models for metastatic invasive lobular. The possibility that anesthetic techniques may differentially affect disease progression because of inherent drug-relevant characteristics is not excluded in our findings. Therefore, our results suggest that opioid analgesics are not inappropriate for perioperative pain management related to HCC.

General and regional anesthetics antitumor effects on various liver tumors (27) and other solid tumors have been extensively documented. However, questions have been raised regarding the possible mechanisms of opioids-induced tumor suppression. It has been reported that down-regulation of the μ-opioids receptor (MOR) resulted in the increase of the mitogen-activated protein kinase kinase (MKK7) expression and c-Jun N-terminal kinase (JNK) activation which, in turn, induces substrates such as pro-apoptosis proteins (28). Therefore, we propose that down-regulation of MOR is the key to inhibit human liver cancer progression. Our follow-up experiments revealed that this pathway may play important role in the interaction between morphine and liver cancer cells. Moreover, it has been demonstrated that opioid growth factor receptor (OGFR), a negative regulator of cell proliferation is involved in subsequent morphine-induced lung cancer growth inhibition. Lung cancer tissues and cell lines expressing OGFR which interacts with morphine may restrain lung cancer progression (29). Our results also showed up-regulation of the OGFR in liver cancer cells pre-exposed to morphine indicating that similar mechanism may take part in different cell lines.

Our present data reveal that Hep3B/HepG2 cells exposed to morphine had lower migratory and invasion capacity in vitro. We hypothesize that the effect of morphine would be mediated by the reduction level of MMP-9 and uPA (30). The production of MMP-9 and uPA, which are ECM-degrading enzymes, is up-regulated by neoplasm. This tendency can be reversed by morphine. MMP-9 modulate cell proliferation, adhesion, apoptosis and differentiation and play an important part in tumor growth, angiogenesis and metastasis (31). There is an obvious link between the expression level of uPA receptor (uPAR) on the cell surface and proliferative, adhesive and migratory capacities of cancer cells. Thus, decreased level of MMP-9 and uPA leads to inhibition of lung metastasis in vivo. Our studies showed morphine could lead to down-regulation of MMP-9 and uPA indicating our assumption is reasonable.

More importantly, animal experiments indicated that morphine suppressed tumorigenicity in hepatocellular carcinoma. We chose a mouse model that employed an opioid dose similar to what Hep3B/HepG2 cells receive. The injection of liver tumor cells in the tail vein was conducted to imitate the presence of cancer cells in the circulation during and after tumor resection. Our experiments illustrate that morphine led to less lung colonization and inhibited the growth of Hep3B/HepG2 cells introduced into the blood stream of mice via tail vein injection. These results are in consistence with results from other experiments indicating that morphine depresses tumor progression in vivo (32–34). Anti-tumor effects of morphine detected in our mice model could be mediated through communication between nonmalignant cells and cancer cells by paracrine in the neoplasm microenvironment. Further studies are required to clarify the mechanisms of morphine-induced suppression of the tumorigenicity of hepatocellular carcinoma in vivo.

Our results demonstrate that morphine restrains cancer sphere formation ability in Hep3B/HepG2 with sphere formation assay, which contradicts with studies showing morphine promotes those in breast cancer (35). Explanations for these discrepancies may include different experimental conditions, wide ranges of morphine and differences in tumor types. Although the mechanism by which morphine drives sphere formation ability remains unclear, our study suggests that this common opioid may inhibit the sphere formation ability in hepatocellular carcinoma, potentially applying to other malignant liver tumor subtypes.

However, it is acknowledged that our study lacks an in-depth analysis of the effects of morphine to HCC. Other opioids, including fentanyl and codeine, may also mediate similar effects, and the effect of those agents on liver cancer cells needs to be analyzed in a similar fashion. Future studies should evaluate the effects on different cell lines, specifically in primary human hepatocellular carcinoma cell lines.



Conclusions

In conclusion, our studies demonstrate that morphine does not promote the proliferative ability while increase the apoptosis rate of Hep3B/HepG2 cells. Furthermore, the present data demonstrate that exposure to morphine under relevant conditions can suppress the migratory or invasion capacity and cancer sphere formation ability in vitro. In the end, the animal experiment provides preliminary evidence suggesting that morphine may have potentially beneficial effects in liver neoplasm by reducing tumorigenicity efficiency.
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Hepatocellular carcinoma (HCC) is the most common primary cancer of the liver and carries high morbidity and mortality. Diagnosing HCC at an early stage is challenging. Therefore, finding new, highly sensitive and specific diagnostic biomarkers for the diagnosis and prognosis of HCC patients is extremely important. Circular RNAs (circRNAs) are a class of non-coding RNAs with covalently closed loop structures. They are characterized by remarkable stability, long half-life, abundance and evolutionary conservation. Recent studies have shown that many circRNAs are expressed aberrantly in HCC tissues and have important regulatory roles during the development and progression of HCC. Hence, circRNAs are promising biomarkers for the diagnosis and prognosis of HCC. This review: (i) summarizes the biogenesis, categories, and functions of circRNAs; (ii) focuses on current progress of dysregulated expression of circRNAs in HCC with regard to regulation of the tumor hallmarks, “stemness” of cancer cells, and immunotherapy; (iii) highlights circRNAs as potential biomarkers and therapeutic targets for HCC; and (iv) discusses some of the challenges, questions and future perspectives of circRNAs research in HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fourth-leading cause of cancer-related death overall worldwide, and the fastest-growing cause of cancer-related deaths in the United States (1, 2). The major risk factors for HCC include excessive consumption of alcohol, nonalcoholic fatty liver disease, diabetes mellitus, infection by the hepatitis B virus and/or hepatitis C virus, and dietary exposure to aflatoxins (3). Although surgery is first-line treatment, only 5–10% of HCC patients are eligible for surgery because HCC is frequently diagnosed at a late stage, and its prognosis is poor. Therefore, the most urgent needs are to elucidate the molecular mechanisms underlying the development and progression of HCC, and to find sensitive markers for the diagnosis and prognosis of HCC (4, 5).

Accumulating evidence has demonstrated that some circular RNAs (circRNAs) are involved in HCC carcinogenesis and progression, including proliferation, angiogenesis, apoptosis, invasion and migration. circRNAs are a novel type of non-coding (nc)RNAs and harbor a covalently closed loop structure with neither 5′ to 3′ polarity nor a polyadenylated tail (6). Therefore, circRNAs are featured by the properties of remarkable stability, long half-life, resistance to exonucleolytic RNA decay, and evolutionary conservation (7, 8). Furthermore, studies on circRNAs have exhibited that they are expressed in given cell type-, tissue-, developmental stage- and disease-specific patterns (9–11).

Initially, circRNAs were hypothesized to be byproducts generated by aberrant splicing events. In recent years, thanks to the rapid development of high-throughput sequencing techniques and bioinformatics methods, many circRNAs have been identified in various human tissues and shown to be involved in diverse biological and pathological processes of various tumor types (12–15). Of note, specific deregulated circRNAs have been shown to participate in the biological and pathological processes of HCC, indicating that these dysregulated circRNAs may become potential biomarkers and therapeutic targets for HCC (16–19).

In this review, we summarize the biogenesis, types, and biological functions of circRNAs. In particular, we highlight the biological roles of circRNAs in HCC and the potential clinical value of circRNAs as novel biomarkers and therapeutic targets for HCC. We also discuss the main problems and perspectives for the utility of circRNAs in HCC.



Biogenesis and Types of CIRCRNAs

Although the exact mechanisms of circRNAs biogenesis have not been fully elucidated, emerging studies have revealed that circRNAs are generated mainly through noncanonical splicing of precursor messenger RNAs (pre-mRNAs) termed “backsplicing” (20). Different from the canonical splicing of pre-RNAs terminated with a 5′ cap and 3′ polyadenylated tails, circRNAs are characterized by their single-strand closed-loop structure, which is generated through the ligation of a downstream 5′ splice donor site and an upstream 3′ splice acceptor site (21–23).

Based on their origin of genomic regions, circRNAs are divided mainly into four types (Figure 1) (5, 24): exonic circRNAs (ecircRNAs), retained-intron or exon-intron circRNAs (EIciRNAs), intronic circRNAs (ciRNAs) and tRNA intronic circRNAs (tricRNAs). The vast majority of circRNAs is ecircRNAs, which account for >80% of identified circRNAs, and ecircRNAs are distributed predominantly in the cytoplasm (25, 26). Several studies have suggested that ecircRNAs have important roles in regulation of gene expression because they sponge microRNAs (miRNAs) and/or interact with RNA-binding proteins (RBPs) (27, 28). Unlike ecircRNAs, EIciRNAs and ciRNAs represent only a small fraction of circRNAs, and they are located mainly in nucleases and can regulate expression of their parental mRNAs (20).




Figure 1 | Biogenesis and types of circRNAs. Studies have identified four categories of circRNAs: EcircRNAs, EIciRNAs, ciRNAs and TricRNAs. The four types of circRNAs are formed by different mechanisms. (A) Canonical pre-mRNA splicing to produce a mature mRNA. (B) Intron pairing-driven circularization. (C) RBPs-associated circularization. (D) Lariat-driven circularization. (E) TricRNA is generated during pre-tRNA splicing.



Up to now, three hypothetical models of the mechanisms of circRNAs biogenesis have been proposed (21, 29): lariat-driven circularization (also called “exon skipping”), intron pairing-driven circularization, and RBPs-mediated circularization. In the lariat-driven circularization model, a large lariat containing one or more skipped exon(s) is produced. Then, the lariat may undergo backsplicing and the intronic sequences in the lariat are removed, ultimately resulting in the generation of ecircRNAs or EIciRNAs (30, 31). With regard to the intron pairing-driven circularization model, the pairing structure of circRNAs can be accomplished by the direct base-pairing of the introns flanking either inverted repeats (e.g., Alu elements) or complementary sequences (32, 33). In terms of the RBPs-mediated circularization model, RBPs or trans-factors play an important part in circRNAs biogenesis because they facilitate or inhibit intron pairing (34); quaking (QKI) and muscleblind (MBL) proteins can bind to specific sequence sites within flanking introns. Subsequently, they link two flanking introns together, thereby promoting circularization and facilitating circRNAs biogenesis (35–37); Conversely, adenosine deaminases acting on RNA 1 (ADAR1) can inhibit circRNAs biogenesis by binding to double-stranded RNA and destabilizing RNA pairing (38, 39). Furthermore, Pagliarini and colleagues suggested that Sam68 binds Alus-rich introns in Survival of Motor Neuron (SMN) pre-mRNAs and promotes pre-mRNAs circularization, which shows that Sam68 may cooperate with inverted repeat Alus (IR-Alu) to favor circRNAs biogenesis (40). Noto et al. reported a conversed and novel model of RNAs circularization in which tRNA introns are spliced to form tricRNAs during splicing of pre-tRNA (41).



Functions of CIRCRNAs

The functions of circRNAs have been investigated extensively. Several studies have revealed five major functions of circRNAs: binding to RBPs and serving protein scaffolds; sponging miRNAs to regulate target genes; encoding peptides or proteins; promoting transcription of parental genes; regulating alternative splicing. The five potential functions of circRNAs are shown in Figure 2.




Figure 2 | Functions of circRNAs. (A) Binding to RBPs. (B) Sponging miRNAs. (C) Translating into peptides or proteins. (D) Regulating gene transcription. (E) Competing with canonical splicing.




miRNA Sponges

The hallmark function of circRNAs is their ability to act as miRNA sponges to regulate gene expression. Most mechanistic studies on circRNAs have focused on miRNA sponges. miRNAs are a class of short ncRNAs. They can interact with mRNAs and induce post-transcriptional repression of target genes (42). Emerging evidence suggests that specific circRNAs contain multiple sites for miRNA binding, which indicates that circRNAs might act as endogenous RNAs (ceRNAs) or miRNA sponges to counteract miRNA-mediated gene degradation (43). A typical example of a miRNA sponge is ciRS-7, which is also termed as “cerebellum degeneration-related protein antisense” (CDR1). ciRS-7 contains >70 conserved miR-7 binding sites and binds miR-7 without being degraded, thereby increasing expression of miR-7-targeted mRNAs (11, 27). Studies have shown that the ciRS-7/miR-7 system may have important functions in the developing brain, tumorigenesis, and tumor progression (44, 45). Another example is sex-determining region Y (Sry) circRNA, which is derived from the testes of adult mice; Sry circRNA harbors 16 putative binding sites for miR-138 (27). Moreover, some circRNAs can act as miRNA sponges to different types of miRNAs even though these circRNAs lack multiple binding sites for a specific miRNA. For example, circ-ITCH acts as a tumor suppressor in multiple tumors, and inhibits progression of multiple tumor types by sponging different miRNAs (miR-17, miR-224, miR-22 and miR-214) and regulating the target genes of miRNAs (46–49). Similarly, circHIPK3 functions as an oncogene by sponging different miRNAs (including miR-7, miR-124, miR-558 and miR-637) involving multiple cancer types (e.g., colorectal, lung, and bladder) (50–54). Taken together, these findings indicate that some circRNAs act as sponges for miRNAs, and that the circRNA/miRNA interaction might be associated with human disease, such as cancer.



Binding to Proteins or Serving as Protein Scaffolds

Studies have demonstrated that specific circRNAs act through interactions with proteins. One example comes from research on circMBL by Ashwal-Fluss and colleagues in 2014 (36). circMBL itself contained high MBL binding motifs, and there was a direct interaction and feedback loop between these two molecules. Abundant MBL protein promoted circMBL production by stimulating exon circularization. If MBL protein was reduced, it caused a significant decrease in circMBL production. Moreover, circPABPN1 and Poly(A)-binding protein nuclear 1 (PABPN1) mRNA competed for binding to HuR protein (a translational activator); massive binding of circPABPN1 to HuR inhibited HuR binding to PABPN1 mRNA, which caused a reduction in expression of PABPN1 mRNA (55). Besides, specific circRNAs can act as protein scaffolds to facilitate proteins assembly. For example, circFoxo3 serves as a protein scaffold to combine with CDK2 and p21, and the circFoxo3/CDK2/p21 ternary complex blocks cell cycle progression in response to cell overgrowth (56).



Encoding Peptides or Proteins

Although circRNAs are considered to be ncRNAs and lack a 5′ cap or polyadenylated (A) tails, specific circRNAs can potentially encode peptides or proteins. In 2017, Legnini and colleagues were the first to report that circ-ZNF609 can be translated into a protein in a splicing-dependent and cap-independent manner in myogenesis, and provided a typical example of protein-coding circRNAs in eukaryotes (57). Moreover, studies have indicated that circRNA-encoded proteins (but not circRNAs themselves) have tumor-suppressive roles or tumor-promoting roles in cancer. For example, circPPP1R12A, which is produced by exons 24/25 of PPP1R12A, encodes a 73 amino-acid small peptide (named “PPP1R12A-73aa peptide”); it is circPPP1R12A-73aa rather than circPPP1R12A that has a tumor-suppressor role in colon cancer because it activates the Hippo-YAP signaling pathway (58). Similarly, circAKT3 encodes a 174aa protein (AKT3-174aa); AKT3-174aa (but not circ-AKT3) exerts a tumor-suppressive role by negatively regulating the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) signaling pathway in glioblastoma (GBM) (59). Overall, circRNAs may represent a novel type of peptide-coding RNAs, and circRNA-coding peptides also may have important potential clinical uses.



Regulating Gene Transcription and Alternative Splicing

EIciRNAs and ciRNAs are found primarily in the nucleus, where they regulate gene transcription. For example, EIciRNAs (circEIF3J and circPAIP2) promote expression of their parental genes in a cis-acting manner. Mechanistically, an EIciRNA-U1 snRNP complex, which is formed via specific RNA-RNA interactions between EIciRNA and U1 snRNA, interacts further with Pol II at the promoters of parental genes to enhance transcription. Likewise, some ciRNAs (ci-ankrd52 and ci-sirt7), which are also retained in the nucleus and localized at the start sites of their parental-gene transcription, might function as positive regulators of Pol II and enhance the transcription of their parental genes (60).

circRNAs can also regulate alternative splicing. Backsplicing and linear pre-mRNA splicing share the same exons, so circRNAs circularization and mRNA splicing may compete with each other (36, 61). Therefore, the more an exon is circularized, the less the exon will be involved in the production of linearly processed mRNA (62, 63). As described above, circMBL competes with MBL pre-mRNA splicing and has a negative effect on linear splicing. Furthermore, some ecircRNAs may regulate the production of the canonical protein by sequestering mRNA start sites (31, 64).




Roles of CIRCRNAS in HCC

Multiple lines of evidence indicate that some circRNAs are expressed aberrantly in HCC and have a vital regulatory role in the carcinogenesis and development of HCC. These dysregulated circRNAs can regulate various hallmarks of HCC, such as the cell cycle, angiogenesis, apoptosis, invasion and metastasis, and metabolism. Furthemore, some aberrantly expressed circRNAs are involved in regulating the “stemness” of cancer cells and immunotherapy of HCC through different mechanisms.


circRNAs Regulate the Tumor Hallmarks in HCC


Cell Cycle Regulation by circRNAs in HCC

Dysregulation of the cell cycle is a main feature of malignancies. Cell cycle progression is regulated by coordinated regulators such as cyclins, cyclin-dependent kinases (CDKs), p53, c-Myc, and CDK inhibitor proteins (CKIs). The cyclin D/CDK4/6 complex is the central regulator of the transition of the G1 phase to the S phase of the cell cycle. Mitogenic signals activate cyclin D/CDK4/6 by phosphorylating retinoblastoma (RB) tumor-suppressor protein, which inhibits the activity of E2F transcription factors, and drives the expression of E2F target genes and promotes cell cycle progression (65, 66). The cyclin E/CDK2 complex has a critical role in the G1 phase, and is required for the progression from the G1 phase to the S phase, whereas cyclin A and cyclin B together with CDK1 are required for the progression from the G2 phase to the M phase (67). Cell cycle progression is also controlled by the activity of CKIs, which belong to the INK4 family (p15, p18 and p19) or Cip/Kip family (p21, p27 and p57). Furthermore, p53 and c-myc also have critical roles in the control of cell cycle progression.

Specific dysregulated circRNAs influence cell cycle progression by regulating these important components in HCC (Figure 3). For instance, Chen and coworkers find that exosome circ-deubiquitination (circ-DB) is upregulated in HCC patients with higher body fat ratios. The exosome circ-DB promotes HCC growth and reduces DNA damage in vitro and in vivo studies. Mechanistically, exosome circ-deubiquitination (exo-circ-DB) promotes HCC growth by activating USP7/cyclin A2 through sponging miR-34a (68). Has_circ_0078710 in HCC promotes cell proliferation by absorbing miR-31 and upregulating expression of HDAC2 and CDK2 (69). Circ-ZEB1.33 promotes the proliferation of HCC cells by regulating miR-200a-3p/CDK6 (70). Hsa_circ_0016788 accelerates HCC growth via regulation of miR-481/CDK4 (71). Moreover, hsa_circ_0091581 promotes proliferation of HCC cells by upregulating c-Myc by sponging miR-526b (72). circBACH1 interacts with HuR directly and promotes HuR accumulation in the cytoplasm to decrease p27 expression (73).




Figure 3 | An overview to control of the cell cycle by circRNAs in HCC. The cell cycle consists of four phases: G1, S, G2, and M. circRNAs regulate the key regulatory molecules in HCC (cyclins, CDKs, CKIs, Myc and p53) by different mechanisms. circRNAs with proliferative potential are denoted as red circles whereas antiproliferative circRNAs are denoted as green circles.



Instead, specific circRNAs as suppressor genes influence cell cycle progression in HCC. For example, circMTO1 suppresses proliferation of HCC cells by sponging miR-9 and increasing p21 expression (16). Furthermore, Chen and colleagues find that circLARP4 is downregulated in HCC and is associated with survival outcome for HCC patients. In vitro experiments show that circLARP4 inhibits cell proliferation, causes cell cycle arrest, and induces senescence in HCC. Mechanistically, circLARP4 inhibits HCC progression and induces cell cycle arrest by regulating miR-761/RUNX3/p53/p21 (74). Overexpressed hsa_circ_0079929 inhibits HCC cell proliferation and exerts cell cycle arrest by inhibiting cyclin B1 (75).



Angiogenesis Regulation by circRNAs in HCC

Excessive abnormal angiogenesis is one of hallmarks of cancer. It is strongly associated with the growth, development, progression, and metastasis of tumor cells (76). This process is controlled by various angiogenic and antiangiogenic factors dominated by the tissue hypoxia-triggered overproduction of vascular endothelial growth factor (VEGF) (77). VEGF is the downstream gene of hypoxia-induced factor (HIF)-1 and the best studied angiogenic growth factor. VEGF induces mitogenesis and the migration of endothelial cells to form new blood vessels. Growth factors, produced by HIF-1 signaling, activate PI3K/Akt or mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/MEK) signaling pathways. This action leads to increased expression of HIF-1 protein, which upregulates VEGF expression to promote cancer angiogenesis (77, 78). VEGF and HIF-1 can be regulated directly or indirectly by circRNAs in HCC (Figure 4). For example, Pu et al. finds that hsa_circ_0000092 expression is significantly increased in HCC tissues and cells lines. Depleted hsa_circ_0000092 suppresses HCC cells proliferation, migration, invasion and angiogenesis in vitro and in vivo. Mechanistic studies have revealed that hsa_circ_0000092 promotes angiogenesis in HCC by sponging miR-338-3p and upregulating expression of HN1, MMP9 and VEGF (79). Moreover, oncogenic circ-EPHB4 and tumor suppressor hsa-circ-0046600 modulate HIF-1a through different mechanisms in HCC (80, 81). Totally, studies on the roles of circRNAs associated with angiogenesis in HCC are limited, and additional research is needed to elucidate this issue.




Figure 4 | The regulatory role of circRNAs in HCC angiogenesis. VEGF protein binds with VEGFR 2 and activates the PI3K/AKT and MAPK/MEK signaling pathways, which induces HIF-1α expression. HIF-1α translocates into the nucleus and partners with HIF-1β to form a heterodimer that activates VEGF and promotes angiogenesis. Dysregulated circRNAs interfere with the expression of VEGF and HIF-1α in HCC. circRNAs with pro-angiogenic potential are denoted as red circles whereas anti-angiogenic circRNAs are denoted as green circles. HIF-1α, hypoxia-inducible factor 1α; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2.





Apoptosis Regulation by circRNAs in HCC

One of hallmarks of cancer cells is the ability to evade apoptosis. Some studies have suggested that apoptosis is critically linked to the initiation and progression of HCC (82). Apoptosis (i.e., programmed cell death) can be initiated through one of two pathways: extrinsic and intrinsic. The extrinsic (“death receptor”) pathway is activated by the binding of extracellular ligands to death receptors, which leads to formation of a multi-protein complex called “death-inducing signaling complex”: this regulates activation of initiator caspase-8. The intrinsic (“mitochondrion-centered”) pathway of apoptosis is triggered upon loss of integrity of the mitochondrial outer membrane, resulting in the release of pro-apoptotic factors (e.g., cytochrome c) from the mitochondria into the cytosol (83). In the cytoplasm, cytochrome c forms a complex with apoptosis protease activating factor-1 (Apaf1) and caspase-9 by way of cascade amplification and continues to activate caspase-3, -6, and -7, eventually leading to apoptosis (84). Recent research has shown that circRNAs play an important part in apoptotic regulatory mechanisms in HCC by targeting the anti-apoptotic and pro-apoptotic components involved in apoptosis signaling pathways (Figure 5).




Figure 5 | Regulatory role of circRNAs in the pathway for apoptosis of HCC. Apoptosis can be initiated by one of two pathways: extrinsic or intrinsic. Eventually, both pathways converge at the activation of executioner caspases that execute apoptosis. If PI3K is activated by cytokines or growth factors, it phosphorylates PIP2 to generate PIP3 and subsequently activates the PI3K/Akt signaling pathway. AKT signaling has a strong anti-apoptotic role through the phosphorylation and inhibition of key pro-apoptotic proteins (e.g., Bad). PTEN can dephosphorylate PIP3 to PIP2 and negatively regulates the PI3k/Akt pathway. These components involved in apoptosis can be regulated by circRNAs in HCC. circRNAs with anti-apoptotic effects are denoted as red circles whereas pro-apoptotic circRNAs are denoted as green circles.



B-cell lymphoma (Bcl)-2 was the first gene shown to promote prolong cell survival rather than increase cell proliferation. Bcl-2 is an apoptosis-suppressor protein widely known for its significant roles in inhibiting apoptosis and promoting oncogenesis (85). circ-BIRC6 is significantly overexpressed in HCC tissue samples and associated with the overall survival of HCC patients. Knockdown of circ-BIRC6 expression promotes the apoptosis of HCC cells by modulating Bcl-2 expression via sponging miR-3918 (86). Furthermore, circ-0051443 expression is downregulated in HCC tissues and plasma; and exosomal circ-0051443 suppresses the biological behaviors of HCC cells by promoting apoptosis via sponging miR-331-3p and regulation of Bak 1 (87).

Moreover, some signaling pathways also participate in apoptosis regulation via anti-apoptotic or pro-apoptotic proteins. The PI3K/Akt signaling pathway plays an important part in regulating many cellular and biological functions, including apoptosis (88). While the tumor suppressor phosphatase and tensin homolog (PTEN) has been identified as a negative regulator of the PI3K/Akt signaling pathway (89). PI3K is activated by receptor tyrosine kinases, which leads to Akt activation. Recent data have shown that specific circRNAs exert regulatory roles on the PTEN/PI3K/Akt signaling pathway. For example, circ-IGF1R expression is significantly upregulated in HCC tissues and the high expression levels of circ-IGF1R is associated with tumor size. Knocking down circ-IGF1R induces cell apoptosis and cell cycle arrest in vitro. Mechanistic studies have revealed that circ-IGF1R exerts anti-apoptotic effects by activating the PI3K/Akt pathway (90). Similarly, another study performed by Yang et al. shows that circZFR is significantly increased in HCC tissues and cells. Silencing circZFR inhibits HCC cell proliferation, migration and invasion, and induced apoptosis of HCC cells. Mechanistically, circZFR inhibits apoptosis and promotes cell proliferation through regulating the miR-511/Akt1 axis (91). However, circHIAT1 expression is significantly downregulated in HCC and inhibits apoptosis by targeting the miR-3171/PTEN axis (92).



circRNAs Are Associated With Regulation of EMT in HCC

Epithelial–mesenchymal transition (EMT) plays a critical part in the invasion and metastasis of cancer cells. EMT is characterized by a loss of epithelial markers (e.g., E-cadherin) and increased expression of mesenchymal markers (e.g., N-cadherin, Vimentin, and Fibronectin) driven initially by several EMT transcriptional factors, including snail, zeb, twist and slug families (93–95). Moreover, certain signaling pathways (e.g., Wnt/β-catenin and nuclear factor-kappa B (NF-κB), oncogenes, and tumor suppressors also participate in regulating EMT.

Several circRNAs have been shown to influence the invasion and metastasis of HCC by regulating EMT-transcription factors, Wnt/β-catenin and NF-κB signaling pathways in HCC (Figure 6). For example, circMET is overexpressed in HCC tumors and the increased expression of circMET is associated with survival and recurrence for HCC patients. In vitro experiments find that circMET overexpression promoted HCC development by inducing EMT and enhancing the immunosuppressive tumor microenvironment. Mechanistically, circMET promotes HCC development by inducing EMT via miR-30-5p/Snail (96). circ-ZNF652 increases snail expression by sponging miR-203 and miR-502-5p, which results in promotion of metastasis of HCC (6). Han et al. demonstrates that circ-0008150 upregulates vimentin expression by sponging miR-615-5p, whereas circ-0007821 inhibits E-cadherin expression by absorbing miR-381-3p-targeted zeb1 (97). Furthermore, Meng and colleagues unveiled a mechanism by which the EMT-transcription factor twist1 regulated vimentin expression through circ-10720 to promote EMT in HCC (98). In addition, translation of circβ-catenin (a 370 amino-acid β-catenin isoform) promotes metastasis of HCC by activating the Wnt/β-catenin pathway (19). Moreover, circZFR has an oncogenic role in HCC through regulating the miR-3619-5p/CTNNB1 axis and activating the Wnt/β-catenin signaling pathway (99). circRNA-101368 modulates migration and metastasis of HCC through miR-200a and downstream HMGB1/RAGE/NF-κB signaling (100). Conversely, circ5379-6 inhibits the metastasis of HCC via targeting of the NF-κB signaling pathway (101).




Figure 6 | circRNAs in the EMT regulation in HCC. Activation of Wnt/β-catenin and Notch/NF-KB pathways can induce various EMT-transcription factors. These EMT-transcription factors subsequently lead to repression of epithelial markers (e.g., E-cadherin) expression and increased expression of mesenchymal markers (e.g., N-cadherin and Vimentin), which finally facilitate the EMT. These EMT-associated transcription factors and signaling pathways can be regulated by circRNAs in HCC. circRNAs with pro-EMT effects are denoted as red circles whereas circRNAs with anti-EMT effects are denoted as green circles. Vim, Vimentin; N-cad, N-cadherin; E-cad, E-cadherin.





Regulation of Metabolism in HCC by circRNAs

Dysregulated metabolism is a common feature of cancer cells, and is considered one of the hallmarks of cancer (102). To meet the energy demands for rapid growth, proliferation, invasion, and metastasis, tumor cells “reprogram” their energy metabolism, mainly the metabolism of glucose, lipids, and amino acids. The most characteristic metabolic alteration in tumors is reprogramming of glucose metabolism, which is referred to as glucose metabolic change from oxidative metabolism to aerobic glycolysis (“Warburg effect”). Glycolysis in tumor cells is controlled precisely by a series of oncogenes, tumor-suppressor genes, signaling pathways, and genes encoding key enzymes related to glycolysis (e.g., PKM2 and HK2), all of which may be regulated by circRNAs to facilitate HCC development (Figure 7). For example, Li et al. finds that circMAT2B expression is significantly upregulated in HCC tissues and cell lines. The increased expression of circMAT2B is strongly associated with glycolysis in HCC patients. circMAT2B promotes glycolysis and glycolysis-related cell proliferation, migration, and invasion in vitro under hypoxia. In vivo studies show that increased expression circMAT2B overexpression increases HCC glucose utilization, tumor growth, and metastasis. Mechanistically, circMAT2B promotes HCC progression by increased glycolysis by activating circMAT2B/miR-338-3p/PKM2 under hypoxia (103). Ding and coworkers find that circ-PRMT5 is significantly increased in HCC tissues and cells. Loss-of-functional experiments show that the silencing of circ-PRMT5 inhibits HCC cells proliferation, migration, glycolysis in vitro and tumor growth in vivo. Mechanistically, circ-PRMT5 promotes HCC proliferation, migration and glycolysis by miR-188-5p sponging to regulate HK2 (104). Furthermore, circ-0000517 promotes HCC progression and glycolysis via miR-326/IGF1R (105). In total, circRNAs are novel ncRNAs, and only a few studies have reported on the altered metabolic reprogramming regulated by circRNAs in HCC. Theoretically, circRNAs can not only regulate the programming of glycolysis in HCC, but also modulate the programming of lipids and amino acids, though this have not been reported yet.




Figure 7 | Metabolic regulation by circRNAs in HCC. HK2 and PKM2 are important rate-limiting enzymes in the first and last steps of glycolysis, which can be regulated by circRNAs in HCC. circRNAs with pro-glycolysis effects are denoted as red circles. The roles and mechanisms of circRNAs in the regulating of metabolism of lipids and amino acids in HCC have not been discovered. PMK2, pyruvate kinase 2; HK2, hexokinase 2.






circRNAs Regulate the Stemness of Cancer Cells in HCC

Cancer stem cells (CSCs) are a small and rare subpopulation of cells within tumors with self-renewal, differentiation, and tumor-initiating capabilities (106, 107). CSCs are considered to be the “seeds” of tumors. CSCs have a significant role in tumor relapse, metastasis, resistance against therapy, and are targets for cancer treatment (108). Several studies have demonstrated that specific circRNAs can influence CSCs in HCC by different mechanisms. For example, Zhu et al. performs sequencing to identify the expression patterns of circRNAs and finds that circZKSCAN1 expression is decreased in HCC tissues. By using 112 pairs of HCC tissues, they identify a negative correlation between epithelial cell adhesion molecule (EpCAM) mRNA and circZKSCAN1 expression. circZKSCAN1 inhibits malignant behavior of HCC by modulating cell stemness. Mechanistically, circZKSCAN1 to suppress cell stemness in HCC by regulating the function of the RBP fragile X mental retardation protein (FMRP) and blocking the binding between FMRP and β-catenin-binding protein-cell cycle and apoptosis regulator 1, thereby subsequently reducing the activity of the Wnt/β-catenin pathway (109). Moreover, Chen and coworkers found a novel mechanism by which circ-MALAT1 acted as a “brake” in ribosomes to prevent translation of PAX5 mRNA and thus promoted CSCs self-renewal in HCC by forming a ternary complex between ribosomes, mRNA and circ-MALAT1. Simultaneously, circ-MALAT1 could promote CSCs self-renewal by absorbing miR-6887-3p and enhancing the JAK2/STAT3 pathway. Therefore, they uncovered a novel dual-faceted regulatory mechanism by a circRNA for promoting CSCs self-renewal in HCC (110).



circRNAs and Immunotherapy in HCC

Immunotherapy with checkpoint blockade has become an important weapon in fighting cancer (111). Immunotherapy based on blockade of the programmed death-1/programmed death ligand-1 (PD-1/PD-L1) checkpoint represents a common strategy for several types of tumors, including HCC (112, 113). However, the overall response rates are unsatisfactory and adverse events have been observed, which suggests an urgent need to understand the basic biology of cancer immunosuppression (114). Emerging data have shown that certain circRNAs can induce immunosuppression and resistance to anti-PD1 therapy in HCC. For example, circMET is an oncogenic circRNA that induces immunosuppression in HCC through the Snail/DPP4/CXCL10 axis. Importantly, the DPP4 inhibitor sitagliptin can increase infiltration of CD8+T cells in HCC tissues from patients sufferering from diabetes mellitus. Hence, a DPP4 inhibitor could significantly enhance the efficacy of immunotherapy based on PD1 blockade in a subgroup of HCC patients (96).

Furthermore, infiltration by and the function of natural killer (NK) cells improves survival in patients with cancer. This phenomenon provides novel opportunities to target NK cell function to increase immunotherapy response rates in various malignant tumors, including HCC (115). Some research has demonstrated NK-cell dysfunction to occur in HCC. However, the mechanisms underlying NK cell dysfunction in HCC are not clearly understood. Zhang and colleagues found that circUHRF1 promoted the progression and immunosuppression of HCC in an exosome- and NK cell-dependent manner (116). Mechanistically, circUHRF1 inhibited NK cell function by sponging miR-449c-5p and promoting TIM-3 expression. Importantly, circUHRF1 could drive resistance to anti-PD1 immunotherapy. Thus, targeting circUHRF1 might be a promising strategy for improving the therapeutic efficacy of anti-PD1 immunotherapy in HCC. In total, circRNAs may become a novel research direction for tumor immunotherapy.




Potential Clinical Applications of CIRCRNAs in HCC

The potential clinical applications of circRNAs in HCC have garnered increasing attention. circRNAs are abundant, stable, evolutionally conserved, and disease-associated expression signatures. These unique characteristics could enable circRNAs to be employed in the diagnosis and prognosis of cancer (5). Furthermore, circRNAs are involved in expression regulation and tumor progression by distinct mechanisms. Hence, circRNAs could be therapeutic targets and players in mediating therapy resistance for HCC (117, 118). Representative circRNAs are shown in Table 1.


Table 1 | Representative dysregulated circRNAs and potential clinical applications in HCC.




circRNAs as Diagnostic and Prognostic Biomarkers for HCC

According to identification by RNA-sequencing/microarray and validation by real-time reverse transcription-quantitative polymerase chain reaction (RT-qPCR), some circRNAs with upregulated/downregulated expression may serve as potential biomarkers in the diagnosis and prognosis for HCC. For example, circRHOT1 expression is substantially upregulated in HCC tissues, and high tissue circRHOT1 levels are associated with the clinical stage and a worse prognosis. Therefore, circRHOT1 may serve as a potential biomarker for HCC prognosis (119). Furthermore, increased expression of SCD-circRNA 2 and has_circ_104348 can predict a poor prognosis in HCC patients and serve as potential prognostic biomarkers for HCC (120, 121). Recently, Luo and colleagues found that circCAMSAP1 expression was significantly increased in HCC tissues. This increased expression of circCAMSAP1 promoted the biological functions of HCC in vitro and in vivo. Mechanistically, circCAMSAP1 promoted HCC progression through the miR-1294/GRAMD1A pathway. Therefore, circCAMSAP1 might be a potential prognostic and therapeutic target for HCC (122).

Besides upregulated expression of circRNAs, downregulated expression of circRNAs can also serve as a potential biomarker for HCC. For example, decreased expression of circTRIM33-12 and circDLC1 can predict a poor clinical outcome, indicating their prognostic value for HCC (123, 124). Furthermore, downregulated expression of hsa_circ_0091570 could serve as a potential diagnostic and prognostic marker for HCC (125). Recently, Ma and colleagues found that circ_0014717 expression was significantly decreased in HCC, and the decreased expression of circ_0014717 was associated with the overall survival and the time to tumor recurrence. Overexpression of circ_0014717 inhibited the growth, migration, and invasion of HCC cells in vitro and in vivo. Mechanistically, circ_0014717 inhibited HCC tumorigenesis by regulating the miR-668-3p/BTG2 axis. Therefore, circ_0014717 might be a potential prognostic biomarker for HCC (126). Shi and coworkers found circPABPC1 expression to be significantly decreased in HCC tissues, and that decreased expression of circPABPC1 in HCC was strongly correlated with shortened overall survival and disease-free survival. As a tumor suppressor in HCC, circPABPC1 physically links ITGB1 (β1 integrin) to proteasomes for degradation in a ubiquitin-independent manner, thereby inhibiting the adhesion and migration of cells. Therefore, circPABPC1 might be a potential prognostic and therapeutic target for HCC (127).

In addition, exosomal circRNAs are detected readily and also serve as potential biomarkers for HCC. For example, upregulated expression of exosomal circAKT3 in HCC might act as a prognostic marker for HCC after surgical treatment (128). Furthermore, exosomal circ-0004277 expression is significantly increased in the plasma of HCC patients. The increased expression of exosomal circ-0004277 in HCC presents good diagnostic value because its area under the curve (AUC), sensitivity, and specificity are 0.816, 58.3% and 96.7%, respectively. Those results demonstrated that exosomal circ-0004277 might be a useful diagnostic biomarker and therapeutic target for HCC patients (129).



circRNAs as Players in Mediating Therapy Resistance to HCC

Therapy resistance is an important factor for the recurrence and metastasis of HCC, and one of the biggest obstacles to tumor treatment (139). Recently, several studies have found that some dysregulated circRNAs are involved in the resistance of HCC to chemotherapy and radiotherapy. For example, circRBXO11 promotes the tumor progression and oxaliplatin resistance of HCC cells by sponging miR-605, targeting FOXO3, and activating ABCB1 (130). Moreover, circ_0003418 inhibits tumorigenesis and cisplatin chemoresistance via the Wnt/β-catenin pathway in HCC (131). Furthermore, circRNA_101505 sensitizes HCC cells to cisplatin by absorbing miR-103 and upregulating expression of NOR1 (132). Also, cZNF292 enhances the radiosensitivity of hypoxic HCC cells by increasing SOX9 nuclear translocation and reducing Wnt/β-catenin pathway (133). Besides, Wu et al. found circRNAs profile of HCC might be used as potential biomarkers for sorafenib-resistant HCC patients (140). Xu et al. recently found that increased expression of circRNA-SORE maintained sorafenib resistance in HCC mainly through two mechanisms: (i) sponging miR-103a-2-5p/miR-660-3p and activating the Wnt/β-catenin pathway; in particular, N6-methyladenosine-modified circRNA-SORE increased circRNA-SORE expression by increasing RNA stability (134); (ii) circRNA-SORE bound and stabilized YBX1 by preventing PRP19-mediated degradation of YBX1; in addition, circRNA-SORE (which was transported by exosomes) could transmit sorafenib resistance among HCC cells (135).



circRNAs as Potential Therapeutic Targets for HCC

Specific circRNAs with upregulated expression are intimately involved with HCC progression, so circRNAs could be therapeutic targets for HCC. For example, circASAP1 is overexpressed in HCC cells and in patients who experience HCC metastasis or recurrence. circASAP1 promotes the proliferation, colony formation, migration, invasion, tumor growth and pulmonary metastasis of HCC cells in vitro and in vivo. Mechanistic studies have revealed that circASAP1 promotes HCC metastasis via miR-326/miR-532-5p-MAPK1/CSF-1 signaling. Therefore, circASAP1 could function as a novel therapeutic target for HCC (136). Furthermore, increased circTMEM45A expression in serum exosomes from HCC patients may act as a novel diagnostic and therapeutic target for HCC patients (137). Moreover, a regulatory network of circ-CDYL-centric ncRNAs combined to HDGF and HIF1AN may function as promising biomarkers and targets for the early diagnosis and treatment of HCC (138). Therefore, upregulated expression of these circRNAs in HCC may have oncogenic roles, and silencing expression of these circRNAs have opposite effects in HCC. Small-interfering RNAs that are designed to target the backsplicing junction sites of oncogenic circRNAs can inhibit the development of HCC and exhibit an antitumor effect (141, 142).

Some circRNAs with downregulated expression act as tumor suppressors and inhibit HCC development, also making them potential therapeutic targets. For example, cSMARCA5 expression is significantly downregulated in HCC tissues, is correlated with growth and metastasis, and could serve as an independent prognostic marker for HCC patients after hepatectomy. The in vivo and in vitro intervention of cSMARCA5 indicates that cSMARCA5 inhibits growth and metastasis in HCC. Therefore, cSMARCA5 could be a prognostic and therapeutic target for HCC (17). Han et al. found that downregulated expression of circMTO1 was associated with a poor prognosis for HCC patients. Intratumoral knockdown of circMTO1 expression enhanced HCC growth in vivo, indicating its potential in HCC-targeted therapy. circMTO1 may act as a novel prognostic biomarker and therapeutic target for HCC patients (16). Zhang et al. found that downregulated expression of circDLC1 in HCC was closely related to the prognosis for HCC patients. Overexpression of circDLC1 inhibited the proliferation and metastasis of HCC cells in vitro and in vivo. circDLC1 may act as a prognostic biomarker and therapeutic target for HCC patients (124). For these circRNAs with downregulated expression, the induction of their overexpression in HCC cells or tissues via transfection could yield significant anticancer effects.

In total, such dyeregulated expression of circRNAs in HCC can act as tumor activators or tumor suppressors and be a therapeutic targets for HCC intervention.




Perspectives, Challenges and Conclusions

Many dysregulated circRNAs have been discovered and identified in HCC tissue. Analyses of the expression profile of circRNAs using RNA sequencing or microarray technology has shown that some dysregulated circRNAs have important roles in HCC. Specific circRNAs are correlated with HCC carcinogenesis and progression, including the proliferation, angiogenesis, apoptosis, invasion and migration, metabolism, and evading destruction by the immune system. Furthermore, clinicians and researchers are extremely eager to find sensitive and reliable circRNAs to improve the early diagnosis, assessment of treatment efficacy, and prognosis prediction of HCC by analyzing circRNAs expression profile combined with real-time RT-qPCR.

Though much progress has been made on circRNAs, the study of circRNAs in HCC is in its infancy. Compared with other ncRNAs, such as miRNAs and IncRNAs, only a small part of functional circRNAs have been identified in HCC. The study of circRNAs also faces six major challenges that need further exploration.

First, a standardized nomenclature system is needed to reduce inefficient work and confusion among circRNAs researchers employing different circRNAs databases. We suggest that the naming of circRNAs should contain the name of the host gene along with the term “circ” in the prefix (143–145). Second, knowledge on the mechanism of biogenesis and circularization of circRNAs is limited. In particular, the degradation and metabolic processing of circRNAs in cells is not known. Third, more sensitive detection methods should be developed to improve detection of circRNAs from specimens with low RNA quality (146). Fourth, the overlap in contents between different circRNAs databases is limited. Therefore, we suggest running multiple circRNAs-associated databases or combining different databases to discover novel circRNAs and predict the mechanisms of circRNAs (147). Fifth, most studies of circRNAs for HCC have been conducted in relatively small sample sizes with a lack of standard protocols for sample processing. Future studies with large-scale clinical samples and standardization of sample processing investigating the differential expression of circRNAs in patients with HCC are warranted. Finally, circRNAs-targeted treatment of HCC is a novel research direction. Therefore, additional studies are needed on how to transport artificial circRNAs efficiently and accurately to the action site without immune rejection (148). The answers to these questions will contribute to understanding of the roles of circRNAs in cancer, including HCC. We also believe these problems will be solved gradually in future studies.

Here, we wish to emphasize the importance of exploring other mechanisms of circRNAs in addition to miRNA sponges, such as interaction with RBPs and protein translation. Discovery of a novel regulatory mechanism of circRNAs in HCC (e.g., a mRNA brake) (110) will hopefully open a new path for circRNAs roles in regulating tumorigenesis and progression. In particular, we highlight that circRNAs in the regulation of immune escape, stemness of cancer cells, metabolism and therapy resistance in HCC may become important directions in future studies in HCC.

Taken together, circRNAs are produced mainly by backsplicing and categorized into four types: ecircRNAs, EIciRNAs, ciRNAs and tricRNAs. Furthermore, circRNAs can have diverse roles, including sponging miRNAs, encoding peptides, binding to RBPs, promoting gene transcription, and regulating alternative splicing. The functions of circRNAs in HCC have become “hot topics” of research, and specific circRNAs have been demonstrated as having crucial roles in the carcinogenesis and progression of HCC. Hence, circRNAs could have clinical applications in the diagnosis, prognosis and therapy for HCC. Moreover, great advancements with regard to the functions of circRNAs in tumor hallmarks, stemness of cancer cells, therapy resistance and immunotherapy have been revealed. Although many challenges and questions remain unanswered, we believe, accompanied by the development of research strategies, sequencing technologies and the use of online databases, future studies in the biogenesis, functions, and clinical relevance of circRNAs in HCC will improve understanding of the role of circRNAs in cancer biology.
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Crizotinib and Doxorubicin Cooperatively Reduces Drug Resistance by Mitigating MDR1 to Increase Hepatocellular Carcinoma Cells Death
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As the sixth most lethal cancers worldwide, hepatocellular carcinoma (HCC) has been treated with doxorubicin (Dox) for decades. However, chemotherapy resistance, especially for Dox is an even more prominent problem due to its high cardiotoxicity. To find a regimen to reduce Dox resistance, and identify the mechanisms behind it, we tried to identify combination of drugs that can overcome drug resistance by screening tyrosine kinase inhibitor(s) with Dox with various HCC cell lines in vitro and in vivo. We report here that combination of Crizo and Dox has a synergistic effect on inducing HCC cell death. Accordingly, Crizo plus Dox increases Dox accumulation in nucleus 3-16 times compared to Dox only; HCC cell death enhanced at least 50% in vitro and tumor weights reduced ranging from 35 to 65%. Combining these two drugs reduces multiple drug resistance 1 (MDR1) protein as a result of activation of protein kinase RNA-like endoplasmic reticulum kinase (PERK), which phosphorylates eIF2α, leading to protein translational repression. Additionally, PERK stimulation activates C-Jun terminal kinase (JNK), resulting in accumulation of unfused autophagosome to enhance autophagic cell death via Poly-ADP-ribosyltransferase (PARP-1) cleavage. When the activity of PERK or JNK is blocked, unfused autophagosome is diminished, cleaved PARP-1 is reduced, and cell death is abated. Therefore, Crizo plus Dox sensitize HCC drug resistance by engaging PERK-p- eIF2α-MDR1, and kill HCC cells by engaging PERK-JNK- autophagic cell death pathways. These newly discovered mechanisms of Crizo plus Dox not only provide a potential treatment for HCC but also point to an approach to overcome MDR1 related drug resistance in other cancers.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most malignant cancers worldwide responsible for 745,000 deaths in 2012 (1). Furthermore, the incidence and death rates of HCC have been rising (2). Due to oblivious early symptoms, many patients are not diagnosed at the early stage when curative surgical intervention or transplantation are options. Thus, the overall 5-year survival rate of patients with HCC is less than 15% (3, 4).

Doxorubicin (Dox) is a DNA intercalation agent and an inhibitor of topoisomerase II (5). It is thought that Dox induces cell death by causing genotoxic effects, eventually leading to cell death (6). Since 1974, Dox has been used as a first line chemotherapy drug to treat a plethora of malignancies, including HCC (7, 8). However, drug resistance, represented by the up-regulation of Dox efflux pump multiple drug resistance 1 (MDR1) limits the efficacy of Dox (9, 10). In addition, high toxicity, especially cardiotoxicity, and low response rate imposes an even more prominent limit in the use of Dox monotherapy (11). To overcome these problems, combinatory regimens of Dox with cisplatin, interferon or fluorouracil or nanocarrier targeting tumor have been explored to treat advanced HCC (12, 13). Unfortunately, these approaches have not produced obvious advantage over Dox monotherapy (14).

Aberrant signal activation has been observed in HCC (15–20). To target these aberrant signaling cascades, two non-selective kinase inhibitors have been approved for treating advanced HCC: Sorafenib and Regorafenib. Still, both drugs extend the median overall survival of patients with advanced HCC by less than 3 months (21–23). Therefore, new targets or reformulation of existing drugs are urgently needed.

For this purpose, we screened HCC cell lines with some non-receptor/receptor tyrosine kinase inhibitors (TKIs) in preliminary experiments. We find that Crizo is relatively more effective in killing HCC cells. Thus, we use Crizo plus Dox to investigate whether the combination could kill cancer cells more efficiently. We find that Dox and Crizo show synergistic effects in inducing HCC cell death compared to Dox or Crizo alone. This synergy is enhanced by the activation of the ER stress sensor, protein kinase RNA-like endoplasmic reticulum kinase (PERK), which then engages autophagic cell death pathway resulting in enhanced cell death. Finally, we show that Crizo significantly promotes Dox’s effect in inhibiting HCC cell growth in vivo in xenograft models. The significances of these findings are discussed.



Materials and Methods


Cell Culture and Agents

Certified human hepatocellular carcinoma cell lines BEL7402 (7402), HLF, SK-hep1 and HepG2 and non-HCC cell L02 free of mycoplasma contamination were purchased from China Center for Type Culture Collection. All cell lines were cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) containing 10% fetal bovine serum (FBS, Hyclone) and 1% penicillin-streptomycin (Biological Industries, BI). The cells were maintained at 37°C in a 95% humidified 5% CO2 atmosphere. Doxorubicin (Dox), crizotinib (Crizo), 3-MA, MG132, GSK2606414 (GSK), SB203580 (SB), INO-1001 (INO), chloroquine (CQ), AG490, LY294002, BGJ398, BMS754807, ZM306416, Ki8751, SAR131675, Axininib, and Murbritinib were purchased from Selleck (China, Shanghai). Caspase-3 inhibitor II (C3-I) was purchased from Millipore, USA. These following antibodies (Abs) were purchased from cell signaling technologies: PARP1 (9542#), full length caspase-3 (9668#), cleaved caspase3 (9661#), p-JNK (4668#), MDR1 (13342#), p-EIF2a (3398#), JNK (9252#) and EIF2a (5324#). LC3B (sc-398822) and p62 (sc-28359) were purchased from Santa Cruz Biotechnology. Ab specific to β-actin was purchased from SUNGENE BIOTECH (Tianjin, China). HRP conjugated goat anti-rabbit or anti-mouse secondary Abs were purchased from ABclonal (Wuhan, China). MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was purchased from Promega; DAPI was purchased from ThermoFisher Scientific. Apoptosis assay kit was purchased from Beyotime, China. Alexa Fluor conjugated secondary Abs were purchased from Invitrogen. LC3-GFP or LC3-GFP-mcherry was kindly provided by Professor Ming-Zhou Chen at Wuhan University, China.



Cell Viability Assay

Cytotoxicity of Dox, Crizo and other TKIs on the viability of HCC cell lines was assessed by MTS assay. Briefly, 5000 cells/well of each cell line were seeded as triplicates in 96 well plates eight hours before drug treatment. Dox (0.5 μM), or Crizo (5 μM), or Dox (0.5 μM) plus Crizo (5 μM) were diluted in culture medium at indicated concentrations. The culture medium without drug was replaced by culture medium in the presence of drugs or vehicle for 24 hours. At the end of the experiment, 20 μl MTS were added to each well and incubated with the cells in the 37°C incubator for 2 additional hours (hs). The plate was then detected at 492 nm wavelength optical density (OD).

To assay the effect of specific signaling cascade on HCC cells treated with Dox plus Crizo, MTS assay was performed as above for different treatments. vehicle, GSK (0.5 μM), INO (1.0 μM), SB (4.0 μM), C3-I (0.5 μM) or CQ (50 μM) was added into HCC cells incubated with fresh medium containing 0.85 μM Dox+5 μM Crizo in 96-well plates for 48 hs. At the end of the experiment, 20 μl MTS were added to each well and incubated with the cells in the 37°C incubator for 2 additional hs. The plate was then detected at 492 nm OD. Relative cell survival (%) = (OD value of the experimental group normalized to OD value of the vehicle control group) ×100%. Relative cell proliferation rate= (OD value of the group at the indicated time point normalized to OD value of the same group at time 0).



Long-Time Proliferation Assay (Clonal Formation Assay)

5000 cells per well were seeded in 6-well plates. After culture for 12 hs, vehicle, 20 nM Dox, 0.6 μM Crizo and 20 nM Dox+0.6 μM Crizo diluted in fresh medium were used to replace the existing medium every three days, for a period of 10 days incubation. At the end of the experiment, the medium was discarded and the cells were rinsed twice with 1X phosphate buffered saline (PBS). Then cells were fixed with 4% paraformaldehyde (PFA) for 20 minutes (min), and stained with 0.1% crystal violet for 30 min. The plate was washed with clean water until no residual dye. At last, the plate was air dried and pictures were taken.



Determination of Half of Maximal Inhibitory Concentration (IC50) and Combination Index (CI)

7402, HLF and HepG2 cells (5000 cells/well) were plated in 96-well plates and treated with increasing concentrations of Dox or Crizo for 48 hs. In order to determine the combination effect of Dox and Crizo on HCC cells, cells were treated with increasing concentrations of Dox and Crizo in a non-fixed ratio of IC50 of the two agents for 48 hs. Cell viability was detected using MTS as above. IC50 was calculated by CompuSyn software. Synergistic effect was calculated according to Chou et al. (24). A CI value less than1 indicates a synergistic effect of the combination of drugs.



Apoptosis Assays: Annexin V/Propidium Iodide Staining

Drug-induced cell apoptosis was determined by flow cytometry using an annexin V-FITC/propidium iodide (PI) apoptosis detection kit according to the manufacturer’s instructions. Briefly, cells were treated with vehicle control, Dox (0.85 μM), Crizo and Dox (0.85 μM) + Crizo (5 μM) for 24 hs. The cells were then trypsinized, rinsed twice with ice-cold PBS, and centrifuged at 1,800X g. Resuspended cells (1x105 cell/ml) were mixed with 195 μl Annexin V-FITC binding buffer, and then stained with 5 μl Annexin V-FITC and 10 μl PI at room temperature (RT) for 15 mins in dark, and then subjected to flow cytometry analysis with a FACSCanto flow cytometer (BD Biosciences). 10,000 cells per treatment were acquired for each sample. Data analysis was performed using FlowJo software, version 7.5.5 (Tree Star Inc., Ashland, OR).



Immunoblotting

After 24 hs treatment with vehicle control, Dox (0.85 μM), Crizo (5 μM) or Dox (0.85 μM)+Crizo (5 μM), the cells were rinsed three times with ice-cold PBS, and solubilized in lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerol phosphate, 1 mM Na3VO4, 1mM phenylmethylsulfonyl fluoride (PMSF) and a protease inhibitor cocktail). Western blot analysis was performed as described previously (25). Briefly, protein concentration was determined by Bio-Rad Protein Assay kit (Bio-Rad). The cell lysates containing the same amount of total proteins were then mixed with 4 × sodium dodecyl sulfate (SDS) loading buffer, and boiled at 100°C for 10 mins. Equal amount of denatured protein (50 μg) from each sample was separated by the 10% SDS-polyacrylamide gel electrophoresis (PAGE). The separated protein was transferred to a 0.4 μm nitrocellulose membrane (Merck Millipore, USA) and blocked in 5% non-fat milk in TBST (Tris buffered saline (TBS) with 0.1% Tween-20). The separated proteins were probed with corresponding primary Abs as indicated. Bound primary Abs were further probed with HRP conjugated secondary Abs. The quantification of indicated proteins was based on densitometry using the Image J software (NIH).



Inhibitor of Protein Degradation Assays

To investigate if MDR1 protein was degraded due to Dox (0.85 μM) + Crizo (5 μM) treatment, vehicle, 10 μM MG132, 50 μM CQ or 4 mM 3-MA were diluted with fresh culture medium containing 0.85 μM Dox and 5 μM Crizo and then added to 6-well plate containing HCC cells for 4 additional hs. To assess the function of the inhibitors, cells were seeded in a 12-well plate overnight, fresh medium containing 0.85 μM Dox + 5 μM Crizo was used to treat cells for 18 hs. After replacing the culture medium, inhibitors (GSK, SB, or INO) at indicated concentration or vehicle were added to fresh culture medium having 0.85 μM Dox + 5 μM Crizo and incubated with HCC cells for an additional 2 hs. After that, cell lysates were made and protein was quantified as above. Separated proteins were subjected to immunoblotting with specified antibodies.



Dox Accumulation Assay

Cells (5x104) were subcultured on the 20 mm glass bottomed dishes (NEST, China) overnight. Cells were then maintained in culture medium supplemented with drugs (0.85 μM Dox, 5 μM Crizo alone or in combination) for 24 hs. After rinse with PBS three times, cells were immediately fixed with 4% PFA for 20 mins at RT. After additional rinse three times with PBS, the cells were photographed with an Olympus fluorescence microscopy (UltraView Vox confocal microscope, Perkin Elmer). Dox in each indicated sample was quantified based on densitometry using the Image J software (NIH).



Immunofluorescence Staining

To detect MDR1 or LC3-II, cells were cultured in the 20 mm glass bottomed dishes overnight for immunofluorescence microscopy observation. Cells treated with 0.85 μM Dox or/and 5 μM Crizo were fixed in 4%PFA for 15 mins at 25°C. After blocking with 10% normal goat serum plus 1% bovine serum albumin (BSA) in PBS containing tween 20 (PBST) at RT for 1 h, the cells were then incubated with corresponding primary Abs in blocking buffer overnight at 4°C. Bound Ab was then probed with Alexa Fluor conjugated secondary Abs for 1 hour at 25°C in dark. The nuclei were counterstained with DAPI (500 ng/ml) for 5 mins. After mounting with anti-fade fluorescence medium (Beyotime; P0126), the cells were imaged by a fluorescence microscopy. Fluorescence intensity was analyzed by the Image J software (NIH).

To investigate if autophagosome formation was influenced by PERK-JNK signaling cascade, cells were treated with 0.85 μM Dox plus 5 μM Crizo in the presence of vehicle, or 1 μM GSK, or 5μM SB for an additional 12 hs. The treated cells were then fixed with 4% PFA for 15 minutes at RT. LC3 A/B (#12741, CST) immunofluorescence staining was performed as above. The autophagosome flux is represented by the intensity of the LC3A/B staining. Immunofluorescence intensity of HCC cells treated with vehicle is arbitrarily defined as 1. Flux of treatment is calculated as: immunofluorescence intensity of cells treated by inhibitor/immunofluorescence intensity of HCC cells treated with vehicle. The intensity is determined by the Image J software (NIH).

To explore whether the two drugs combination treatment affects autophagosome accumulation and inhibits autolysosome formation, mCherry-GFP-LC3 plasmid (2 μg) was transfected into 7402 and HLF cells in a six-well plate, respectively. After 12 hs, transfected cells were reseeded in glass bottomed confocal dishes for an additional 24 hs. Full medium containing vehicle, 0.85 μM Dox or/and 5 μM Crizo were added to replace the normal medium for an extra 6 hs. The cells were then fixed and observed through a Nikon two-photon super resolution fluorescence microscope (Nikon A1 MP STORM). EGFP and mCherry positive indicate autophagosome, only mCherry positive represents autolysosome which are the fusion product of autophagosome and lysosome.



Tumor Xenograft In Vivo

Six to eight-week-old male BALB/c nude mice were purchased from Beijing Vital River Laboratory Animal Technology Company for in vivo xenograft experiments. The animals were kept in SPF-II conditions and the animal experiment protocol (WIVA28201703) was approved by the animal care and use committee of Wuhan Institute of Virology, Chinese Academy of Sciences (Wuhan, China). Briefly, 1x107 HepG2 or 7402 cells were suspended in 100 μl PBS, respectively and then inoculated subcutaneously into the right-back of each mouse. When the average tumor volume reached 150-200 mm3, Mice were randomly divided into 4 groups according to different treatments: for HepG2 cell, vehicle control group (0.5% sodium carboxymethyl cellulose by oral gavage and PBS for intraperitoneal (IP) injection), Dox group (5 mg/kg every two days IP), Crizo group (50 mg/kg/day by oral gavage), and Dox+Crizo group (5 mg/kg dox every two days IP and 50 mg/kg/day by oral gavage); for 7402 cell, the Dox concentration was 2.5 mg/kg, other conditions were the same as HepG2. The body weight and tumor volume of each mouse were measured every other day as indicated in the figure. The tumor volume (V) was estimated according to the following formula: V=0.5 x length x width x width. After two weeks treatment, the mice were euthanized, and the bearing tumors of each group were removed and weighed. The tumors from different treatment group were lined together and photographed. Note: Dox was dissolved in PBS for IP injection; Crizo was grounded as fine powder in a mortar and pestle, suspended in 0.5% sodium carboxymethyl cellulose.



Statistical Analyses

The data are presented as means ± SEM of indicated experiments. One-way ANOVA was performed to analyze differences among the groups. Other statistical analyses were conducted by the two tailed Student’s t-test. *p<0.05 and **p<0.01, ***p<0.001were considered to be a significant difference.




Results


Crizo and Dox Act Synergistically to Enhance Human HCC Cell Death

First, we investigated if Dox could kill human HCC cell lines maintained in our lab. We find that indeed Dox is able to kill the tested cells although HepG2 cells are relatively more resistant to Dox (Figure 1A, top panel). We then screened the effect of different TKIs available on HCC cell lines in a preliminary experiment. It turns out that Crizo is the relatively effective TKI in inducing cell death of HepG2 and 7402 (Figure 1A, bottom. Results for other TKIs were not shown). On the other hand, HLF are relatively more resistant to Crizo (Figure 1A, bottom panel). Thus, each cell line has its unique response to Crizo and Dox.




Figure 1 | Dox and Crizo treatment synergistically induces hepatocellular carcinoma cell death. (A) HFL was relatively resistant to Crizo based on MTS assays under the tested conditions. Cells were treated with different concentrations of Dox or Crizo for 24 hs and quantified by MTS. Number of cells with vehicle treatment was arbitrarily defined as 100%, percentage of survival was the ratio of number of cells treated with Dox or Crizo to number of cells with vehicle treatment under the same condition. (B) Relative survival of 7402, HepG2, and HLF cells was monitored by bright field observation at 24 hours after the cells were treated with Dox (0.5 μM), or Crizo (5 μM), or Dox (0.5 μM) plus Crizo (5 μM). The number of cells at the time 0 of drug treatment was arbitrarily defined as 1. Scale bar:5 μm. Relative cell survival was the number of cells at indicated time treated with indicated drugs normalized to the number of cells at the time 0 of drug treatment. (C) Clonal formation of different HCC cells showed that significantly fewer cells survived Dox plus Crizo treatment. Cells were treated with vehicle, Dox, Crizo, or Dox plus Crizo as indicated. (D) MTS Quantification of four different experiments with L02, HLF, HepG2, and 7402 showed that compared to Dox or Crizo treatment separately, Crizo plus Dox induced significantly more cells death in cancer cells but not in L02. HCC cells were treated with vehicle, Dox (0.5 μM), Crizo (5 μM), or Crizo (5 μM) plus Dox (0.5 μM) for 24 hours and survived cells were monitored by MTS assays. Percentage cell survival was calculated as in 1 (A). (E) To calculate combination index (CI) (CompuSyn software), combinations of different concentrations of Crizo, Dox, or Crizo plus Dox were applied to treat HCC cells for 48 hs and cell survival was monitored by MTS, it turned out that Crizo plus Dox showed synergistic effects in killing HCC cells under some combinations of Dox and Crizo even for HLF and HepG2 cells. Fa: fractions of the system affected. The experiments were repeated at least three times with similar results. *P < 0.05; **P < 0.01. ns, statistically no significant difference.



Since Dox and Crizo are capable of killing HCC cells, we investigate whether Crizo and Dox act synergistically in promoting HCC cell death. We cultured the HCC cells with Crizo (5 μM), Dox (0.5 μM), or Crizo (5 μM) plus Dox (0.5 μM). Crizo and Dox treatment increases at least 50% more cell death compared to Dox or Crizo treatment only. The effect is valid even for HepG2 and HLF cells, which are relatively more resistant to Dox or Crizo (Figure 1B). This observation is confirmed in colony forming assays (Figure 1C). We then investigate the effect of Dox and Crizo on HLF, 7402, and HepG2 HCC cells and on a non-HCC L02 cells, we found that Dox plus Crizo did not have obvious effects on L02 but showed a synergistic effect on HCC cells compared to Dox or Crizo treatment only (Figure 1D). In contrast, we did not observe synergism between Dox and other tested TKIs on HCC cells (Results not shown). Based on these observations, we then investigate the synergistic effects of Crizo plus Dox by varying the concentrations of each drug in the combination and calculated the Combination Index (CI) for each combination to determine whether the interaction is synergistic or additive. A CI value less than 1 is considered to be synergistic (24). Indeed, Crizo plus Dox show synergistic effect in all tested cell lines in different combinations (Figure 1E). The combinations showing synergistic effects of the drugs to four HCC cell lines are shown in Supplemental Table 1.



Crizo Significantly Promotes Dox’s Effect on Human HCC Cell Death by Inducing PARP-1 Cleavage

In mammalian cells, different pathways control the cell death programs, including apoptotic, autophagic and necrotic cell deaths (26). We then investigated which pathway is affected by Crizo and Dox in inducing HCC cell death. We cultured two HCC cell lines with Dox (0.85 μM), Crizo (5 μM), or Crizo (5 μM) plus Dox (0.85 μM), and quantified apoptosis by flow cytometry. We use these concentrations of Crizo and Dox in all subsequent experiments. Again, Crizo plus Dox activate significantly more apoptotic cell death in treated cell lines. A representative flow cytometry result is shown in Figure 2A. A summary of results from three independent experiments is shown in Figure 2B.




Figure 2 | Crizo plus Dox show a synergistic effect in killing cancer cells by inducing PARP-1 cleavage. (A) Crizo (5 μM) plus Dox (0.85 μM) induced significantly more cell apoptosis compared to vehicle, Dox (0.85 μM), or Crizo (5 μM) only. Flow cytometry assays of HLF and 7402 cells showed that Crizo plus Dox treatment on these cells activated obviously more early and later apoptosis (Q3 and Q2) when compared to HCC cells treated only with vehicle, Dox, or Crizo. (B) Statistical analysis of three different experiments showed that Crizo plus Dox induced significantly more apoptosis than Dox or Crizo only on HCC cells. Percentage of apoptosis was defined as the combination of early and later apoptosis (Q2+Q3) (Filled in bar graph represented the mean and standard deviation). (C) Crizo plus Dox induced more cleaved PARP-1 compared to vehicle, Dox, or Crizo only when treating HCC cells. Immunoblotting of cell lysates from 7402, HLF were treated with vehicle, Dox (0.85 μM), Crizo (5 μM), or Dox (0.85 μM) plus Crizo (5 μM) with PARP-1 and caspase-3 specific antibodies showed more cleaved PARP-1 (cl-PARP-1) from cell lysates treated with Crizo plus Dox. In contrast, active caspase-3 (cl-caspase-3) was not significantly increased by Dox plus Crizo treatment. Cell treatment was performed the same as in Figure 1. Relative protein levels were determined with IMAGE J as specified. The experiments were repeated at least three times with similar results. **P < 0.01.



Apoptotic cell death involves the activation of caspase. One of the best characterized caspases is the executioner caspase, caspase 3 (26). Thus, we determine whether Crizo plus Dox activates caspase 3. It appears that Crizo or Dox by itself is able to slightly increase cleaved caspase 3, but the synergistic effect of Crizo plus Dox is not observed (Figure 2C). Thus, the synergistic effect of Crizo plus Dox in inducing HCC cell death is unlikely to be due to the activation of caspase 3.

Dox has been reported to induce autophagic death in 3T3 cells by activating Poly-ADP-ribosyltransferase (PARP-1) without involving caspases (27). Next, we investigated whether PARP-1 is involved in Crizo plus Dox induced cell death. HCC cell lines were treated with vehicle, Dox, Crizo, or Crizo plus Dox. Cell lysates were then prepared and immunoblotted. Much more cleaved PARP-1 as indicated by the presence of a smaller 89 kDa fragment is detected in the lysates from cells treated with Crizo plus Dox compared to all the other controls (Figure 2C).



Crizo Plus Dox Significantly Increase Dox Accumulation in the Nucleus of HCC Cells by Modulating the Expression of MDR-1

Dox must be able to enter and stay inside the nucleus to mediate its cytotoxic effect. Therefore, we investigated whether the synergistic effect of Crizo plus Dox is due to an increase in the accumulation of Dox in the nucleus of treated HCC cells. Only background signals of Dox are seen in the nucleus of Dox treated HCC cells (Figure 3A, top panels). However, in the presence of Crizo plus Dox, significantly more Dox signals are detected in the nucleus, ranging from 3 - 16 times dependent upon cell line (Figure 3A, bottom panels). Quantification of results from three independent experiments is shown in Figure 3B. Therefore, Crizo appears to promote the accumulation of Dox in the nucleus.




Figure 3 | Crizo plus Dox induce Dox nuclei accumulation via reducing MDR1 protein levels. (A) Crizo (5 μM) plus Dox (0.85 μM) treatment of HCC cells resulted in more Dox (red) accumulation in the nuclei (blue) compared to Dox (0.85 μM) treatment only. Immunofluorescence pictures were taken after cells were treated for 24 hs. (B) Summary of three experiments showed that Dox plus Crizo resulted in significant more nuclei Dox accumulation. Open and filled in bar graphs represented the mean and standard deviation. (C) Immunofluorescence staining of MDR1 with specific antibody revealed that Crizo (5 μM) plus Dox (0.85 μM) treatment mitigated MDR1 expression than vehicle, Dox (0.85 μM), or Crizo (5 μM) only treatment. Cells were treated for 24 hs and then fixed for immunofluorescence staining. In HepG2 cells, Dox treatment seems changed the distribution of MDR1. (D) Significantly less MDR1 was detected from cell lysates made from HCC cells treated with Crizo (5 μM) plus Dox (0.85 μM) than from cells treated with vehicle, Dox (0.85 μM), or Crizo (5 μM) only. (E) Statistical analysis of three experiments showed that Dox plus Crizo resulted in significantly less MDR1 in HCC cells. Filled in bar graph represented the mean and standard deviation. Cells were treated for 24 hs before cell lysates were made and immunoblotted with antibodies specific to MDR1 or actin. Nuclei were counterstained by DAPI. Relative immunofluorescence intensity or protein levels were determined with IMAGE J as specified. The experiments were repeated three times with similar results. P values were indicated.



Accumulation of Dox in the nucleus suggests that either the influx of Dox is enhanced or the efflux of Dox is reduced or both. We thus detected if proteins involved in drug influx or efflux were affected by Dox plus Crizo treatment. We find that the expression of MDR1, a drug efflux protein (28, 29), is altered when HCC cells were treated with Crizo plus Dox. Immunofluorescence staining and confocal imaging reveal that the level of MDR1 is greatly reduced when HCC cells are treated with Crizo plus Dox as compared to control cells (Figure 3C). In addition to cell membrane staining, there is some nuclear staining of MDR1 in HepG2 cells (Figure 3C, MDR1: green, indicated by red arrow; nuclei: blue). A reduction in MDR1 expression is further confirmed by immunoblotting of cell lysates from vehicle, Crizo, Dox, or Crizo plus Dox treated HCC cells. Only Crizo plus Dox treatment significantly reduces MDR1 protein level ranging from 40% to 90% in a cell line dependent manner (Figure 3D). A summary of results from three independent experiments is shown in Figure 3E. Collectively, these results provide evidence that the synergistic effect of Crizo plus Dox in inducing HCC cell death is due to a reduction in the level of MDR1, causing the accumulation of Dox in the nucleus, perpetuating the down-stream responses.



Crizo Plus Dox Reduce MDR1 Expression by Modulating the Translational Machinery

Next, we investigated the underlying mechanisms by which Crizo plus Dox decrease MDR1 expression. First, we quantified the mRNA levels of MDR1 with three different pairs of primers targeting MDR1 mRNA from 5’- to 3’- (Supplemental Figure 1, top panel indicates the positions of the primer pairs) in two HCC cell lines treated with vehicle, Crizo, Dox, or Crizo plus Dox. Cells treated with Dox alone show significant increase in the MDR1 mRNA as detected by all the primer pairs in HepG2 cells. This effect is not detected in cells treated with Crizo alone. On the other hand, the synergist effect of Crizo plus Dox on the MDR1 mRNA level is less clear. It appears to be primer dependent, as well as cell context dependent (Supplemental Figure 1). Since Crizo plus Dox do not significantly reduce MDR1 mRNA level, it is unlikely that the down-regulation of MDR1 protein expression is at the transcription level.

We then investigated whether MDR1 protein degradation is enhanced when HCC cells are treated with Crizo plus Dox. For this purpose, in addition to Crizo plus Dox, we also added MG132, a general inhibitor of the proteasome, or chloroquine (CQ), an inhibitor of the lysosome, or 3MA, an inhibitor of autophagy to the cell culture. If reduction of MDR1 expression is due to increases in degradation via proteasome or lysosome or autophagy, one or more of these inhibitors should reverse the effects of Crizo plus Dox, with up-regulation of MDR1 level. We find that addition of these inhibitors does not consistently reverse the effects of Crizo plus Dox on MDR1 expression (Figure 4A). These results imply that the down regulation of MDR1 protein level is unlikely to be the results of enhanced protein degradation. Thus, MDR1 protein translation may have been impacted by Crizo plus Dox treatment.




Figure 4 | Crizo plus Dox treatment of HCC cells mitigates MDR1 expression by increasing PERK-eIF2α phosphorylation. (A) HCC cells treated with Crizo (5 μM) plus Dox (0.85 μM) were incubated with inhibitors for proteasome, autophagy, or lysosome at the same time and cell lysates were blotted with antibodies specific against MDR1 or actin. No significant increase of MDR1 was detected after protein degradation was inhibited by various inhibitors. (B) Obviously more phosphorylation of PERK and eIF2α was detected in cells treated with Crizo (5 μM) plus Dox (0.85 μM) than in cells treated with vehicle, Dox (0.85 μM), or Crizo (5 μM) only. Cell lysates from cells under drug treatment for 24 hs were blotted with antibodies specific for indicated proteins, obviously more p-PERK and p-eIF2α signals were observed from cells treated with Crizo plus Dox. (C) Significantly more MDR1 was detected from cell lysates after the cells were treated with GSK, a specific inhibitor to PERK, for 2 hs. Effects of GSK on PERK were revealed by immunoblotting against p-eIF2α. Cells were treated with Crizo (5 μM) plus Dox (0.85 μM) for 22 hs and then vehicle or GSK were added for an additional 2 hs before cell lysates were made. (D) Open and filled in bar graphs represented the mean and standard deviation from three experiments. (E) Immunofluorescence staining for MDR1 showed that 2 hs after GSK addition, obviously more MDR1 was detected in cells treated with Crizo (5 μM) plus Dox (0.85 μM) (the 4th column). In contrast, much less MDR1 was detected in HCC cells treated with vehicle under the same condition (the 3rd column). Obviously more Dox was detected in cells treated with vehicle (the 1st column) whereas much less Dox was observed in cells treated with GSK (the 2nd column). (F) Open and filled in graphs represented the mean and standard deviation from three experiments. Relative immunofluorescence intensity or protein levels were determined with IMAGE J as specified. The experiments were repeated at least three times with similar results. V, vehicle; G, GSK. P values were indicated.



Several signaling pathways are involved in protein translation regulation in response to stress (30). To differentiate which pathway is involved in this situation, cell lysates from HCC cells treated with Crizo, Dox or Crizo plus Dox were immunoblotted. It turned out that all three cell lines treated with Crizo plus Dox have obviously higher levels of p-PERK, ranging from 2.7 - 19 times (Figure 4B, lane 2). One of the down-stream targets of PERK is (p)-Eukaryotic Initiation Factor 2 alpha (eIF2α). PERK phosphorylates eIF2α to inhibit protein synthesis (31–34). We then investigated whether eIF2α is also altered by Crizo plus Dox. We observe that the levels of p-eIF2α are also significantly up-regulated, across all three treated cell lines, ranging from 1.9- 3.1 times (Figure 4B). Up-regulation of eIF2α is known to cause some protein synthesis repression but allows selective translation of activating transcription factor 4 (ATF4) (31–33). As expected, we detected inhibition of protein synthesis in the four HCC cell lines treated with Crizo plus Dox (Supplemental Figure 2).

GSK2606414 (GSK) is a specific inhibitor of PERK (35). If our assumption is correct, GSK shall mitigate the effect of Crizo plus Dox. Indeed, when HCC cell lines are cultured with Crizo plus Dox, as well as GSK, the effect of Crizo plus Dox on the down regulation of MDR1 is reversed (Figure 4C). Quantification of results from three independent experiments is shown in Figure 4D. Accordingly, the levels of p-eIF2α are significantly mitigated (Figures 4C, D). Thus, the reduction in MDR1 protein level is likely due to repression of protein translation via the PERK-eIF2α signaling cascade.

To seek further support for our interpretation that a reduction in MDR1 expression causes Dox accumulation in the nucleus, we performed immunofluorescence observation for Dox in HCC cell lines treated with Crizo plus Dox. In addition, we also added either GSK or a vehicle as control. As expected, we detect decreased Dox accumulation in the nucleus of cell lines cultured with GSK, with a corresponding increase in MDR1 immunoreactivities (Figure 4E). Quantification of results from three independent experiments is shown in Figure 4F. Hence, Crizo plus Dox induce endoplasmic reticulum (ER) stress, activates PERK - p-eIF2α signaling pathway, causing a reduction in MDR1 translation, leading to diminished Dox efflux, and accumulation of Dox in the nucleus, resulting in more DNA damages and cell death.



Crizo Plus Dox Activate Autophagosome Formation via PERK-p-eIF2α-JNK Signaling Cascade

Since Dox plus Crizo seem to induce ER stress and significantly more cleaved PARP-1 but not more active caspcase-3 (Figure 2C), we started to investigate if HCC cells killed by Dox plus Crizo are due to ER stress. c-Jun N-terminal kinase (JNK) is a down-stream of PERK. Activated JNK can markedly induce the formation of autophagosomes (36). Thus, we investigated whether Crizo plus Dox indeed activates JNK. For this purpose, we treated HCC cells with vehicle, Crizo, Dox, or Crizo plus Dox and then immunoblotted the cell lysates. We found obvious increases in the levels of p-JNK in both HCC cell lines treated with Crizo plus Dox (Figure 5A), implicating that Dox plus Crizo may activate autophagosome.




Figure 5 | Crizo plus Dox activate PERK-eIF2α-JNK signaling cascade to induce autophagosome formation. (A) Cell lysates were blotted with antibodies specific for JNK or phosphorylated JNK, obvious up-regulation of p-JNK was detected in cells treated with Crizo (5 μM) plus Dox (0.85 μM) but not in cells treated with vehicle, Dox (0.85 μM), or Crizo (5 μM) only. (B) Significant up-regulation of LC3-II was detected in HCC cells treated with Crizo (5 μM) plus Dox (0.85 μM) compared to that in cells treated with vehicle, Dox (0.85 μM), or Crizo (5 μM) only. Cell lysates were blotted with antibodies specific to p62 or LC3, it turned out more LC3-II was observed when cells were treated with Crizo plus Dox. In addition, p62 was also up-regulated when cells were treated with Crizo plus Dox or with Crizo only. (C) Results from four experiments were analyzed. Open and filled in bar graph showed that mean and standard deviation of four experiments. (D) Inhibitors for PERK and JNK significantly reduced the formation of LC3-II in cells treated with Crizo (5 μM) plus Dox (0.85 μM) compared to cells treated with vehicle. Immunoblotting was performed with specific antibody against LC3 for cell lysates from cells treated with Crizo plus Dox and vehicle or GSK or SB203580. (E) Results from three experiments were analyzed. Open and filled in bar graph showed that mean and standard deviation of three experiments. (F) GSK or SB203580 treatment of cells in the presence of Crizo (5 μM) plus Dox (0.85 μM) reduced the formation of autophagosome. Immunofluorescence staining of LC3 in cells treated with Crizo plus Dox and vehicle or GSK or SB203580 showed that inhibition of PERK or JNK activity mitigated the formation of autophagosome. Cells were treated with Crizo plus Dox for 22 hs and vehicle or GSK or SB203580 was added for an additional 2 hs. (G) Results from three experiments were analyzed. Open and filled in bar graph showed that mean and standard deviation of three experiments. Fixed cells were stained for LC3 and images were taken after nuclei counter stain. Relative immunofluorescence intensity or protein levels were determined with IMAGE J as specified. V, vehicle; G, GSK; SB, SB203580. P value was indicated.



LC3-II and p62 are important in autophagosome formation (37, 38). Lipidation of LC3-I generates lapidated LC3-II, allowing the docking of specific cargos, while p62 is a receptor for the cargos destined to be degraded by autophagy (37). Next, we investigated whether Crizo plus Dox modulate the conversion of LC3-I to LC3-II and the expression levels of p62. We find that HCC cell lines treated with Crizo plus Dox indeed have significantly higher levels of LC3-II compared to vehicle, Dox, or Crizo controls across all tested cell lines (Figure 5B). Quantifications of results from three independent experiments are shown in Figure 5C. On the other hand, the effects of Crizo plus Dox on p62 expression levels are much more intricate (Figure 5B). It appears that Dox alone does not affect the expression of p62 noticeably. In contrast, Crizo alone stimulates the expression of p62 in all cell lines as compared to vehicle treated control cells. Unexpectedly, addition of Dox actually mitigates the effects of Crizo a bit (Figure 5B). Nonetheless, the effect of Crizo plus Dox is still significantly higher than the vehicle or Dox treated cells. Quantification of results from four independent experiments is shown in Figure 5C. Therefore, it is reasonable to assume that Crizo plus Dox also up-regulate the expression of p62.

To confirm autophagosome formation is indeed activated by Crizo plus Dox, we used a well-established protocol of transfecting LC3-GFP into HCC cells and treated the cells with Crizo plus Dox or each drug independently. We observed significantly more autophagosome formation when the transfected HCC cells are treated with Crizo plus Dox (Supplemental Figure 3A). Quantification of results from three independent experiments is shown in Supplemental Figure 3B. Furthermore, we also performed transmission electron microscopy for cells treated with Dox, vehicle, or Dox plus Crizo. We observe that Dox plus Crizo treated cells have many more vesicles represented by inclusions inside the vesicle (Supplemental Figure 3C). Collectively, these results implicate that Dox plus Crizo activate ER stress and enhance autophagosome formation.

To investigate whether the enhanced autophagosome formation is due to PERK-eIF2α-JNK signaling cascade, we also added GSK, or SB203580 (SB), which is a JNK specific inhibitor, to the cell culture in addition to Crizo plus Dox. Both inhibitors significantly reduce the level of the 14 kDa LC3-II protein (Figure 5D). Quantification of results from three different experiments is shown in Figure 5E. Accordingly, GSK or SB treated HCC cells have significantly lower levels of autophagosome (Figure 5F). Quantification of results from three different experiments is shown in Figure 5G. To further confirm Dox plus Crizo treatment specifically activate JNK via PERK, we silenced PERK with siRNA. Two different siRNAs targeting PERK show efficient down-regulation of PERK; and accordingly, the phosphorylation but not total JNK was impacted (Supplemental 5). Thus, Crizo plus Dox activate ER stress and also stimulate autophagosome formation via the PERK- eIF2α-JNK signaling cascades.



Crizo Plus Dox Stimulate Autophagosome and Unfused Autophagosome Contributing to Cell Death

ER stress has been reported to cause accumulation of p62 resulting in a reduction in autophagosome-lysosome fusion in hepatocytes (39). Accumulation of unfused autophagosome is reported to cause cytotoxicity by promoting cleavage of PARP-1 (27, 40). Besides enhanced levels of LC3-II and autophagosome, Crizo plus Dox treated cells have significantly more p62 (Figure 5B). Therefore, we investigate whether Dox plus Crizo treatment have affected fusion between autophagosome and lysosome. We transfected the LC3-GFP-mcherry plasmid into HCC cells and treated those cells with vehicle, Crizo, Dox, or Crizo plus Crizo. We find that cells treated with Crizo plus Dox have significantly more autophagosome than control cells (Figure 6A). In addition, cells treated with Dox plus Crizo have significantly higher number of unfused autophagosome than cells treated only with Crizo (Figure 6A, unfused autophagosome is indicated as yellow dots; autolysosome is indicated as red dots). Quantification of results from three different experiments is shown in Figure 6B. Therefore, Crizo plus Dox indeed activate the formation of autophagosome but decrease the fusion between autophagosome and lysosome.




Figure 6 | Dox plus Crizo treatment induces PARP-1 dependent cell death. (A) Dox plus Crizo induced autophagosome formation but reduced fusion between autophagosome and lysosome. LC3-GFP-mcherry plasmid transfected cells were treated with vehicle, Dox, Crizo, or Dox plus Crizo for 24 hs and subjected for confocal microscopy observation. (B) Results from three experiments were analyzed. Open and differentially filled in bar graph showed that mean and standard deviation of three experiments. (C) In the presence of Dox plus Crizo, HCC cells were treated with vehicle, GSK, INO, or CQ as indicated. GSK and INO treatment consistently reduced LC3-II, caspase-3 activation (cl-caspase-3), and PARP-1 (cl-PARP-1) cleavage whereas CQ activated LC3-II, cleaved caspase-3, and cleaved PARP-1. The experiments were repeated three times with similar results. (D) GSK, INO, and caspase-3 inhibitor (C3-I) treatment decreased Dox plus Crizo’s effects on HCC cells whereas CQ treatment increased such an effect based on MTS assays. Cells seeded as triplicates were treated for 24 hours with vehicle (V), GSK, INO, caspas-3 inhibitor, or CQ in the presence of Dox plus Crizo. The experiments were repeated three times with similar results. P values were indicated. Relative protein levels were determined with IMAGE J as specified. ns, statistically no significant difference.



We then investigated whether the synergistic effects of Dox plus Crizo in killing HCC cells is depended upon PARP-1 cleavage. For this purpose, the following inhibitors: a vehicle control; or GSK; or a PARP-1 inhibitor, INO; or Chloroquine (CQ), a lysosome inhibitor, was added to the cell culture in addition to Crizo plus Dox. After immunoblotting the cell lysates, we find that GSK and INO consistently mitigate the levels of LC3-II (Figure 6C, lane 1). In addition, the treatment also resulted in reduced levels of cleaved caspase-3 and cleaved PARP-1 (Figure 6C, lanes 2&3&4). Thus, the synergistic effects of Dox plus Crizo on HCC cells are due to mitigated MDR1 translation and are PARP-1 cleavage dependent. It is also likely that PARP-1 cleavage may be a result of enhanced autophagosome when the cells were further treated with CQ. Because, when CQ was added to the Crizo plus Dox cell culture, this treatment did not alter MDR1 level (Figure 4A) but greatly enhanced the levels of LC3-II, cleaved caspase-3 and cleaved PARP-1 (Figure 6C).

To assess the roles caspase-3, PARP-1, PERK, and autophagosome play in HCC cells treated with Dox plus Crizo, we further treated HCC cells with inhibitor for PERK, caspase-3 (C3-I), PARP-1, or lysosome respectively in the presence of Dox plus Crizo, we observe significantly more cell death when cells are co-treated with CQ but significantly reduced cell death when cells are co-treated with GSK, C3-I, or INO-1001 (INO) (Figure 6D), supporting that PERK, caspase-3, PARP-1 cleavage all contribute to cell death caused by Dox plus Crizo. Furthermore, treatment with GSK or INO rescued significantly more HCC cells than treatment with C3-I, suggesting that unfused autophagosome may play a more significant role in inducing HCC cell death through PARP-1 cleavage, a conclusion consistent with our earlier observation (Figure 2C).

Next, we investigate whether the synergistic effect of Crizo plus Dox is due to the effect of Crizo on C-Met and ALK; two of the best characterized targets of Crizo (41). It turns out that the effects of Crizo, Dox or Crizo plus Dox vary greatly among the three tested cell lines (Supplemental Figure S4). In HepG2 cells treated with Crizo plus Dox, indeed the level of p-MET levels was greatly decreased. This effect is marginal at best in treated Sk-hep1 cells (Supplemental Figure S4). In contrast, marginal reduction was observed in HLF cells treated with Dox, or Crizo, or Dox plus Crizo (Supplemental Figure S4). We do not detect obvious ALK expression in all the tested HCC cell lines (Results not shown). Hence, synergistic effect by Crizo plus Dox on HCC cells is not depending on its function in inhibiting ALK or/and C-Met activity.



Crizo Plus Dox Significantly Inhibit Tumor Growth in Vivo in Xenografts

Finally, we investigate where our observations in cell models are applicable in vivo in xenograft models. For this purpose, we xenografted HepG2 or 7402 cells subcutaneously in nude mice (BALB/c). Seven days later, all inoculated mice were treated with vehicle, Dox, or Crizo, or Crizo plus Dox. We also appraise the general well-being of all mice treated by monitoring their body weights (Figure 7A). It is clear that Crizo plus Dox show synergistic effect in inhibiting tumor growth in vivo as monitored by measuring tumor volumes (Figures 7B). At the end of the experiment, the tumors were also surgically removed and weighed (Figure 7C), and quantified (Figure 7D). Indeed, the average tumor weight treated by Dox plus Crizo is decreased by 30% or 65% compared to that treated with Dox or Crizo only for HepG2 cells or by 55% compared to that treated with Dox or Crizo only for 7402 cells, thus, Crizo and Dox show significantly enhanced effect in inhibiting tumor growth in vitro as well as in vivo.




Figure 7 | Crizo plus Dox significantly inhibit tumor growth in vivo in xenografts. (A) Dox, or Dox plus Crizo but not Crizo slightly affected mouse weights. The weight of mouse was monitored every other day as indicated. (B) Dox plus Crizo treatment significantly reduced the xenografted tumor volume compared to Dox or Crizo treatment separately. Tumor volumes were measured starting from day 7th post xenograft as indicated. (C, D) Dox plus Crizo treatment significantly decreased the xenografted tumor weight compared to Dox or Crizo treatment separately. The dissected tumors under different treatments were placed side by side with a scale. Each dot represented the weight of a xenografted tumor. Ns, not statistically significant; *P < 0.05; or P values were indicated. X, tumors disappeared after treatment.






Discussion

Dox resistance, as well as cardiotoxicity induced by Dox, are the top challenges to treat HCC. To identify TKIs that can effectively enhance Dox’s efficacy, we screen a panel of TKIs and find that Crizo plus Dox act synergistically in inducing cell death in vitro using multiple HCC cell lines. More importantly, we unravel the underlying mechanisms by which this synergistic effect arises. Crizo plus Dox treatment enhances cell death by modulating the translational machinery engaging the autophagy pathway. A drawing diagram depicting this process is presented in Figure 8.




Figure 8 | A proposed model to show how Dox plus Crizo act synergistically in killing HCC cells. Crizo plus Dox actiate PERK, which in turn phosphorylates eIF2α, leading to protein translation repression. As a consequence, MDR1 protein level Is reduced, resulting in nuclei accumulation of Dox and DNA damage. In addition, activation of PERK also phosphorylates JNK, leading to autophagosome formation. Somehow, Crizo plus Dox also suppress the fusion between autophagosome and lysosome. All of the mentioned effects cause PARP-1 dependent HCC cell death.



It is interesting to note that the cell death induced by Crizo plus Dox is further enhanced with the addition of CQ, an observation consistent with other reports (42). More importantly, it has been reported that CQ may improve mid-term survival of patients with glioblastoma multiforme when given in addition to conventional therapy (43). Right now, we are testing if Dox plus Crizo and CQ will further enhance the effect of Dox in vivo. While addition of CQ greatly increases LC3-II levels, the underline mechanism how inhibition of lysosomal functions enhanced LC3-II levels and cell death induced by Crizo plus Dox is not known.

To our knowledge, the synergistic effects of Dox and Crizo in inducing HCC cell death have not been reported before. In addition, Dox plus Crizo also show synergism in melanoma cell lines M2 and A375-MA2, in lung cancer cell lines A549 and H460, and in oral squamous cell carcinoma cell line cal27 (data not shown). Hence, Dox plus Crizo may form the foundation in treating different malignant cancers showing MDR1 related drug resistance. While combination regimens of Dox, cisplatin, interferon, or fluorouracil have been explored to treat HCC over the years, the results have been disappointing (14). Our finding that Crizo plus Dox synergistically induce HCC and other cancer cell death is consistent with earlier reports indicating that Crizo acts synergistically with topotecan in killing neuroblastoma cells (44), or combination of Crizo and IGF-1R inhibitor is synergistically cytotoxic to lung cancer cells (45). Dox is known to induce autophagic death in 3T3 cells without involving caspases (27); and activation of PARP-1 has been reported to be involved in apoptotic cell death (46). In this regard, we do observe higher levels of cleaved caspase-3 in HCC cells treated with Crizo or Dox alone in two cell lines, but the synergistic effect of Crizo plus Dox is not seen (Figure 2C). Therefore, while apoptosis may contribute to the HCC cell death the role it plays is less pronounced.

We suggest that the synergistic effect of Crizo plus Dox is due to a malicious cycle of signaling cascade with PERK-MDR1 playing a primordial role in this process (Figure 8). Since MDR1 modulates the distribution and availability of many drugs, it plays pivotal roles in determining cancer cell susceptibility to many chemotherapeutic drugs (29). The observation that only Crizo plus Dox but neither Dox nor Crizo alone significantly reduced the MDR1 level underpinned the importance using these two drugs together. While it is clear that more Dox in the nucleus will cause more DNA damages, the underlying mechanisms by which Dox plus Crizo caused ER stress remain to be determined. In addition, PERK is one of the three major ER stress sensors (47). Whether the other two sensors, IRE1 and/or ATF6 is/are involved in this process is not known. Another issue we will address in the future is whether eIF2α is the only target of PERK. It is known that PERK also targets Nrf2, FOXO and DAG (47). These signaling transducing intermediates also play critical roles in many biological responses including autophagy; therefore, disrupting one of more of these pathways may further disrupt normal cell physiology. In contrast to our findings Crizo by itself has been reported to inhibit MDR1’s function but not its expression in some human cancer cell lines (48). The reason for this discrepancy is not known at this time. However, there are a few differences between our study and this earlier report. For example, we use different cell lines, as well as different experimental protocols, such as concentrations, and incubation time of the drugs.

Treatment with Dox and Crizo significantly alters the autophagy pathway in HCC cell lines. This finding is not unexpected, because ER stress and autophagy is tightly linked (49, 50). PERK, a target of Crizo plus Dox is involved in both modulating translation machinery and autophagy (33, 51). While it is clear that the pivotal contribution of Dox to the synergistic effect is its accumulation in the nucleus, the role Crizo plays is less clear. Others have reported that treatments with Crizo alone alter autophagy in cancer cell lines (52, 53). In contrast, we find that treating HCC cells with Crizo alone does not significantly activate autophagy, it requires both Dox and Crizo (Figures 6A, B). The reason for this discrepancy is not known, and likely to be cell context as well as experimental protocol dependent.

ER stress has been reported to disrupt lysosome homeostasis impairing autophagosome-lysosome fusion (54). Since the autophagosome/lysosome fusion process and lysosome biogenesis are extremely complicated and tightly regulated, elucidating the underlying mechanism for this phenomenon is beyond the scope of this study.

Much higher concentrations of Dox alone have been reported to induce autophagosome formation in cancer cell lines (27, 55). Since we use a much lower concentration of Dox and the effect on autophagosome formation is different when the cells are treated with Dox only, the relevance of these findings to our results is not clear at this time.

The known targets for Crizo are C-Met and ALK. However, Crizo is likely to have off-target effects. Indeed, there are a few studies indicating that Crizo have other targets in addition to ALK and C-Met. For example, reactive oxygen species in NSCLC (56), Akt in gastric cancer (57), and FAK1 in Schwanoma (58). In our study, the effects of Crizo, Dox, or Crizo plus Dox on activation of c-Met are clearly variable, and cell line dependent. On the other hand, ALK is undetectable in the HCC cell lines we tested. Therefore, it is highly unlikely that the synergistic lethality we are reporting here is due to the effects of Crizo on C-Met or ALK.

Although we provide in vivo results showing that treatment of mice with Dox plus Crizo does not adversely affect the general well-being of the mice, a much more detailed metabolic study with large group of animals will be needed to consolidate this observation.

In summary, Since Dox and Crizo have already been used extensive in clinics for treating a number of malignancies, our findings reveal a previously unrecognized therapeutic opportunity to control HCC growth in patients with HCC.
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Hepatocellular carcinoma (HCC) is one of the common and fatal malignancies, which is a significant global health problem. The clinical applicability of traditional surgery and other locoregional therapies is limited, and these therapeutic strategies are far from satisfactory in improving the outcomes of advanced HCC. In the past decade, targeted therapy had made a ground-breaking progress in advanced HCC. Those targeted therapies exert antitumor effects through specific signals, including anti-angiogenesis or cell cycle progression. As a standard systemic therapy option, it tremendously improves the survival of this devastating disease. Moreover, the combination of targeted therapy with immune checkpoint inhibitor (ICI) has demonstrated more potent anticancer effects and becomes the hot topic in clinical studies. The combining medications bring about a paradigm shift in the treatment of advanced HCC. In this review, we presented all approved targeted agents for advanced HCC with an emphasis on their clinical efficacy, summarized the advances of multi-target drugs in research for HCC and potential therapeutic targets for drug development. We also discussed the exciting results of the combination between targeted therapy and ICI.
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Introduction

Hepatocellular carcinoma (HCC) accounts for approximately 75%-85% of all primary liver cancer (1). Several risk factors such as chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infections, autoimmune hepatitis, alcohol abuse, diabetes, obesity induce liver injury and produce an inflammatory environment, which lead to hepatocyte necrosis, repeated regeneration and chromosomal instability (2, 3). The gradual accumulation of genetic and epigenetic abnormalities in this background plays an essential role in hepatocarcinogenesis (4). As curative treatments, surgical resection, radiofrequency ablation (RFA), transarterial chemoembolization (TACE) and liver transplant (LT) prolong the survival of HCC patients at early-or intermediate-stages (5–7). However, the high incidence of recurrence indicates poor survival prospects (8–11). Besides, most of HCCs are diagnosed at an advanced stage due to its insidious onset and rapid progression (7). Palliative treatments are therefore crucial in the management of advanced HCC. The efficacy of systemic chemotherapy for advanced HCC is disappointing (12).

In recent years, molecular biology techniques are rapidly developing, such as whole exome sequencing, copy number analyses, mRNA-seq, miRNA-seq, methylomics and proteomics (13–15). Multiplex molecular profiling of HCC deepens on the understanding of aberrant molecular events and pivotal signaling pathways associated with the development of HCC, especially tyrosine kinase-related signaling (14). In general, tyrosine kinases can be classified as receptor tyrosine kinases (RTKs) and non-receptor tyrosine kinases (nRTKs) (16). RTKs transmit extracellular signals and nRTKs mediate intracellular communications (16). RTKs are receptors of a variety of subfamilies, including vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), epidermal growth factor receptor (EGFR), fibroblast growth factor receptor (FGFR), hepatocyte growth factor receptor (HGFR), Tie-2 and RET (Figure 1) (17–20). RTK consists of an extracellular domain that binds specific ligand, a transmembrane domain and an intracellular domain with tyrosine kinase activity (21). The binding of RTK to its ligand phosphorylates tyrosine residues of target protein and regulates a series of biochemical processes through corresponding downstream signaling pathways (17, 18). Functional mutations, genomic amplification, chromosomal rearrangements and/or autocrine activation lead to oncogenic activation of RTK, ultimately leading to carcinogenesis, invasion, metastasis, and angiogenesis (17, 22, 23). The emergence of tyrosine kinase inhibitors (TKIs) has become a promising targeted therapeutic strategy (24, 25). TKIs can enter cells and interact with the intracellular domain of multiple receptors and other intracellular signaling molecules, blocking the phosphorylation of tyrosine residues and the activation of various downstream signaling pathways such as the Ras/Raf/MEK/MAPK and PI3K/AKT/mTOR (16).




Figure 1 | Main molecules of targeted therapy for hepatocellular carcinoma (HCC). The major targets include vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), FGF receptor (FGFR), epidermal growth factor receptor (EGFR), insulin-like growth factor receptor (IGFR), c-Kit, hepatocyte growth factor receptor (c-Met), Tie-2, FLT3, RET, RAF, MEK, STAT, and mTOR. The key mechanisms are to inhibit the activity of tyrosine kinase in the intracellular domain of the receptor tyrosine kinase or directly block the transduction of downstream signals involved in cell survival, proliferation, differentiation, migration and angiogenesis.



Given the current investigation, multiple drugs have been approved for advanced HCC (Table 1). The emergence of targeted therapy has transformed the therapeutic landscape of advanced HCC (5, 24, 26–28). Despite advances in targeted therapy, overall response rate and 5-year survival rate remain unsatisfactory (29). The inevitable development of drug resistance and toxicity, and the absence of specific biomarkers to screen patients sensitive to these agents, have spurred the further exploration of novel therapeutic targets and strategies (29–31).


Table 1 | Principal clinical trials for the FDA-approval of targeted and immunotherapeutic drugs for HCC.



Effective combination therapy is needed due to the limited efficacy of monotherapy. Recent studies have shown that combinations of multiple therapeutic regimens demonstrated superior efficacy to monotherapy, particularly combination of targeted therapy with immune checkpoint inhibitor (ICI) (32). Notably, the approval of atezolizumab plus bevacizumab as the first-line setting for patients with unresectable or metastatic HCC alters the outlook for this disease. This review focused on the advances of targeted therapy for advanced HCC.



Approved Targeted Therapeutic Agents for HCC


First-Line Setting


Sorafenib

Sorafenib is an oral multi-targeted TKI, which exerts dual antitumor effects (33). This drug not only directly suppresses tumor cells proliferation by blocking RAF/MEK/ERK and JAK/STAT signaling pathways, but also inhibits tumor angiogenesis by targeting VEGFRs, PDGFR-β, c-Kit, FLT3, RET (33, 34). In the Sorafenib HCC Assessment Randomized Protocol (SHARP) trial, in comparison to placebo arm, sorafenib arm showed prolonged overall survival (OS) (10.7 months vs 7.9 months; HR 0.69; p<0.001) and time to radiologic progression (5.5 months vs 2.8 months; HR 0.58; p<0.001) (35). Based on the results, sorafenib was approved by FDA for the first-line treatment of advanced HCC in 2007. The similarly promising results were displayed in another phase III Oriental trial. The study also showed a significant improvement in median OS (6.5 months vs 4.2 months; HR 0.68; p=0.014) and time to progression (TTP) (2.8 months vs 1.4 months; HR 0.57; p=0.0005) in patients treated with sorafenib compared with placebo (36). Unfortunately, the treatment-related adverse events led to dose reductions in small fraction of patients and rarely needed interruptions (36).



Lenvatinib

Lenvatinib is an oral multi-kinase inhibitor targeting VEGFR1-3, FGFR1-4, PDGFR-α, RET and c-Kit (37). Lenvatinib was approved by the FDA in 2018 as first-line treatment for advanced HCC. The approval is based on an open-label, phase III, multicenter, non-inferiority trial (38). The previous phase II clinical trial had shown positive results of lenvatinib for the treatment of HCC (39). Then, the further phase III, non-inferiority trial was performed to compare the efficacy and safety of lenvatinib versus sorafenib in HCC patients (38). As first-line treatment, lenvatinib was non-inferior to sorafenib in OS (13.6 months vs 12.3 months; HR 0.92) (38). Furthermore, lenvatinib showed a significant improvement in progression-free survival (PFS) (7.4 months vs 3.7 months; HR 0.66; p<0.0001) and objective response rate (ORR) (40.6% vs 12.4%; OR 5.01; p<0.0001) compared with sorafenib (38).




Second-Line Setting


Regorafenib

Regorafenib primarily targets VEGFR1-3, PDGFR-β, FGFR1, Tie-2, c-Kit, RET, B-RAF (40). The FDA approved regorafenib as the second-line setting for advanced HCC in 2017 based on the results of an international, multicenter, randomized, double-blind, placebo-controlled, phase III RESORCE trial (41). The trial aimed to assess the effectiveness and safety of regorafenib in HCC patients who progressed after sorafenib treatment (41). Regorafenib increased OS to 10.6 months from 7.8 months in the placebo arm (HR 0.63; p<0.0001) (41). Regorafenib is the first systemic therapy to show survival benefit in HCC patients who progressed on sorafenib.



Cabozantinib

Cabozantinib has dual blocking effects on VEGFR2 and c-Met, which exerts anti-tumor potential by reducing angiogenesis and suppressing cell proliferation, migration and invasion (42). The drug also has targeted inhibition of RET, c-Kit, AXL, FLT3 (43). The randomized phase III clinical trial CELESTIAL enrolled 707 patients with advanced and progressed HCC who had been previously treated with sorafenib (44). Patients in cabozantinib arm showed significantly improvement of survival compared with the placebo arm (median OS: 10.2 months vs 8.0 months; HR 0.76; p=0.005. median PFS: 5.2 months vs 1.9 months; HR 0.44; p<0.001) (44). Moreover, the ORR in cabozantinib arm was 4%, higher than less than 1% in placebo arm (44). Given the survival benefits brought by cabozantinib, this drug was FDA approved as second-line setting for HCC in 2019.



Ramucirumab

Ramucirumab is a fully human IgG1 monoclonal antibody targeting VEGFR2 (45). Unlike small molecule VEGFR TKIs, ramucirumab binds to specific epitope of the extracellular domain of VEGFR2, blocking the binding of the therapeutic target to its ligand VEGF (46). A phase II study showed that ramucirumab 8 mg/kg infused intravenously every 2 weeks had anticancer activity in advanced HCC patients (47). In 2019, the FDA approved ramucirumab as monotherapy for HCC patients having alpha fetoprotein (AFP) ≥400 ng/ml and previously treated with sorafenib. The approval is based on the phase III REACH-2 clinical trial. This is the first positive phase III trial conducted in biomarker-selected HCC patients (48). Both the median OS (8.5 months vs 7.3 months; HR 0.710; p=0.0199) and PFS (2.8 months vs 1.6 months; HR 0.452; p<0.0001) were longer in ramucirumab arm than that in placebo arm (48). However, there was no statistical difference in ORR between ramucirumab arm (5%) and placebo arm (1%) (p=0.1697) (48). Ramucirumab had a manageable safety and acceptable tolerability. The incidences of serious adverse events were 35% in ramucirumab arm and 29% in placebo arm (48).





Advances of Other Multi-Targeted Therapeutic Agents for HCC


Sunitinib

Sunitinib (SU011248) is an oral multi-kinase inhibitor that targets VEGFRs, PDGFRs, c-Kit, FLT3, RET and colony-stimulating factor 1 (CSF-1) (49). The multicenter phase II SAKK 77/06 trial evaluated the antitumor activity of sunitinib in advanced HCC patients (50). Patients were administrated 37.5 mg sunitinib daily until disease progression or intolerable toxicity occurred (50). The stable disease rate was 40% (50). However, another open multicenter phase II study conducted in Europe and Asia reported a low overall ORR (2.7%) in advanced unresectable HCC patients treated with sunitinib, which did not meet the primary endpoint (expected ORR was 15%) (51). In addition, 50 mg/day sunitinib showed severe toxicity (51). Hence, phase III study of sunitinib in HCC was halted due to its toxicity.



Brivanib

Brivanib is a selective dual inhibitor targeting VEGFR and FGFR. Preclinical study had shown that brivanib significantly inhibited the growth of multiple HCC xenografts (52). Several clinical trials were conducted to evaluate the efficacy of brivanib in advanced HCC patients. In phase II studies, brivanib showed promising antitumor activity as first- or second-line therapy (53, 54). However, brivanib did not significantly improve OS of HCC patients as second-line therapy in phase III study, and another phase III study also did not meet the primary endpoint of OS noninferiority for brivanib versus sorafenib (55, 56).



Vandetanib

Vandetanib is an oral TKI targeting VEGFR, EGFR and RET. In a phase II, randomized, double-blind, placebo-controlled study, vandetanib showed a trend of improvement in PFS and OS for advanced HCC, but there was no statistically significant difference compared to the placebo arm. Also, the two arms had no difference in tumor stabilization rate (57). However, the combination of vandetanib with radiotherapy significantly enhanced radiation killing (58).



Linifanib

Linifanib (ABT-869) is an ATP-competitive TKI targeting all VEGFRs and PDGFR families (59). In a phase II single-arm clinical trial, linifanib showed clinical activity in advanced HCC patients who had received ≤1 systemic therapy (60). An open-label phase III clinical trial evaluated the efficacy and safety of linifanib versus sorafenib in advanced HCC patients who were not systemically treated (61). Although the linifanib arm had longer TTP, PFS and higher response rate, the study did not meet the primary endpoint, with no significant difference in OS between the linifanib and sorafenib arms (61). Moreover, patients in the linifanib arm experienced more frequent grade ≥3 adverse events (61).



Nintedanib

Nintedanib (BIBF 1120) is an oral triple angiokinase inhibitor targeting VEGFR1-3, FGFR, PDGFR (62). BIBF 1120 (50 or 100 mg/kg/d) showed anti-tumor and anti-angiogenic activity in HepG2 xenograft model (62). In a randomized, multicenter, open-label study of Asian patients with advanced HCC, the phase I portion, patients were divided into two groups based on baseline alanine aminotransferase/aspartate aminotransferase (ALT/AST) and Child-Pugh score (group I: ALT and AST ≤ 2 times the upper limit of normal (ULN) and Child-Pugh score 5-6; group II: ALT or AST>2 to ≤5 times the ULN or Child-Pugh score 7), and the maximum tolerated dose (MTD) of 200 mg was determined for both groups (63). The phase II portion, group I patients were randomly assigned in a 2:1 ratio to nintedanib 200 mg twice daily or sorafenib 400 mg twice daily continuously for 28 days (63). The both arms showed similar results in primary endpoint TTP (2.8 months vs 3.7 months) and the secondary endpoint OS (10.2 months vs 10.7 months) (63).



Dovitinib

Dovitinib is a multi-kinase inhibitor targeting VEGFR, PDGFR and FGFR. In addition to its anti-angiogenic effects, dovitinib induces dephosphorylation of retinoblastoma protein, upregulates p-histone H2A-X and p27, and downregulates p-CDK-2 and cyclin B1, thereby reducing cell proliferation and inducing tumor cell apoptosis (64). In addition, dovitinib induces apoptosis of sorafenib-resistant cell lines by inhibiting signal transducer and activator of transcription 3 (STAT3) (65). Unfortunately, a randomized, open-label, phase II study of Asia-Pacific patients reported that dovitinib did not show superior activity to sorafenib in first-line treatment of advanced HCC (66).



Donafenib

Donafenib is a novel TKI and similar to sorafenib. In a phase Ib clinical trial, a lower dosage of donafenib showed significant anti-cancer effects (TTP was 120 days) and good safety profile in Chinese patients with advanced HCC (67). The ZGDH3 study is the first completed phase II/III clinical trial in China to evaluate the efficacy of donafenib for the first-line treatment of advanced HCC. At the 56th Annual Meeting of the American Society of Clinical Oncology (ASCO 2020), the investigators presented the latest ZGDH3 findings to the world through an oral presentation. The study results showed that the primary endpoint of OS was longer in donafinib arm than sorafenib arm (12.1 months vs 10.3 months). The donafenib arm showed a trend toward better overall safety, demonstrating the potential of donafinib in targeted therapy for HCC.




Potential Therapeutic Targets and Highly Selective Drugs for HCC


EGF/EGFR

EGFR is a PTK that binds to the ligands EGF and TGF-α to induce receptor dimerization and autophosphorylation, which trigger the downstream MAPK, PI3K, and PLCγ signaling pathways that mediate cell proliferation, survival, adhesion, migration, and differentiation (68–71). EGFR is overexpressed in human HCC cells (72). Some oncogenic mutations such as the L834R mutation lead to spontaneous EGFR dimerization (73). Erlotinib is an oral TKI that specifically blocks tyrosine kinase activity and autophosphorylation of EGFR (74). DCR of 59% was observed in a phase II study of erlotinib for advanced HCC patients who had previously allowed only one systemic or local treatment (74). Bevacizumab plus erlotinib had also shown promising biological activity in the treatment of advanced HCC. In a phase II, single-arm, single-institution, investigator-initiated study, 62.5% of patients were alive and progression free at 16 weeks after the treatment of bevacizumab plus erlotinib (75). The median PFS was 39 weeks, and the median OS was 68 weeks (75).



FGF19/FGFR4

FGF19 is an important driver of HCC development. It binds to FGFR4 with high affinity (76, 77). Klotho-beta is a co-receptor for FGFR4, which is involved in the activation of FGF19/FGFR4 (78). The FGF19/FGFR4 pathway activates GSK3β/β-catenin, PI3K/AKT, PLCγ/DAG/PKC, RAS/RAF/MAPK signaling cascades and promotes the survival, proliferation, and metastasis of HCC (77). A phase I study evaluated the antitumor activity of fisogatinib (BLU-554), a small molecule highly selective inhibitor targeting FGFR4 (79). The ORR in patients with FGF19-positive tumors was 17%. The median duration of response (DOR) was 5.3 months, and the median PFS was 3.3 months. However, in patients with FGF19-negative tumors, the ORR was 0%, and the median PFS was 2.3 months (79).



Insulin-Like Growth Factor-1 (IGF-1)/IGF-1 Receptor (IGF-1R)

The binding of ligand IGF-1 to IGF-1R stimulates the activation and phosphorylation of tyrosine kinase, which activates downstream MAPK, AKT and STAT pathways and promotes cell proliferation, migration, stemness and survival (80). Activation of the IGF axis was observed in breast cancer, sarcoma, and non-small cell lung cancer (81). In early HCCs, IGF activity correlated with mTOR signaling and HCC cells proliferation (82). Currently, at least 4 fully human IgG1 monoclonal antibodies targeting IGF-1R have been developed, including cixutumumab (83). The drug blocks phosphorylation of tyrosine residues, mediates receptor internalization and degradation, and produces antibody-dependent complement-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) effects (84). Preclinical study had shown that IGF-1R blockade inhibited the growth of HCC, but no clinically meaningful activity was observed in the phase II study (84, 85). Besides, the combination of cixutumumab and sorafenib also did not exhibit superior clinical efficacy in unselected patients with HCC (86). The IGF-1R is reciprocally activated by NPM-ALK, suggesting that dual inhibition of IGF-1R and ALK could enhance the therapeutic effect of IGF-1R inhibitor (87). Lee reported that cixutumumab treatment activated STAT3 to induce IGF secretion, which recruited macrophages and fibroblasts and created an angiogenic and metastatic environment (88). Therefore, ongoing research elucidating mechanisms of resistance and uncovering responsive biomarkers are required for the success of IGF-1R targeted therapy.



c-Met

c-Met is an RTK, and its known ligand is HGF (89). HGF induces dimerization and activation of overexpressed c-Met, which stimulates multiple downstream signaling pathways such as MAPK, PI3K, STAT and NF kappa-B (90). In preclinical models of HCC, the HGF/c-Met inhibitor MSC2156119J inhibited tumor growth and induced complete regression (91). Tivantinib (ARQ 197), an orally administered selective c-Met inhibitor, showed antitumor activity in phase I and phase II studies (92, 93). However, in phase III studies, for MET-high advanced HCC patients who previously treated with sorafenib, no significantly improved PFS and OS were observed in tivantinib arm compared to the placebo arm (94, 95). More randomized trials are necessary to determine whether tivantinib is a potential treatment for certain subgroups of patients. Tepotinib, another highly selective c-Met inhibitor, met the primary endpoint in treating sorafenib-pretreated patients with advanced HCC, with a 12-week PFS of 63.3% (96). The HGF/c-Met and VEGF/VEGFR pathways had synergistic effects in neovascularization through enhancing intracellular signaling and modulation of signaling molecules (97). A clinical study reported that advanced HCC patients treated with the anti-VEGFR2 mAb ramucirumab plus the anti-MET mAb emibetuzumab showed an 6.7% overall response rate, 60% DCR and 5.42 months PFS, which further supporting the results of preclinical study (98). In addition, other c-Met inhibitors such as foretinib and capmatinib also showed promising antitumor activity in advanced HCC (99, 100).



Angiopoetin/Tie-2

Ang-1 and Ang-2 are angiopoietins, which activate Tie-2 receptor and promote neovascularization (101). Trebananib is a peptide inhibitor that blocks the interaction of Ang-1 and Ang-2 with the Tie-2 receptor and reduces tumor angiogenesis (102). The efficacy of trebananib in combination with sorafenib for advanced HCC was evaluated in a phase II study (103). The primary endpoint of the study was planned to be a 4-month PFS of ≥78%. It is disappointing that the study was not met the primary endpoint (103).



Transforming Growth Factor-β (TGF-β)/TGF-β Receptor (TGF-βR)

TGF-β is a secreted factor that leads to decreased cell adhesion, loss of polarity and tight junctions by inducing epithelial mesenchymal transition (EMT) (104). TGF-β binds to TGF-βR and upregulates the expression of pro-angiogenic factors such as VEGF (104). TGF-β/Smad signaling promotes immune escape by impairing the function of cytotoxic T cells, DC cells and NK cells (104–106). These mechanisms contribute to HCC tumor progression. Galunisertib (LY2157299) is a small molecule inhibitor that selectively targets TGF-βR. This drug demonstrated antitumor activity for second-line treatment of HCC in a phase II study (107). TGF-β/TGFβR signaling has been reported to confer resistance to sorafenib (108). In preclinical study, galunisertib enhanced sorafenib-induced apoptosis (108).



mTOR

mTOR is a dual-specificity kinase that catalyzes phosphorylation on serine/threonine and tyrosine residues of its substrates (109). mTORC1 and mTORC2 are two major complexes that mediate the regulation of multiple targets by mTOR (109). mTORC1 promotes anabolism of proteins and nucleotides by upregulating the expression of metabolic genes and inhibiting catabolic processes such as autophagy (110). mTORC2 phosphorylates and activates AKT (protein kinase B), PKC (protein kinase C) and SGK (serum/glucocorticoid regulated kinase) of the AGC protein kinase family, which promotes the survival and proliferation of HCC cells (111, 112). In addition, activated AKT phosphorylates and activates mTORC1, resulting in a positive feedback pathway loop that regulates HCC cell growth (110). Preclinical studies showed that mTOR inhibitors significantly inhibit growth and induce apoptosis of HCC cell lines (113–115). Everolimus given daily at 7.5 mg showed clinical activity in advanced HCC patients in a randomized phase I/II study (116). However, in a global multicenter randomized phase III clinical study, everolimus did not improve OS of these patients (117). Treatment of HCC patients undergoing liver transplantation with mTOR-inhibitor temsirolimus for ≥3 months improved survival outcomes, and the greatest benefit was observed in the subgroup with AFP ≥10 ng/ml (118). A phase II trial of bevacizumab plus temsirolimus for the first-line treatment of HCC reported positive results with ORR of 19% and median OS of 14 months (119). However, everolimus plus sorafenib did not demonstrate better survival benefits compared to sorafenib alone in another phase II trial (120). Combination therapy of MEK inhibitors and mTOR inhibitors exhibited enhanced antitumor effects in vivo and in vitro models of HCC (121).



Hippo-Yes-Associated Protein (YAP)

The Hippo-YAP pathway plays a prominent role in inhibiting tumor growth, especially in HCC (122). The core component of the Hippo signaling pathway, adaptor protein salvador homolog 1 (SAV1 or WW45), couples mammalian sterile 20-like kinase 1/2 (MST1/2)-mediated kinases large tumor suppressor homolog 1/2 (LATS1/2) phosphorylation (122). This cascade leads to downstream YAP phosphorylation and retention in the cytoplasm, followed by ubiquitination and degradation (122). When Hippo-YAP signaling is attenuated, YAP and transcriptional coactivator translocate to the nucleus and initiate transcription of pro-proliferative and apoptosis-suppressing genes (122). Hypoxia induces nuclear translocation and accumulation of YAP (123). CT-707 is a YAP signaling inhibitor that increases YAP phosphorylation and reduces nuclear accumulation. Both in vivo and in vitro HCC models have demonstrated potent anti-tumor activity of CT-707 (124).



RAS/RAF/MEK/ERK

Evidences suggest that the RAS/RAF/MEK/ERK pathway is hyperactive in HCC (125, 126). Activated RAS induces phosphorylation of RAF kinase, which subsequently leads to the phosphorylation of downstream signaling factors MEK and ERK. Phosphorylated ERK dimerizes and translocates to the nucleus to participate in cell proliferation and differentiation (127). Therefore, aberrant activation of the RAS/RAF/MEK/ERK pathway may be critical for the formation and maintenance of HCC. Selumetinib is a small molecule, non-ATP competitive inhibitor that selectively targets MEK1, 2 (128). Disappointingly, in a phase II study of selumetinib for the first-line treatment of advanced HCC patients, no radiographic response was observed and the TTP was short, indicating low monotherapy activity (127). The combination of sorafenib and selumetinib for advanced HCC showed encouraging antitumor activity superior to sorafenib alone in a phase Ib study, suggesting that this combination may have a synergistic effect (129). Several clinical studies had reported that HCC patients treated with the MEK1/2 inhibitor refametinib plus sorafenib had a better clinical response relative to refametinib alone, especially those with RAS mutations (130, 131).



STAT3

Many cancer cells harbor constitutive activation of STAT3 (132). Phosphorylated STAT3 was detected in 60% of HCC specimens (133). Several cytokines and growth factors such as IL-6, EGF, HGF are involved in the induction of STAT3 activation (134, 135). In addition, phosphorylation of tyrosine residue is critical for STAT3 dimerization, which mediates nuclear entry and DNA binding, inducing target gene transcription (132). Besides, activation of STAT3/SNAIL signaling promotes EMT, contributing to the progression of HCC (136). STAT3 inhibitor OPB-111077 showed limited preliminary efficacy in preclinical HCC models and phase I clinical trial for second-line treatment of advanced HCC (137, 138).



Endosialin (TEM-1, CD248)

An experiment validated the differential expression of endosialin on tumor-associated myofibroblasts and tumor vessel-associated mural cells, involving in tumor angiogenesis, adhesion to extracellular matrix (ECM) proteins and migration through matrigel (139, 140). Ontuxizumab (MORAb-004-001) is a humanized anti-endosialin IgG1κ monoclonal antibody. The first-in-human study of this drug was conducted in the US as an open-label phase I clinical study for patients with solid tumors who had failed standard chemotherapy. The study observed initial anticancer activity of ontuxizumab (141). A phase I study was subsequently initiated in Japan to confirm the efficacy, safety and tolerability of ontuxizumab in solid tumors. In this study, stable disease rate of 53.3% and tumor shrinkage of 33.3% were observed in HCC patients (142).



Endoglin (CD105)

Endoglin (CD105) is highly expressed on active endothelial cells (143). Endoglin is involved in angiogenesis, inflammation and cancer-associated fibroblast (CAF) accumulation in the tumor microenvironment (TME) (143). TRC105 is a chimeric IgG1 mAb that competitively blocks the binding of endoglin to its ligand bone morphogenetic protein (BMP) and inhibits tumor angiogenesis (144). TRC105 alone lacked significant clinical activity in the treatment of HCC (145). However, TRC105 in combination with sorafenib showed encouraging activity in first-line treatment of HCC (partial response rate was 25%) (146).



Cyclin-Dependent Kinase 4/6 (CDK4/6)

CDK4/6 promotes the cell cycle progression (147, 148). CDK4/6 amplification has been found in multiple malignant tumors (149–151). Palbociclib (PD-0332991) is a selective CDK4/6 inhibitor that induces reversible cell cycle arrest in human HCC lines and is efficacious in multiple preclinical models of HCC (152). In vivo model, palbociclib in combination with sorafenib was more efficacious than sorafenib alone (152). Another CDK4/6 inhibitor, ribociclib, showed similar antitumor activity in preclinical study (153).



Histone Deacetylases (HDAC)

HDAC reversibly regulates acetylation of histones and non-histones. Dysregulation and mutation of HDAC lead to abnormal cell proliferation, EMT and tumor angiogenesis (154). Resminostat is a HDAC inhibitor. In the SHELTER study, the combination of resminostat and sorafenib prolonged median TTP and OS compared with resminostat alone (155). However, in comparison of this combination with sorafenib monotherapy for East Asia advanced HCC patients, no significant efficacy advantage was observed in the combination arm (156).




Combination Therapy of Targeted Therapy and ICI

ICIs is a novel therapeutic approach that differs from conventional treatment mechanisms (157). It restores the viability of tumor-specific T cells and utilizes the host immune system to kill tumors (158, 159). Among many ICIs identified, anti-PD1/PD-L1 and anti-CTLA-4 are currently approved for clinical application, and combination treatment of anti-PD1 and anti-CTLA-4 could have synergistic effect in some kinds of cancer (160–163). PD-L1 expression and tumor mutational burden are widely used molecular marker to guide ICI therapy, but the predictive value is not consistent among different cancers (164, 165). The combination of targeted therapy with ICI shown more potent efficacy (Table 2) (32, 166).


Table 2 | Current clinical trials investigating the combination therapy of targeted agents and ICIs for HCC.



Encouraging results from the CheckMate-040 (167) and KEYNOTE-224 (168) studies led to accelerated FDA approval of nivolumab and pembrolizumab as second-line therapy for advanced HCC. Further, combination of targeted therapy with immunotherapy becomes mainstream, especially anti-angiogenesis therapy and ICI (169). In multiple mice models, combinations of ICI with anti-angiogenesis agents significantly increase the active anti-tumor immune cell and reduce the immune inhibitory components in comparison with ICI alone. At present, it is well accepted that combination therapy of ICI and anti-angiogenesis could achieve superior efficacy to monotherapy in several types of solid cancer (170). Atezolizumab is a high-affinity human monoclonal IgG1 antibody that specifically targets PD-L1 and blocks its interaction with PD-1 and B7.1, recovering pre-existing anti-tumor immunity (164, 171). Bevacizumab is an anti-VEGF monoclonal antibody (172). In a phase II trial, 13% ORR was observed in bevacizumab-treated patients with unresectable, nonmetastatic HCC (172). Results from a multiarm phase Ib GO30140 study suggested atezolizumab plus bevacizumab had a more significant PFS benefit than atezolizumab alone (173). On May 29, 2020, the FDA approved atezolizumab plus bevacizumab as the first-line setting for patients with unresectable or metastatic HCC. Approval was granted following the results of phase III IMbrave150 trial (32). This trial assessed the efficacy of atezolizumab plus bevacizumab versus sorafenib and demonstrated that atezolizumab plus bevacizumab arm had higher 12-month OS (67.2% vs 54.6%) and longer PFS (6.8 months vs 4.3 months; HR 0.59; p<0.001) than sorafenib arm (32). The incidences of grade 3/4 adverse events were 56.5% with atezolizumab-bevacizumab and 55.1% with sorafenib (32). Approval of atezolizumab plus bevacizumab is likely to change the paradigm of the treatment of HCC. In a phase Ib study, lenvatinib plus the anti-PD-1 mAb pembrolizumab had promising anticancer activity in advanced HCC. The ORR and DOR were 46.0% and 8.6 months, respectively. The median PFS and OS were 8.6 months and 22 months, respectively (174). The combination of ramucirumab and the anti-PD-L1 mAb durvalumab also showed promising results in a phase Ia/b open-label study of advanced HCC. The ORR was 11%. The median PFS and OS were 4.4 and 10.7 months, respectively (175). SHR-1210 (anti-PD-1 antibody) 200 mg every 2 weeks plus apatinib 250 mg daily exhibited encouraging clinical activity in advanced HCC in an open, dose-escalation and extension study (176). The ORR was 30.8% and partial response was achieved in 8 of 16 evaluable HCC patients (176). Clinical trials of other targeted drugs in combination with ICIs are also underway. In ASCO 2021, the preliminary results of some ongoing clinical trials showed that combination therapies of ICIs with anlotinib had superior efficacies to monotherapies (177, 178). In addition, studies demonstrated that PARP inhibitors could also enhance the efficacy of ICIs by promoting antigen presentation and modifying immune microenvironment, leading to the enhanced tumor-killing activities of T cell (179).



Conclusion and Perspective

Advanced HCC is a major challenge in cancer treatment. Sorafenib is the first FDA-approved TKI for the first-line treatment of advanced HCC, bringing a breakthrough to the treatment challenge. Based on the promising results in clinical studies, other molecularly targeted drugs such as lenvatinib, regorafenib, cabozantinib, ramucirumab also have been approved by FDA for first- or second-line treatment of advanced HCC. However, the efficacy is far from being satisfied. Therefore, new targets are extensively explored. In addition to interfering with the interaction between PTK and ligand, blocking the downstream signaling pathway of PTK cascade also exhibits effective inhibition of HCC progression, such as mTOR inhibitors, MEK inhibitors and STAT3 inhibitors. Besides, targeted inhibitors acting on cell cycle progression also show antitumor potential in preclinical studies of HCC. Following the research advance, potential target for HCC continues to be uncovered. For example, a recent study demonstrated that p38 MAPK gamma induced mouse hepatocyte proliferation after partial hepatectomy by promoting the phosphorylation of retinoblastoma protein as CDK-like kinase. Moreover, p38γ was required for the chemically induced formation of liver tumors (180). Sterol o-acyltransferase1 (SOAT1) and carnitine palmitoyltransferase 1A (CPT1A) were found to regulate fatty acid metabolism, and simultaneously targeting SOAT1 and CPT1A demonstrated synergistic anticancer efficacy in HCC in vitro and in vivo models (181). Liu et al. applied multi-omics technology to characterize tumor microenvironment and defined HCC into three immune subtypes. Their study suggested that MMP-9 reflected immune features and might be a valuable predictor of immunotherapeutic response in HCC (182).

Despite impressive progress in targeted therapy for advanced HCC, several challenges remain. One is drug-related adverse events, which lead to dose reduction, interruption or discontinuation. Besides, drug resistance remains a major cause of the failure of targeted therapy. The underlying mechanisms may be tumor heterogeneity and clonal evolution. In addition, there is a lack of reliable biomarkers to identify the HCC patients most likely to benefit from targeted therapy. Some circulating markers, such as AFP, IL-6 and TNF-α, correlate with the treatment outcomes of HCC (183–185), but large prospective studies are required to validate the preliminary findings. How to overcome these challenges and explore low-toxic and efficient treatment strategies are the direction of effort.

Single drug activity is insufficient and a rational combination of different drugs is needed to obtain maximum benefit. The combination of targeted therapy plus ICI has attracted attention, with positive results in several clinical trials. In the future, the integration of multidisciplinary treatment approaches for advanced HCC and the development of personalized treatment plans based on the disease status of HCC will contribute to the progress of precision medicine.
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Purpose

Gamma-glutamyl transpeptidase (GGT) family genes play crucial roles in the formation and progression of several solid tumors. However, the expression patterns and the prognostic significance of GGT members in hepatocellular carcinoma (HCC) remain unknown. This study was designed to determine the expression profiles of GGT family members in HCC and validate the prognostic value of serum GGT protein in patients with HCC.



Method

We comprehensively searched public resources based on the LIHC dataset to determine the expression patterns, prognostic significance, DNA methylation status, immune infiltration, and biological pathways of GGT family genes in HCC. Subsequently, we validated the prognostic value of serum GGT protein in 85 patients with early-stage HCC subjected to curative hepatectomy from the Renmin Hospital of Wuhan University.



Results

Except for GGT1, other GGT family members (GGT5, GGT6, and GGT7) were found to be differentially expressed in primary HCC samples (N = 371) and normal control tissues (N = 50). Furthermore, a positive relationship was not only observed between GGT1 and GGT5 (Spearman coefficient: 0.24, P = 5.143 × 10−6) but also between GGT5 and GGT6 (Spearman coefficient: 0.38, P = 1.24 × 10−13). The expression of GGT1, GGT5, and GGT7 was correlated with overall survival (OS), and GGT7 was associated with disease-free survival (DFS) in patients with HCC. Negative associations between DNA methylation and expression of mRNA were observed for GGT1 (Spearman coefficient: −0.38, P = 6.24e-14), GGT6 (Spearman coefficient: −0.29, P = 1.23e-8), and GGT7 (Spearman coefficient: −0.34, P=6.7e-11). GGT family genes were well correlated with the infiltration levels of immune cells in HCC, especially CD4+ T cells, macrophages, and dendritic cells. Finally, when validated with clinical data from the Renmin cohort, a high expression of serum GGT protein was identified as a strong prognostic element of unfavorable OS (HR = 3.114, P = 0.025), but not of DFS (HR = 1.198, P = 0.05) in patients with HCC subjected to curative hepatectomy.



Conclusion

To our knowledge, this is the first comprehensive analysis of the expression patterns and clinical value of GGT family genes in patients with HCC. Our study laid the foundation for the clinical application of the GGT protein in the survival assessment of patients with HCC.
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Introduction

Liver cancer is the fourth leading cause of cancer-related mortalities worldwide, after lung cancer, colorectal cancer, and stomach cancer (1). Hepatocellular carcinoma (HCC) is the most common pathological type of primary liver cancer, followed by cholangiocarcinoma. The major risk factors of HCC include viral hepatitis (hepatitis B virus, hepatitis C virus), metabolic factors (non-alcoholic fatty liver disease), behavioral factors (alcoholism, frequent smoke), and aflatoxins. Although considerable achievements have been attained in the field of anti-HCC, including surgical removal, molecular targeted therapy, and chemoradiotherapy, the long-term survival outcomes of individuals with HCC have not met our expectations owing to early metastasis (2). Therefore, identifying serum biomarkers that are specific to the survival outcomes of patients with HCC is quite desirable.

α-Fetoprotein (AFP) has long been recognized as a diagnostic biomarker for HCC but was recently excluded from the surveillance criteria of several authoritative HCC management consensus (3, 4). As the overexpression of AFP is only observed in approximately 50% of patients with HCC, identifying other serum biomarkers is imperative. Gamma-glutamyl transpeptidase (GGT) is a crucial liver enzyme involved in glutathione metabolism and is responsible for the extracellular cleavage of glutathione (5). GGT is a common liver enzyme located on the surface of most cells but is the most commonly found in hepatocytes (6). GGT is routinely utilized in clinical practice to assist clinicians in identifying the presence of liver injury. However, increased serum GGT is reported to be associated with metabolic syndrome (7), chronic kidney disease (8, 9), dementia (10, 11), and even malignant tumors (12). Recently, GGT has been demonstrated as the hallmark of oxidative stress; this enzyme can induce pro-oxidant reactions, which play an essential role in tumor formation and cell proliferation (13). Although several clinical studies have revealed the association between serum GGT and overall survival (OS) in patients with HCC (14–17), the overall prognostic effect of serum GGT remains uncertain in patients with HCC. Moreover, the expression profiles of GGT family genes in liver tissues and the prognostic values of GGT family genes in patients with HCC have never been investigated. Hence, the primary goal of this study was to investigate the expression profiles, prognostic role, DNA methylation, immune infiltration, and potential biological pathways of GGT family members in HCC via mining data from publicly accessible datasets. The second aim was to validate the prognostic value of serum GGT protein in patients with HCC based on our cohort.



Methods


Clinical Data From Renmin Hospital of Wuhan University

We retrospectively gathered clinical data of patients with early-stage HCC (TNM I–II) from Renmin Hospital of Wuhan University from 2012 to 2016. The inclusion criteria were (1) patients with early-stage HCC (2), patients that underwent curative resection, and (3) patients who were tested for serum GGT protein. The exclusion criteria were (1) patients with cholangiocarcinoma (2), patients with other malignant tumors (3), patients without follow-up data, and (4) patients with advanced TNM stage HCC (TNM III–IV). The detailed clinicopathological data obtained from the Electronic Medical Record System were age at diagnosis, gender, levels of serum GGT, histological stage, tumor size, TNM stage, HBV infection, and serum AFP. All patients with HCC in our cohort were required to complete regular follow-ups after surgical resection. Patients with HCC who did not visit our outpatient department as scheduled were called for follow-ups to determine the living or recurrent status. OS and disease-free survival (DFS) were recorded during the follow-up. Based on the above criteria, 85 cases with primary HCC from the Renmin cohort were finally included in our analysis. Our study plan was strictly screened by the Ethical Committee of Renmin Hospital of Wuhan University (No. WDRY-2019-K104).



UALCAN

UALCAN (http://ualcan.path.uab.edu) is an interactive and comprehensive web tool for analyzing cancer OMICS data (TCGA, CPTAC, and MET500) that provide users with easy access to public cancer data (18). In this study, we employed this database via its methylation module to gain information about the differential expression of four GGT family genes and the methylation status between liver cancerous tissues and pathological normal tissues.



GEPIA

GEPIA (http://gepia.cancer-pku.cn) is a newly developed webpage for analyzing the RNA sequencing expression data from the GTEx and TCGA projects (19). GEPIA provides users with various functions, including differential expression analysis, survival analysis, and correlation analysis. We utilized the survival module via the GEPIA webpage to assess the associations between GGT family genes (GGT1, GGT5, GGT6, and GGT7) and survival outcomes (OS and DFS) of patients with HCC.



cBioPortal

The cBioPortal for Cancer Genomics, a very powerful database (http://www.cbioportal.org/), is designed to provide consumers with visual analysis of large-scale cancer genomic datasets (20). This powerful database was employed to determine the association between two GGT family members and the correlation between DNA methylation and mRNA expression of the GGT family genes. Moreover, this genetic database was used to investigate the correlations between the expression of GGT family genes and copy number, as well as mutations.



UCSC Xena

UCSC Xena (http://xena.ucsc.edu), designed by the University of California–Santa Cruz, is an online exploration webpage for visualizing tumor data (21). We used this database to retrieve the clinical information and RNA-sequencing data of GGT family genes in TCGA-LIHC dataset. This powerful database was also employed, via its visualization module, to determine the distribution of the CpG sites of four GGT family genes in HCC.



TIMER Database

TIMER database (https://cistrome.shinyapps.io/timer/) is a comprehensive resource for systemic analysis of six immune infiltrates (CD4+ T cells, B cells, CD8+ T cells, macrophages, neutrophils, and dendritic cells) across diverse cancer types (22). TIMER database allows users to freely input specific parameters, resulting in a picture display to conveniently assess tumor immunological, clinical, and genomic features. We utilized the gene module to determine the correlations between four GGT family genes and immune infiltrates in HCC.



Gene Set Enrichment Analysis

The gene expression values of the LIHC dataset were downloaded from TCGA database (https://www.cancer.gov/). All individuals with primary HCC were divided into high- or low-expression group based on the median value of GGT1, GGT5, GGT6, and GGT7. Thereafter, the cluster profiler R package (https://www.r-project.org) in R software (version 3.0) was employed to identify the most likely biological pathways in HCC.



Statistical Analysis

Whole data analysis was implemented with SPSS software (version 21.0) and GraphPad Prism (version 7.0). GGT1, GGT5, GGT6, and GGT7 were transformed into categorical variables (low expression or high expression) according to the median value. Serum GGT protein and serum AFP were also transformed into categorical variables (normal concentration or high concentration) based on the reference value of Renmin Hospital of Wuhan University. The difference in serum GGT levels between two groups was determined by the Student’s t test. For analysis of survival, the log-rank test was used to compare the median survival time between two groups. Multivariate analysis combined with univariate surviving analysis was conducted to identify the independent prognostic factor in patients with HCC. A two-tailed P value less than 0.05 was regarded as statistically significant.




Results


Expression Status of GGT Family Genes in HCC

The mRNA expression data for GGT family genes (GGT1, GGT5, GGT6, and GGT7) from 371 primary HCC samples and 50 normal control samples were analyzed via UALCAN web tool. Except for GGT1 (Figure 1A), the other GGT family members (Figures 1B–D) were found to be differentially expressed in primary HCC samples (N = 371) and normal control tissues (N = 50). Furthermore, we browsed the cBioPortal webpage to determine the correlations between two GGT family genes (Figure S1). Interestingly, a positive relationship was observed not only between GGT1 and GGT5 (Spearman coefficient: 0.24, P = 5.143 × 10−6) but also between GGT5 and GGT6 (Spearman coefficient: 0.38, P = 1.24 × 10−13).




Figure 1 | Expression profiles of GGT family genes in HCC specimens and normal tissues from TCGA-LIHC dataset. (A) GGT1; (B) GGT5; (C) GGT6; (D) GGT7.





Prognostic Role of GGT Family Genes in HCC

We utilized GEPIA web tool to determine the prognostic values of GGT family genes in 364 patients with HCC with available follow-up data from TCGA LIHC dataset. A total of 248 patients were males, and 120 were females. The mean age of patients was 59.71 years. A total of 169 patients had TNM I stage, 86 patients had TNM II stage, 85 patients had TNM III stage, and 4 patients had TNM IV stage. Among them, 68 cases were assessed as grade A, 17 cases were assessed as grade B, and no patients were assessed as grade C. The mean follow-up time was 26.44 months. High expression of GGT1 mRNA was correlated with inferior OS (HR = 1.4, P = 0.049, Figure 2A) in patients with HCC; however, this correlation disappeared for DFS (HR = 1.2, P = 0.15, Figure 2B). For the GGT5 mRNA, no positive association was observed between high levels of GGT5 and worse OS (HR = 0.72, P = 0.066, Figure 2C). Fortunately, high expression of GGT5 was significantly associated with more favorable DFS in patients with HCC (HR = 0.73, P = 0.04, Figure 2D). GGT6 was found to have little prognostic value for OS (HR = 1, P = 1.00, Figure 2E) and DFS (HR = 0.83, P = 0.3, Figure 2F) in patients with HCC. In addition, high expression of GGT7 was identified as a promising predictor of both poor OS (HR = 1.7, P = 0.0048, Figure 2G) and less favorable DFS (HR = 1.4, P = 0.02, Figure 2H) in HCC.




Figure 2 | Survival analysis of HCC patients stratified by median expression value of GGT family genes, which were downloaded from GEPIA database. Association between GGT1 mRNA expression and overall survival (A). Association between GGT1 mRNA expression and disease-free survival (B). Association between GGT5 mRNA expression and overall survival (C). Association between GGT5 mRNA expression and disease-free survival (D). Association between GGT6 mRNA expression and overall survival (E). Association between GGT6 mRNA expression and disease-free survival (F). Association between GGT7 mRNA expression and overall survival (G). Association between GGT7 mRNA expression and disease-free survival (H).





Prognostic Significance of Serum GGT in Early-Stage HCC

As serum GGT protein, encoded by GGT1, is routinely detected in the clinical setting as a common index reflecting liver injury, we assessed the clinical significance of serum GGT protein in 85 patients with early-stage HCC who received curative hepatectomy. Eight patients were females, and 77 patients were males. The mean age of patients was 52.27 years. A total of 26 cases were defined as TNM I stage, while 59 cases were identified as TNM II stage. The mean follow-up time was 43.13 months. As shown in Figure 3, high levels of serum GGT protein were observed in older (age, >55 years) patients with HCC (P = 0.0395), large tumor size (>5 cm, P = 0343), tumor recurrence (P = 0.0037), and Child Pugh grade (P < 0.001). Additionally, we evaluated the prognostic performance of serum GGT protein in patients with early-stage HCC by using Kaplan–Meier curves. As shown in Figure 4, patients with early-stage HCC with high levels of serum GGT protein had shorter OS time (HR = 2.921, P = 0.012, Figure 4A) and DFS time (HR = 1.859, P = 0.0485, Figure 4B) than those with low expression. Finally, Cox regression analysis was performed to determine the independent risk element of early-stage HCC. High expression of serum GGT was identified as a strong prognostic element for inferior OS (HR = 3.114, P = 0.025, (Table S1), but not for DFS (HR = 1.198, P = 0.05, Table S2) in patients with HCC subjected to curative hepatectomy.




Figure 3 | Correlations of serum GGT protein with common clinical variables in 85 cases of early-stage HCC patients from Renmin cohort. (A) age (P = 0.0395); (B) gender (P = 0.0968); (C) G stage (P = 0.4273); (D) HBV infection (P = 0.673); (E) tumor size (P = 0.0343); (F) AFP levels (P = 0.8182); (G) TNM stage (P = 0.2548); (H) tumor recurrence (P = 0.037); (I) Child Pugh grade (P < 0.001).






Figure 4 | Kaplan-Meier curves of survival in 85 cases of early-stage HCC patients from Renmin cohort stratified by median level of serum GGT protein. High expression of serum GGT protein predicted inferior OS (A), while not for DFS (B) in HCC patients with curative hepatectomy.





DNA Methylation, Copy Number, and Mutations in GGT Family Genes

First, the UALCAN database was employed to determine whether differential DNA methylation status of GGT family genes existed between liver tumors and normal controls. DNA methylation of GGT1 (P = 0.0067, Figure 5A), GGT5 (P < 0.0001, Figure 5B), and GGT7 (P = 0.046, Figure 5C) was significantly higher in normal tissues than in the corresponding HCC specimens, with the exception of GGT6 (P = 0.09, Figure 5D). The cBioPortal database was also used to determine the potential association between the expression of GGT family genes and DNA methylation. Encouragingly, negative associations between DNA methylation and expression of mRNA were observed for GGT1 (Spearman coefficient: −0.38, P = 6.24e-14, Figure 6A), GGT6 (Spearman coefficient: −0.29, P = 1.23e-8, Figure 6B), and GGT7 (Spearman coefficient: −0.34, P=6.7e-11, Figure 6C); however, this negative relationship disappeared for GGT5 (Spearman coefficient: −0.09, P = 0.0788, Figure 6D). The detailed distribution of CpG sites in GGT family genes in HCC, downloaded from the UCSC Xena database, is listed in Figure S2. We also analyzed the copy number status (Figure S3) and DNA mutations (Figure S4) of GGT family genes in TCGA-LIHC dataset; however, no DNA mutations were found for GGT6 in TCGA-LIHC dataset.




Figure 5 | DNA methylation patterns of GGT family genes in HCC tumors and normal controls. DNA methylation of GGT1 (A), GGT5 (B), and GGT7 (C) was significantly higher in normal tissues than the corresponding HCC specimens, with the exception of GGT6 (D).






Figure 6 | Correlation analysis of DNA methylation with mRNA expression of GGT family members in HCC revealed by cBioPortal webpage. The negative associations between DNA methylation and expression of mRNA were observed in GGT1 (A), GGT6 (B), and GGT7 (C), while this negative relationship disappeared in GGT5 (D).





Correlations Between GGT Family Genes and Immune Infiltration

TIMER web tool was executed to gain insights into the associations between GGT family genes and infiltration levels of several immune cells in HCC. As shown in Figure 7A, expression of GGT1 was negatively correlated with tumor purity (r = −0.236, P = 9.03e-6) and positively associated with infiltration of CD4+ T cells (r = 0.148, P = 6.11e-3), macrophages (r = 0.163, P = 2.54e-3), and dendritic cells (r = 0.116, P = 3.25e-2). As for GGT5 (Figure 7B), expression of GGT5 was strongly correlated with tumor purity (r = −0.526, P = 5.39e-26) and positively associated with infiltration of CD8+ T cells (r = 0.193, P = 3.36e-4), CD4+ T cells (r = 0.352, P=1.85e-11), macrophages (r = 0.304, P = 9.57e-9), neutrophils (r = 0.213, P = 6.45e-5), and dendritic cells (r = 0.212, P = 7.935e-5). With regard to GGT6 (Figure 7C), its expression was positively related to CD4+ T cells (r = 0.26, P = 1.05e-6), macrophages (r = 0.328, P = 5.48e-10), neutrophils (r = 0.216, P = 5.17e-5), and dendritic cells (r = 0.193, P = 3.33e-4). Finally, expression of GGT7 was positively correlated with tumor purity (r = 0.317, P = 1.53e-9), CD8+ T cells (r = 0.254, P = 2.02e-6), CD4+ T cells (r = 0.216, P = 5.54e-5), macrophages (r = 0.323, P = 1.0e-9), neutrophils (r = 0.233, P=1.27e-5), and dendritic cells (r = 0.245, P = 5.0e-6) (Figure 7D). Collectively, we found that the four GGT family genes were well correlated with the infiltration levels of immune cells in HCC, especially with CD4+ T cells, macrophages, and dendritic cells.




Figure 7 | Association between GGT1 (A), GGT5 (B), GGT6 (C), GGT7 (D), and immune cells (B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and dendritic cell) in HCC tissues revealed by TIMER database.





Correlations Between GGT Family Genes and Immune Infiltration

TIMER web tool was executed to gain insights into the associations between GGT family genes and infiltration levels of several immune cells in HCC. As shown in Figure 8A, expression of GGT1 was negatively correlated with tumor purity (r = −0.236, P = 9.03e-6) and positively associated with infiltration of CD4+ T cells (r = 0.148, P = 6.11e-3), macrophages (r = 0.163, P = 2.54e-3), and dendritic cells (r = 0.116, P = 3.25e-2). As for GGT5 (Figure 8B), expression of GGT5 was strongly correlated with tumor purity (r = −0.526, P = 5.39e-26) and positively associated with infiltration of CD8+ T cells (r = 0.193, P = 3.36e-4), CD4+ T cells (r = 0.352, P = 1.85e-11), macrophages (r = 0.304, P = 9.57e-9), neutrophils (r = 0.213, P = 6.45e-5), and dendritic cells (r = 0.212, P = 7.935e-5). With regard to GGT6 (Figure 8C), its expression was positively related to CD4+ T cells (r = 0.26, P = 1.05e-6), macrophages (r = 0.328, P = 5.48e-10), neutrophils (r = 0.216, P = 5.17e-5), and dendritic cells (r = 0.193, P = 3.33e-4). Finally, expression of GGT7 was positively correlated with tumor purity (r = 0.317, P = 1.53e-9), CD8+ T cells (r = 0.254, P = 2.02e-6), CD4+ T cells (r = 0.216, P = 5.54e-5), macrophages (r = 0.323, P = 1.0e-9), neutrophils (r = 0.233, P = 1.27e-5), and dendritic cells (r = 0.245, P = 5.0e-6) (Figure 8D). Collectively, we found that the four GGT family genes were well correlated with the infiltration levels of immune cells in HCC, especially with CD4+ T cells, macrophages, and dendritic cells.




Figure 8 | Enrichment analysis of biological pathways of GGT family genes in HCC via R software. (A) GGT1; (B) GGT5; (C) GGT6; (D) GGT7.






Discussion

GGT family genes, including GGT1, GGT5, GGT6, and GGT7, encode enzymes involved in the metabolism of glutathione and the transpeptidation of amino acids. GGT family genes have been reported to be closely correlated to tumor formation and progression in several malignant neoplasms. In our analysis, we investigated the correlation between the expression of GGT family genes and the survival outcomes of patients with HCC. We demonstrated that the expression levels of GGT5 mRNA, GGT6 mRNA, and GGT7 mRNA were significantly different between normal liver specimens and HCC tissues. Moreover, based on survival analysis, high expression of GGT7 mRNA was a prognostic factor for less favorable OS and poor DFS in patients with HCC. For the first time, we gained insights into the relationship between GGT family genes and the tumor immune microenvironment and found that GGT family members were positively correlated with several immune cells, such as CD8+ T cells, macrophages, and dendritic cells. To our knowledge, this is also the first study to evaluate the DNA methylation of GGT family genes in HCC.

GGT1, a key gene encoding the GGT protein, plays a critical role in maintaining the homeostasis of GSH. Recently, GGT1 was implicated in the progression and metastasis of several cancers. According to Coradini et al. (23), the expression of GGT1 was significantly higher in breast tumors than in histologically normal tissues and correlated negatively with BCL2 and positively with TP53. GGT1 could promote the initiation and progression of clear-cell renal cell carcinoma. Further, its inhibition significantly decreased the migration of tumor cells, suggesting that GGT1 might be of therapeutic interest for patients with renal cancer (24). Another study further revealed that serum exosomal GGT1 could be a useful marker for advanced clinical features of patients with renal cancer (25). Kawakami et al. (26) found that the activity of serum exosomal GGT1 was significantly higher in individuals with prostate cancer than those with benign prostatic hyperplasia. In the present analysis, no differential expression of GGT1 mRNA was found between liver cancerous specimens and pathological normal tissues; however, low expression of GGT1 predicted relatively favorable OS in patients with HCC.

GGT5, formerly known as GGT-like activity 1 (GGTLA1), plays a critical role in redox regulation, immune function, and drug metabolism (27). Wei and coworkers (12) discovered that GGT5 was highly expressed in cancer-associated fibroblasts in lung cancer, predicting the poor survival of patients with lung cancer. GGT5 was also regarded as the key metabolism-related gene in gastric cancer (28) and colon cancer (29). In our study, we found an association between high expression of GGT5 mRNA and relatively favorable progression-free survival rather than OS. Studies related to GGT6 in the field of cancer are very few. Nonetheless, two recent studies highlighted the prognostic role of GGT6 mRNA in head and neck squamous cell carcinoma (30) and papillary renal cell carcinoma (31). However, these situations differ from those in HCC as revealed by our analysis. GGT7, formerly known as GGTL3, is a novel member of the GGT family. GGT7 was reported to interact with key proteins associated with the progression of lung cancer (32) and is minimally expressed in gliomas compared to that in normal brain tissues (33). Another study (34) related to GGT7 and glioblastoma revealed that GGT7 might play a key role in promoting glioblastoma growth by regulating reactive oxygen species (ROS) levels. To our knowledge, the present study is the first to explore the oncogenic role of GGT7 in HCC and demonstrated that the expression of GGT7 mRNA is higher in liver cancerous tissues than in normal liver specimens. Among the four GGT family genes, only the high expression of GGT7 mRNA was correlated with poor OS and inferior DFS, indicating that GGT7 might be a promising biomarker for predicting survival in patients with HCC.

GGT protein is a type of membrane-bound enzyme that plays an important role in regulating the production of intracellular glutathione, which is regarded as a classical antioxidant element against ROS (35). In addition, a prior study reported that ROS, a recognized carcinogenic factor, could contribute to the expression of GGT through the redox regulation of various key genes (36). Several preliminary studies have demonstrated that the immune microenvironment could lead to the progression and metastasis of cancer cells through the upregulation of oxidative stress (37–39). Our study also delved into the potential association between GGT family members and the immune microenvironment using the TIMER database. We found that four GGT family members were well correlated with the infiltration abundance of CD8+ T cells, macrophages, and dendritic cells. Biological pathway analysis by GSEA also revealed that GGT1 was enriched in the T-cell receptor signaling pathway. Abnormal expression of GGT family genes could induce the abnormal production of endogenous ROS, causing cells to be subjected to persistent oxidative stress, subsequently triggering aberrant methylation of the CpG island (6). Consistent with previous findings, the present study also revealed the aberrant CpG island methylation of GGTs between normal liver specimens and liver cancerous tissues. Moreover, a negative relationship was found between the mRNA levels of GGT family genes and DNA methylation. Hence, it is reasonable that elevated serum GGT protein reflects the persistent oxidative stress that is associated with the unfavorable prognosis of patients with HCC.

Sustained oxidative stress by high levels GGT protein would lead to increased risk of gastrointestinal cancer (40), including HCC. Change in activity of GGT is a very useful biomarker in the identification of patients with elevated risk of HCC (41). Moreover, serum GGT combined with other serum biomarkers were effective diagnostic markers of AFP-negative HCC, especially in individuals with early stage, small size or good liver function (42). More researchers continue to assess the prognostic role of serum GGT in cervical cancer (43), esophageal squamous cell carcinoma (44), ovarian cancer (45), renal cell carcinoma (25), and HCC (46). By carrying out a clinical analysis, Zhang et al. (15) found that a high concentration of serum GGT was positively associated with advanced TNM stage and large tumor size and was an independent element for predicting the OS rate of patients with primary HCC. Wang et al. (16) concluded that serum GGT was also an independent risk index for worse OS in individuals with AFP-negative HCC. Another clinical study (47) with 285 patients with HCC who underwent liver transplantation drew a similar conclusion that elevated serum GGT levels were correlated with inferior OS and larger tumor. The strong association between high levels of serum GGT and inferior OS was also observed in patients with HCC subjected to chemoembolization (48). A recent meta-analysis (49) with 9,238 patients with primary HCC demonstrated that preoperative serum GGT protein is a predictive index of unfavorable prognosis for patients with primary HCC. Consistent with the results of previous studies, our analysis based on a cohort of 85 patients with HCC indicated that increased GGT level seems to be associated with aggressive HCC features and is also a strong risk factor for unfavorable OS in patients with HCC. Unlike previous studies, we also determined the association between elevated GGT level and DFS. Unfortunately, this correlation was not observed after multivariate analysis, which might be owing to the limited sample size.

Three limitations of this study must be mentioned. First, the results of this study were mainly derived from systematic bioinformatic analyses. No experimental studies were performed to explore the biological functions of GGT family members. Therefore, basic experiments with regard to GGT family members in HCC cell lines are imminently needed to provide the basis for their clinical application. Besides the limited sample size (N = 85), the clinical study was retrospective and comprised of a single-center cohort. Because of this retrospective nature, we did not obtain serum GGT data at different time points. As a result, we could not assess the dynamic effect of serum GGT, which might be more valuable than that of preoperative serum GGT. Hence, prospective clinical trials with sufficient sample size are also needed to address these issues and promote the clinical utility of GGT protein.



Conclusion

To our knowledge, this is the first comprehensive analysis of the expression patterns and clinical value of GGT family genes in patients with HCC, providing insights for the experimental exploration of GGT family members as potential targets in HCC. Our study also lays the foundation for the clinical application of the GGT protein in prognostic assessment of patients with HCC.
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Background

High glycolysis efficiency in tumor cells can promote tumor growth. lncRNAs play an important role in the proliferation, metabolism and migration of cancer cells, but their regulation of tumor glycolysis is currently not well researched.



Methods

We analyzed the co-expression of glycolysis-related genes and lncRNAs in The Cancer Genome Atlas (TCGA) database to screen glycolysis-related lncRNAs. Further prognostic analysis and differential expression analysis were performed. We further analyzed the relationship between lncRNAs and tumor immune infiltration. Since WAC antisense RNA 1 (WAC-AS1) had the greatest effect on the prognosis among all screened lncRNAs and had a larger coefficient in the prognostic model, we chose WAC-AS1 for further verification experiments and investigated the function and mechanism of action of WAC-AS1 in hepatocellular carcinoma.



Results

We screened 502 lncRNAs that have co-expression relationships with glycolytic genes based on co-expression analysis. Among them, 112 lncRNAs were abnormally expressed in liver cancer, and 40 lncRNAs were related to the prognosis of patients. Eight lncRNAs (WAC-AS1, SNHG3, SNHG12, MSC-AS1, MIR210HG, PTOV1-AS1, AC145207.5 and AL031985.3) were used to established a prognostic model. Independent prognostic analysis (P<0.001), survival analysis (P<0.001), receiver operating characteristic (ROC) curve analysis (AUC=0.779) and clinical correlation analysis (P<0.001) all indicated that the prognostic model has good predictive power and that the risk score can be used as an independent prognostic factor (P<0.001). The risk score and lncRNAs in the model were found to be related to a variety of immune cell infiltration and immune functions. WAC-AS1 was found to affect glycolysis and promote tumor proliferation (P<0.01). WAC-AS1 affected the expression of several glycolysis-related genes (cAMP regulated phosphoprotein 19 (ARPP19), CHST12, MED24 and KIF2A) (P<0.01). Under hypoxic conditions, WAC-AS1 regulated ARPP19 by sponging miR-320d to promote glucose uptake and lactate production (P<0.01).



Conclusion

We constructed a model based on glycolysis-related lncRNAs to evaluate the prognostic risk of patients. The risk score and lncRNAs in the model were related to immune cell infiltration. WAC-AS1 can regulate ARPP19 to promote glycolysis and proliferation by sponging miR-320d.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common malignant tumor in the world and the fourth leading cause of tumor-related death, with approximately 841,000 new cases and 782,000 related deaths each year (1). HCC accounts for 75–80% of all liver cancer cases (2, 3). Although a large number of studies on HCC have led to continuous progress in the treatment of liver cancer, the long-term survival rate is still low among liver cancer patients (4). Due to the high heterogeneity and molecular diversities, the prognosis of patients with nonviral HCC is widely divergent. Currently, HCC prognostication mainly relies on clinicopathological staging and some biomarkers (5, 6). Therefore, it is very important to further explore the molecular mechanism of liver cancer development and develop new prognostic indicators.

The reprogramming of energy metabolism is an important feature of cancer cells that represents one of the “hallmarks of cancer” (7). Among them, the enhancement of glycolysis is an important part of tumor cell metabolic reprogramming (8). The enhancement of tumor glycolysis can promote the proliferation, invasion and metastasis and other malignant behaviors of various tumors (9, 10). In addition, studies have reported that the enhancement of glycolysis is related to immune cell infiltration in the tumor immune microenvironment and resistance to immunotherapy (11, 12).

Long noncoding RNAs (lncRNAs) are transcripts of more than 200 nucleotides that do not encode proteins. lncRNAs play an important role in the physiological activities of cells and can regulate the occurrence and progression of cancer in many ways, including by regulating their proliferation, invasion and metastasis (13). Increasing evidence shows that lncRNAs also play an important role in regulating tumor metabolism (such as glucose metabolism and fat metabolism), immune tolerance, and immune infiltration in the tumor microenvironment (14–16). Because of their important physiological functions, lncRNAs can be used as effective tumor prognostic markers, and research on their regulatory mechanism has great significance (17).

In this study, we screened lncRNAs related to glycolysis-related genes (GR genes) through co-expression analysis. Then, univariate Cox regression analysis was used to further screen out prognosis-related lncRNAs. We used least absolute shrinkage and selection operator (LASSO) regression analysis to construct a prognostic model based on 8 lncRNAs (WAC-AS1, SNHG3, SNHG12, MSC-AS1, MIR210HG, PTOV1-AS1, AC145207.5 and AL031985.3). Survival analysis and receiver operating characteristic (ROC) curve analysis were used to assess its predictive power. Immune infiltration analysis was used to study the relationship between the risk score and immune cell infiltration. For the novel lncRNA WAC-AS1, we verified the abnormally high expression of WAC-AS1 in liver cancer through experiments and found that it promotes glycolysis in liver cancer cells and regulates a variety of GR genes. Bioinformatics prediction and dual luciferase reporter assays were used to validate that WAC-AS1 can affect the expression of ARPP19 by sponging miR-320d.

In short, we screened glycolysis-related lncRNAs (GR lncRNAs) based on the expression of GR genes and lncRNAs and constructed a prognostic model based on 8 lncRNAs that can be used to predict the long-term survival rate of patients with HCC. The prognostic model has good predictive power. WAC-AS1 regulates a variety of GR genes, which can promote the glycolysis efficiency of liver cancer cells and promote the proliferation of liver cancer cells. We predicted and validated that WAC-AS1 regulates ARPP19 by sponging miR-320d with in vitro experiments.



Materials and Methods


Data Collection

The clinical data and high-throughput sequencing data of 424 patients were obtained from The Cancer Genome Atlas (TCGA) database, including the expression levels of mRNA and lncRNAs. The GRgene set, which contains 200 genes (M5937), was obtained from the official GSEA website (gsea-msigdb.org/gsea). The expression levels of lncRNAs and GR genes were extracted from the TCGA data, and then a correlation test was performed to screen out lncRNAs that have a co-expression relationship with GR genes using the “limma” R package. The threshold value of the correlation coefficient was set to 0.4, and the P value was required to be less than 0.01. The datasets (GSE14520) downloaded from the GEO database (www.ncbi.nlm.nih.gov/geo/) were used for validation. The tissues of 62 patients who underwent liver tumor resection during 2013-2015 were obtained from the Biological Repositories of Hepatobiliary and Pancreatic Surgery, Zhongnan Hospital of Wuhan University. All patients in this cohort underwent curative hepatectomy. The resected samples of all patients were confirmed by pathological examination. The study was approved by the Ethics Committee of Zhongnan Hospital, and the methods were carried out in accordance with the approved guidelines. All patients signed informed consent forms agreeing that their specimens could be used for future scientific research before their samples were included in the biological repositories.



Identified Differentially Expressed lncRNAs and Prognosis-Related lncRNAs

Based on the sequencing data of 374 tumor tissues and 50 normal liver tissues, difference analysis was performed using the “limma” R package. The abnormally expressed lncRNAs in liver cancer tissues (false discovery rate (FDR)<0.05, log2fold change (log2(FC)>1) were screened out. This approach was also used for screening differentially expressed miRNAs. According to the relationship between the expression of lncRNAs and the survival time and survival status of patients, univariate Cox regression analysis was performed to screen out prognosis-related lncRNAs (P<0.01).



Construction of Prognostic Models

According to the previous analysis, the results of the analysis were intersected to reveal GR lncRNAs that are abnormally expressed and related to patient overall survival. The “Venn” R package and the “pheatmap” package were used to draw the Venn diagram and the heatmap, respectively. According to the expression of lncRNAs and the survival time of the patient, the “glmnet” R package was used to establish the prognosis model through LASSO regression analysis and risk score calculation for each patient. Survival analysis, ROC curve analysis and other methods were applied to test the predictive power of the model. The regulatory relationship between lncRNAs and GR genes in the model was visualized by drawing a network diagram with Cytoscape software (Version 3.7.1).



Verification of the Prognostic Model

The model was tested with a variety of methods. According to the risk score, patients were divided into a high-risk group and a low-risk group, and then the “survminer” R package was used to draw the survival curves of the patients and calculate the survival difference. Risk curves based on the patients’ risk scores showed clear changes in survival time and survival status as the risk score increased. The “survivalROC” R package was used to draw the ROC curve and calculate the area under the curve (AUC), which reflects the predictive power of the model. The GSE14520 dataset from the GEO database was used as an independent validation cohort (n = 203).



Independent Prognostic Analysis and Principal Component Analysis

To judge whether the risk score is an independent prognostic factor, the patient’s age, sex, disease stage, tumor grade and risk score were all included as variables for the multivariate Cox regression analysis. Hazard ratios and 95% confidence intervals were calculated for all factors. When the hazard ratio>1 and the P value<0.05, the variable was considered to be an independent prognostic factor affecting the patient. Then, clinical correlation analysis of the risk score was performed. The patients were divided into groups according to their age, sex, disease stage, and tumor grade. In different groups, the survival curves of high-risk and low-risk patients were drawn, and the survival difference was calculated. According to the results, it was judged whether the risk score was related to clinical factors such as the patient’s age and sex. Then, PCA was performed with “Rtsne” R package.



Gene Set Enrichment Analysis

Through enrichment analysis, the biological function of the molecule can be predicted. GSEA was conducted using GSEA v4.0.2 software (https://www.gsea-msigdb.org/gsea/index.jsp). The patients were divided into two groups according to the risk score and the median expression of lncRNAs in the prediction model. During the analysis, the Kegg v7.4 symbol gene set was used. The number of permutations was set to 1,000. The enrichment maps were output, and the P values and FDR values were calculated.



Immune Infiltration Analysis

The level of immune cell infiltration in the tumor immune microenvironment is related to the level of tumor cell gene expression, and studies have provided a quantitative method to calculate the level of immune cell infiltration (18). Therefore, we used single-sample gene set enrichment analysis (ssGSEA) to quantify the infiltration level of 22 immune cells in the tumor immune microenvironment. The infiltration level of each immune cell is shown by the enrichment score of ssGSEA. Patients were grouped according to different factors, and the difference in immune cell infiltration was calculated to study whether there was an association between grouping factors and immune cell infiltration.



Cell Culture and Transfection

Normal LO2 hepatocytes, 293T cells and HCC cell lines (Huh7, HepG2, Hep3B, SNU387 and HCCLM3) were obtained from Shanghai Cell Bank (Shanghai, China). Hep3B cells were grown in MEM (Invitrogen, Carlsbad, CA), and other cell lines were grown in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen). Jtsbio (Guangzhou, China) constructed and synthesized siRNAs specific for WAC-AS1 as follows:

	WAC-AS1-siRNA 1-F: 5’-AGGAGAAGAAAGAGAGAAATT -3’;

	WAC-AS1-siRNA 1-R: 5’-UUUCUCUCUUUCUUCUCCUTT -3’.

	WAC-AS1-siRNA 3-F: 5’-GGAAAUGGGGAAAGAAUAATT-3’;

	WAC-AS1-siRNA 3-R: 5’-UUAUUCUUUCCCCAUUUCCTT-3’.



A WAC-AS1 overexpressing plasmid was constructed using the pcDNA3.1 vector (Invitrogen). The empty vector was used as a control. miR-320d mimics and inhibitors were synthesized by Tsingke (Wuhan, China). Transfection of plasmid DNA, miR-320d mimics and inhibitor was conducted using Lipofectamine 3000 reagent (Invitrogen).



RNA Extraction and RT-qPCR Analysis

Total RNA from liver tissues was extracted by TRIzol (Invitrogen) according to its protocol. Total RNA was also extracted using TRIzol reagent and converted into cDNA using the PrimeScript RT kit (TaKaRa, Dalian, China). Then, RT-qPCR was performed using SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) with the ABI PRISM 7900 Sequence Detection System (Applied Biosystems). The PCR cycling was as follows: pre-denaturation at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 10 s, annealing at 55 °C for 25 s and extension at 72 °C for 10 s. Data were analyzed using the relative quantification (2−ΔΔCT) method, and β-actin was used as a reference gene for mRNA quantification. The primer sequences were as follows (others are shown in Table S1):

	WAC-AS1-F: 5’-CCTGCCCACCCTCTCTTTATC-3’;

	WAC-AS1-R: 5’-AGTGGAGTAGACAAGGACGAC-3’;

	miR-320d-F: 5′-AAAAGCTGGGTTGAGAGGA-3′;

	miR-320d-R: 5′-TCCTCTCAACCCAGCTTTT-3′;

	β-actin-F: 5’-CCTTCCTGGGCATGGAGTC-3’;

	β-actin -R: 5’-TGATCTTCATTGTGCTGGGTG-3’.





Detection of Cell Proliferation In Vitro and In Vivo

Cell viability was detected by using Cell Counting Kit-8 (CCK-8) following the manufacturer’s instructions. The spectrophotometric absorbance of each sample was measured at 450 nm using an Infinite M200 spectrophotometer (Tecan, Switzerland). After completing the designated intervention, HCC cells were cultured in 6-well plates at a density of 2,000 cells per well. After 14 days, the cells were fixed with paraformaldehyde and stained with crystal violet. A microscope was used to count the number of tumorspheres. Treated cells (3 × 106 cells for Huh7 transfected with pcDNA/WAC-AS1) and control cells (Huh7 with Vector) were subcutaneously injected into the right and left dorsal flank of 4-week-old male BALB/C nude mice (Shulaibao, Wuhan, China), respectively. The tumors formed were measured with a caliper and tumor volumes [long diameter × (short diameter)2 × 1/2] were calculated. After 2 weeks, subcutaneous tumors were stripped.



Cell Cycle Assay

To assess the cell cycle, the cells were resuspended in PBS buffer and treated with a cell cycle staining kit (MultiSciences, Hangzhou, China) according to the manufacturer’s instructions. The cell cycle was analyzed by fluorescence-activated cell sorting (FACS) using flow cytometry (Beckman, USA).



Measurement of Glucose Uptake, Lactate Production, and Extracellular Acidification Rate

Glucose uptake and lactate production were calculated by detecting the glucose content of the medium to evaluate the glycolysis efficiency of the cells. The glucose level was measured using a glucose colorimetric assay kit II (K686-100, BioVision, Milpitas, CA, USA). A lactic acid colorimetric assay kit (K627-100, BioVision) was used to determine the lactic acid level. All testing procedures were carried out in accordance with the manufacturer’s instructions. The Seahorse Extracellular Flux Analyzer XF96 (Seahorse Bioscience, www.seahorsebio.com) was used to monitor in vitro cells metabolic alternations, according to the manufacturer’s instructions. For detection of the real-time glycolytic rate, cells were incubated with unbuffered medium followed by a sequential injection of 10 mM glucose, 1 µM oligomycin (OM), and 80 mM 2-deoxyglucose (2-DG). Oligomycin and 2-deoxyglucose were purchased from Topscience (shanghai, China). Considering that the number of cells in each sample may be different, the concentrations of glucose or lactic acid and ECAR measurements were normalized to the cell number.



Dual-Luciferase Reporter Assay

The target gene of miR-320d was predicted by the online tools TargetScan (19), starBase (20) and miRDB (21). The target miRNA of WAC-AS1 was predicted by starBase, miRDB and ENCORI. A dual luciferase reporter assay (RG027, Beyotime, Shanghai, China) was performed to identify whether the WAC-AS1 and ARPP19 3′-UTR sequences contained the miR-320d binding site. 293T cells were used for the dual-luciferase reporter assay. The protocol was performed in accordance with the manufacturers’ instructions.



Western Blot Analysis

Anti-LDHA antibody (21799-1-AP), anti-TPI1 antibody (10713-1-AP), anti-ARPP19 antibody (11678-1-AP), anti-KIF2A antibody (13105-1-AP) and anti-beta actin antibody (66009-1-Ig) were purchased from Proteintech (Wuhan, China). Total proteins were extracted utilizing SDS (Beyotime, Shanghai, China). The detailed protocols for western blotting were based on previously described methods (22). A ChemiDoc MP Imaging System (Bio-Rad) was used to detect and normalize the protein expression levels according to the housekeeping gene β‐actin. The protein concentration was measured by the BCA protein assay (Cat. 23225, Thermo Fisher Scientific, Waltham, MA, USA).



Statistical Analysis

SPSS 24.0 software (SPSS Inc., Chicago, USA) and GraphPad Prism6 (GraphPad Sofware, Inc., San Diego, CA, USA) were used for statistical analyses. The results are presented as the mean ± standard deviation (SD) of three independent experiments. Statistical analysis was performed using unpaired Student’s t-test to compare the continuous variables. To compare the categorical variables, χ2 test was performed to assess the pathological and clinical characteristics of the WAC-AS1 high/low groups. Survival time between groups was evaluated using Kaplan–Meier method and compared by log-rank test. P < 0.05 was considered to indicate significance. ∗P < 0.05; ∗∗P < 0.01; ***p < 0.001.




Results


Screening of DE lncRNAs Related to Patient Prognosis and Glycolysis

To better show the experimental process and content of the subject, we drew a flowchart of the experiment (Figure 1A). As shown in the flow chart, the first step of the research is to obtain lncRNAs with potential research value. We obtained 200 gene symbols related to glycolysis on the official website of GSEA (Table S2). Through correlation analysis, 502 lncRNAs (Table S3) that have co-expression relationships with glycolytic genes were screened out, and the correlation coefficient was set to > 0.4. Based on the follow-up data and the expression levels of lncRNAs in 370 patients, excluding patients with incomplete follow-up data, 40 prognosis-related lncRNAs were screened out from the 502 lncRNAs (Figure 1B). According to the expression level of lncRNAs in 50 normal tissues and 374 tumor tissues, 112 abnormally expressed lncRNAs were screened out from the 502 GR lncRNAs; 81 were upregulated, and 31 were downregulated (Figure 1C) (log2(FC)>1, FDR< 0.01). The intersection of the results showed 36 lncRNAs (Figure 1D), and a heat map of these lncRNAs was drawn (Figure 1E). These 36 lncRNAs are abnormally expressed in tumor tissues, are related to prognosis and have a co-expression relationship with glycolytic genes.




Figure 1 | Flowchart and lncRNA screening process. (A) Flowchart of the study. (B) Forest plot of univariate Cox regression analysis; (C) Volcano map of differentially expressed genes; (D) Intersection of DE lncRNAs and prognostic lncRNAs; (E) Heatmap of the 36 intersecting lncRNAs.





Construction and Verification of Prognostic Models

According to the expression of lncRNAs and the prognosis and survival status of patients, LASSO regression analysis was used to establish an 8-lncRNA (WAC-AS1, SNHG3, SNHG12, MSC-AS1, MIR210HG, PTOV1-AS1, AC145207.5 and AL031985.3) prognostic model from the 36 lncRNAs (Figure 2A and Figure S1). Risk scores were calculated according to the following formula: Risk score=(ExpWAC-AS1×0.722) + (ExpSNHG3×0.299) + (ExpSNHG12×0.475) + (ExpMSC-AS1×0.044) + (ExpMIR210HG×0.179) + (ExpPTOV1-AS1×0.015) + (ExpAC145207.5×0.107) + (ExpAL031985.3 ×0.202) (Exp, Expression). According to the median risk score, patients were divided into a high-risk group and a low-risk group. There was a significant difference in prognosis between the two groups (P<0.001) (Figure 2B). In the two groups of patients, the expression levels of WAC-AS1, SNHG3 and MIR210HG were significantly different, indicating that they are closely related to the risk score and are key molecules in the prognostic model (Figure 2C). With the increase in the risk score, the trend of survival time of patients gradually decreased, and the proportion of patients whose follow-up outcome was death gradually increased (Figures 2D, E), indicating that the risk score is closely related to survival time and survival status. We visualized the co-expression relationship between glycolytic genes and lncRNAs in the model (Figure 2F). To make the prognostic model more convenient for clinical use, we constructed a nomogram that can calculate the risk score based on the expression of lncRNAs and predict the survival rate of patients at 1, 2, 3 and 5 years (Figure 2G). The GSE14520 dataset from the GEO database was used as an independent validation cohort (n = 203). The ROC curve and calibration were used to assess the discriminating ability of the nomogram. ROC curve analysis (AUC=0.751) showed that the nomogram had good predictive accuracy for prognosis. Calibration plots showed excellent calibration of the nomogram (Figure S2).




Figure 2 | Construction of the prognostic model and nomogram. (A) “Leave-one-out” cross-validation for parameter selection during LASSO regression; (B) survival curves of patients in the high-risk and low-risk groups; (C) heatmap of lncRNAs in the model; (D) curve of the risk score; (E) distribution of survival status; (F) co-expression relationship between glycolytic genes and lncRNAs in the model; (G) nomogram for survival prediction.





The Model’s Predictive Power and the Correlation Test of Clinical Factors

We used univariate and multivariate Cox regression analyses to identify independent prognostic factors. Univariate Cox regression analysis revealed that risk score, disease stage and T stage were related to prognosis (Figure 3A). Multivariate Cox regression analysis showed that the risk score was an independent factor affecting prognosis (Figure 3B). We used the ROC curve to detect the predictive power of the model, and the results showed that the risk score can better reflect the prognosis of patients than disease stage and tumor grade (Figure 3C). The predictive accuracy of the lncRNA model was then verified in the GEO validation group (GSE14520) through survival analysis and ROC curve analysis (Figure S3). To clarify whether there is a correlation between the prediction model and clinical factors, we performed a set of predefined stratified analyses. In different groups, the survival curves of high-risk and low-risk patients were significantly different (Figure S4). In conclusion, the model predicted patient survival independently of clinical factors, including age, sex, and stage of the disease.




Figure 3 | Clinical relevance analysis, PCA and GSEA analysis results for the risk score and GR lncRNAs. (A) Univariate Cox regression analysis of clinical factors and the risk score; (B) multivariate Cox regression analysis of clinical factors and the risk score; (C) ROC curve; (D) PCA results for GR genes; (E) PCA results for GR lncRNAs; (F) PCA results for risk score-related lncRNAs; (G) PCA results for all genes; (H) GSEA results for the risk score; (I) GSEA results for WAC-AS1.





Principal Component Analysis and GSEA

The results of PCA showed that between patients in the high-risk and low-risk groups, the GR genes (Figure 3D), GR lncRNAs (Figure 3E), risk score-related genes (Figure 3F) and all genes (Figure 3G) had different expression profiles. This shows that the model constructed based on 8 lncRNAs can effectively classify patients. To explore the underlying mechanism of the prognostic signature, we divided patients into two groups based on the risk score and the expression of each lncRNA in the model and performed GSEA. The results showed that in high-risk patients, genes related to glucose and lipid metabolism and the cell cycle were significantly enriched (P<0.01; Figure 3H). Highly expressed lncRNAs, such as SNHG12, MIR210HG and WAC-AS1, were related to the cell cycle, immune-related pathways, cancer-related pathways and carbohydrate metabolism-related pathways (Figure 3I and Figure S5). These findings indicate that there are differences in metabolism- and cell cycle-related genes between the high-risk and low-risk groups, which may partly explain the significant difference in prognosis.



The Risk Score and Risk-Related lncRNAs Are Related to Immune Cell Infiltration

The ssGSEA algorithm was used to evaluate the infiltration status of immune cells in the TCGA cohort. The proportions of 22 immune cells in each patient are shown in Figure 4A. Subsequently, the CIBERSORT algorithm was used to study immune infiltration in the liver cancer microenvironment between high-risk and low-risk patients. The results showed that macrophages were positively correlated with risk scores, and CD8 T cells, mast cells, NK cells and IFN immune responses were negatively correlated with the risk score, indicating that the poor prognosis of high-risk patients may be related to immune cell infiltration and the immune response (Figure 4B). We further carried out immune infiltration analysis of lncRNAs related to the risk score. The results showed that MSC-AS1, WAC-AS1 and SNHG12 were associated with CD8 T cell infiltration; AL031985.3, MSC-AS1, SNHG12 and WAC-AS1 were related to macrophage infiltration; and MSC-AS1, SNHG12 and WAC-AS1 were significantly related to immune checkpoints (Figure 4C and Figure S6).




Figure 4 | Characterization of immune cell infiltration and immune-related functions. (A) Bar chart of the proportions for 22 immune cell types; (B) relationship of the risk score with immune cell infiltration and the immune response; (C) relationship of WAC-AS1 with immune cell infiltration and the immune response. ∗P < 0.05, ∗∗P < 0.01, ***p < 0.001; ns, no significance.





WAC-AS1 Is Highly Expressed in Liver Cancer and Associated With Poor Prognosis

The coefficient of WAC-AS1 in the prognostic model was high, and the expression levels of patients in the high-risk group and the low-risk group were significantly different. There is no existing research report on WAC-AS1 in tumors, so we chose WAC-AS1 for experimental verification. We analyzed the expression of WAC-AS1 in 50 normal liver tissue samples and 374 liver cancer tissue samples in the TCGA database and found that WAC-AS1 expression was significantly higher in liver cancer tissues than in normal tissues (P<0.001; Figure 5A). According to the median value of expression, the patients were divided into two groups. The results of survival analysis showed that patients with high WAC-AS1 expression had a significantly poorer prognosis than patients with low WAC-AS1 expression (P<0.001; Figure 5B). We verified this hypothesis in normal liver cell lines and liver cancer cell lines: WAC-AS1 expression was significantly higher in liver cancer cell lines (Figure 5C). We collected tumor samples and paracancerous samples from 62 liver cancer patients from the Biological Repositories, Zhongnan Hospital of Wuhan University and verified that WAC-AS1 was highly expressed in tumor tissues compared with adjacent normal tissues (P<0.001, Figure 5D). Additionally, the expression of other lncRNAs in tumor tissues and adjacent normal tissues was detected by qRT-PCR (Figure S7).




Figure 5 | High expression of WAC-AS1 is significantly correlated with a poor prognosis and cell proliferation; (A) expression of WAC-AS1 in patients of the TCGA cohort; (B) survival curves for patients in the TCGA cohort; (C) expression of WAC-AS1 in cells; (D) expression of WAC-AS1 in patients from Zhongnan Hospital; (E) siRNA-mediated knockdown of WAC-AS1; (F) representative images of plate colony formation in Hep3B and HCCLM3 cells; (G) CCK-8 assay for cellular viability. ∗∗P < 0.01; ***p < 0.001.



We next analyzed the correlation between the expression of WAC-AS1 and clinicopathologic features of patients. WAC-AS1 expression was associated with lymph node invasion (P = 0.021) and tumor diameter (P = 0.001). However, no correlation between WAC-AS1 expression and age (P = 0.602), sex (P = 0.788), HBV infection (P=0.199) or portal vein tumor thrombosis (PVTT, P = 0.073) was found (Table 1). We also analyzed the relative risks indicated by WAC-AS1 in the prognosis of liver cancer. The results of univariate Cox regression analysis showed that WAC-AS1 expression(P=0.004), AFP levels(P=0.002), tumor diameter (P=0.031), clinical stage (P<0.001), PVTT (P=0.009) and Lymphatic invasion (P<0.001) are correlated with prognosis. Multivariate Cox regression analysis further confirmed that the expression of WAC-AS1 is an independent prognostic factor of the survival duration of patients (P=0.007) (Table 2). These results indicate a significant correlation of the expression of WAC-AS1 with the prognosis of liver cancer.


Table 1 | Correlation between WAC-AS1 expression and clinicopathologic characteristics of liver cancer patients.




Table 2 | Univariate and multivariate Cox-regression analysis of various prognostic parameters in patients with liver cancer.





Knockdown of WAC-AS1 Can Affect the Proliferation and Cell Cycle of Liver Cancer Cells

Because WAC-AS1 has the highest expression in HCCLM3 and Hep3B cell lines, we chose these two cell lines to knock down WAC-AS1 using siRNA. Among the three designed siRNA sequences, siRNA 1 had the highest knockdown efficiency (Figure 5E). Next, colony formation experiments and CCK-8 proliferation assay experiments were performed to evaluate the effect of WAC-AS1 on cell proliferation. The results showed that knockdown of WAC-AS1 significantly inhibited cell proliferation and cell activity (Figures 5F, G). When WAC-AS1 was knocked down, the cell cycle analysis results showed that the proportion of cells in the G2-M phase was significantly increased, indicating cell cycle arrest, which is consistent with the results of cell proliferation experiments and GSEA (Figure 6A).




Figure 6 | The effect of WAC-AS1 on glycolysis and the cell cycle. (A) cell cycle analysis was used to detect the cell cycle distribution after transfection; (B) glucose uptake in Hep3B and HCCLM3 cells; (C) lactate production detected by the lactate assay kit; (D) CCK-8 assay for cell viability; (E) cell viability of Huh7 cells after overexpression of WAC-AS1; (F) representative images of plate colony formation in Huh7 cells; (G) cell cycle analysis of Huh7 cells; (H) glucose uptake and lactate production in Huh7 cells; (I) ECAR levels in Hep3B cells; (J) subcutaneous xenograft tumors and growth curve. ∗P < 0.05; ∗∗P < 0.01; ***p < 0.001.





Knockdown of WAC-AS1 Affects Glycolysis in Tumor Cells

HCCLM3 and Hep3B cells were exposed to 1% O2 to simulate hypoxic conditions for cell culture. Then, under hypoxic conditions, the lactate concentration and glucose uptake of HCCLM3 and Hep3B cells that were treated with siWAC-AS1 and siRNA-NC were detected. Under hypoxic conditions, glucose uptake and lactic acid production of cells were significantly increased when WAC-AS1 was knocked down (Figures 6B, C). This shows that the knockdown of WAC-AS1 can inhibit glycolysis in cancer cells under hypoxic conditions. In addition, the CCK-8 assay performed under the same conditions showed that the viability of tumor cells was significantly increased under hypoxic conditions, but the knockdown of WAC-AS1 decreased the viability of tumor cells (Figure 6D). These data indicate that WAC-AS1 may inhibit HCC cell proliferation by inhibiting glycolysis under hypoxic conditions.



Overexpression of WAC-AS1 Promotes Tumor Cell Proliferation and Glycolysis

Because the expression of WAC-AS1 in Huh7 cells is relatively low, we overexpressed WAC-AS1 in the Huh7 cell line. The WAC-AS1 plasmid and blank plasmid were transfected into Huh7 cells, and the CCK-8 assay was used to detect cell viability. Compared with the control group, the cell viability of WAC-AS1-overexpressing cells was significantly improved (Figure 6E). After WAC-AS1 overexpression, the proliferation ability of cells was significantly enhanced (Figure 6F), and the proportion of cells in the S phase increased, suggesting that cell proliferation was accelerated (Figure 6G). Under the same hypoxic conditions, the glycolysis efficiency of the cells after WAC-AS1 overexpression was tested. We found that the overexpression of WAC-AS1 promoted glucose uptake and lactate production in tumor cells compared with that in tumor cells of the control group (Figure 6H). Furthermore, we measured the effect of WAC-AS1 on ECAR. Knockdown of WAC-AS1 significantly reduced ECAR levels in Hep3B cells compared to control cells (Figure 6I). Conversely, overexpression of WAC-AS1 significantly increased ECAR levels in Huh7 cells (Figure S8). We performed subcutaneous tumor experiment by Huh7 cells in mice. The result showed that pretreatment with pcDNA/WAC-AS1 significantly promoted tumor-forming capacity of Huh7 in vivo (Figure 6J). The animal study was reviewed and approved by The Animal Ethical Committee of Zhongnan Hospital of Wuhan University.



Verification of the Co-Expression Relationship Between WAC-AS1 and GR Genes

The results of bioinformatics analysis showed that WAC-AS1 has a co-expression relationship with a variety of GR genes (ANKZF1, ARPP19, CASP6, CHST12 and PAXIP1). When WAC-AS1 was knocked down in HCCLM3 cells, the expression of ANKZF1, ARPP19, CHST12, MED24, KIF2A, XYLT2 and STMN1 also decreased significantly (Figure 7A). When WAC-AS1 was overexpressed, the expression levels of ARPP19, CHST12, MED24 and KIF2A (among the 7 genes) were upregulated (Figure 7B). Among the 4 upregulated GR genes, ARPP19 is related to the cell cycle (23). The GSEA results for both ARPP19 and WAC-AS1 showed the enrichment of cell cycle pathways. Therefore, we believe that WAC-AS1 may regulate the cell cycle through ARPP19 and may also regulate glycolysis. When WAC-AS1 was knocked down or overexpressed, the protein levels of ARPP19 and KIF2A changed correspondingly. The markers of glycolysis LDHA and TPI1 also showed the same trend of change (Figure 7C).




Figure 7 | Verification of co-expression relationships. (A) expression of GR genes in HCCLM3 cells treated with siRNA; (B) expression of GR genes in HCCLM3 cells after overexpression of WAC-AS1; (C) expression of GR genes detected by western blotting.





WAC-AS1 Regulated ARPP19 by Sponging miR-320d

The correlation analysis between WAC-AS1 and GR genes was based on RNA sequencing data, so we assumed that regulation might occur post-transcriptionally, for example, through microRNA. To verify this hypothesis, starBase, ENCORI and miRDB were used to predict the target miRNA of WAC-AS1(Figure 8A). Through the difference analysis to further narrow down the scope, it was screened out that miR-320d may be the target of WAC-AS1 (Figure 8B). The target genes of miRNA-320d were screened by starBase, miRDB and TargetScan. In the results, 4 genes were glycolysis-related genes, including ARPP19 (Figure 8C). In the TCGA database, the expression levels of WAC-AS1 and ARPP19 were positively correlated (Figure 8D), so we hypothesize that WAC-AS1 may regulate ARPP19 by sponging miR-320d. We predicted the binding sites between RNAs, and synthesized wild-type and mutant ARPP19 plasmids (ARPP19 WT and MUT) (Figure 8E). We synthesized miR-320d mimics and miR-320d inhibitor, which had been verified to have high overexpression and knockdown efficiency (Figure 8F). The expression of ARPP19 was regulated by miR-320d (Figure 8G). The dual luciferase experiment showed that luciferase activity was suppressed by miR-320d mimics, indicating that miR-320d can directly bind to ARPP19 and promote its degradation (Figure 8H). A plasmid with the mutant sequence of WAC-AS1(WAC-AS1 MUT) was synthesized (Figure 8I), and the combination of miRNAd and WAC-AS1 was confirmed through dual luciferase experiments (Figure 8J). Knockdown of miR-320d or overexpression of WAC-AS1 increased the expression of ARPP19, while WAC-AS1 MUT did not regulate the expression of ARPP19 (Figure 8K). Overexpression of WAC-AS1 can upregulate the mRNA level of ARPP19, and this regulation can be reversed by miR-320d mimics. The downregulation of ARPP19 in cells treated with siRNA of WAC-AS1 can be reversed by miR-320d inhibitor, indicating that WAC-AS1 regulates ARPP19 through miR-320d (Figure 8L). Under hypoxic conditions, WAC-AS1 can regulate the glucose uptake and lactate production of cells, and this regulation can also be reversed by miR-320d (Figures 8M, N).




Figure 8 | WAC-AS1 regulated ARPP19 by sponging miR-320d. (A) venn diagram showing the predicted target genes of WAC-AS1 from databases (miRDB, ENCORI, and starBase); (B) screening out target genes with differences analysis; (C) venn diagram showing the predicted target genes of miR-320d; (D) the correlation analysis between WAC-AS1 and ARPP19 using data from TCGA database; (E) the wild-type and the mutated sequences of the ARPP19 mRNA 3’-UTR (mutation site: red); (F) the levels of miR-320d after miR-320d mimics and miR-320d inhibitor were transfected; (G) expression of the ARPP19 after treated with miR-320d mimics or inhibitor; (H) the luciferase activity in luciferase reporter plasmid containing wild-type ARPP19 and mutated ARPP19 co-transfected with miR-320d mimics or negative control; (I) the wild-type and the mutated sequences of the WAC-AS1; (J) the luciferase activity in luciferase reporter plasmid containing wild-type WAC-AS1 and mutated WAC-AS1 co-transfected with miR-320d mimics or negative control; (K) the protein levels of ARPP19 were regulated by WAC-AS1 and miR-320d; (L) ARPP19 expression in differentially treated cells; (M) glucose uptake in Hep3B and HCCLM3 cells; (N) lactate production detected by the lactate assay kit. ∗∗P < 0.01; ***p < 0.001.






Discussion

HCC is one of the most common cancers in the world. Although recent studies have made great progress in the treatment, prognosis and diagnosis of HCC, its morbidity and mortality rates are still high (24). The treatment of HCC faces many challenges, one of which is that the prognosis of patients is difficult to predict, which brings difficulties in clinical management and clinical decision-making (25, 26). Increasing evidence shows that many lncRNAs have important biological functions and can participate in various physiological and pathological processes, including tumorigenesis, development, metabolism and tumor immunity (17, 27, 28). Among them, lncRNAs are closely related to tumor glycolysis (29, 30). However, only a few lncRNAs have been reported to regulate glycolysis in tumors. In view of the extensive and important physiological functions of lncRNAs, there should be many lncRNAs that can regulate glycolysis that have not yet been discovered. Therefore, we screened lncRNAs that may have the potential to regulate tumor glycolysis through bioinformatics methods, which can guide future research, and based on this, we constructed a prognostic model for liver cancer patients.

We screened 502 lncRNAs related to glycolysis using co-expression analysis. Because the data we analyzed were at the RNA expression level, some GR lncRNAs may not have been screened out. For example, lncRNA LINRIS can affect tumor glycolysis by stabilizing the IGF2BP2 protein, but there is no co-expression relationship between LINRIS and IGF2BP2 at the RNA level (30). According to survival analysis, 36 DE lncRNAs that are related to glycolysis and prognosis were further screened. Among them, SNHG3 has been reported to be related to tumor glycolysis, but the role of most other lncRNAs in glycolysis has not been reported (31). Therefore, our results can provide directions for future research, and the mechanism of action of these 36 lncRNAs is worthy of in-depth research in the future.

The prognostic model based on 8 lncRNAs established by LASSO regression analysis was verified to have good predictive performance. The prognostic model can predict patient prognostic risk. The established nomogram can be conveniently applied in the clinic to predict the 1-, 2-, 3- and 5-year survival rates of patients. Survival prediction and risk rating can help with clinical management and treatment decision-making. For example, transcatheter arterial chemoembolization (TACE) treatment after liver tumor resection can facilitate local tumor control and prolong progression-free survival, but it has certain side effects. Therefore, whether TACE should be used in patients with highly differentiated liver cancer or low-stage patients is controversial (32, 33). According to the model we established, the prognostic risk of the patient can be judged, and then we can choose whether to use TACE and other adjuvant therapies.

The GSEA results for the lncRNAs in the risk score showed that they were frequently enriched in cell cycle-related pathways. In subsequent experiments, we also discovered the effect of WAC-AS1 on the cell cycle. The WAC-AS1-related glycolysis gene ARPP19 also plays an important role in regulating the cell cycle (34, 35). According to previous studies, the enhancement of tumor glycolysis metabolism can promote cell proliferation, and the inhibition of glycolysis can induce cell cycle arrest (36, 37). Therefore, the enrichment of cell cycle pathways in the GSEA results helped to verify the glycolysis-regulating effects of lncRNAs. The lncRNAs in the risk model may affect the cell cycle by regulating glycolysis, thereby promoting cell proliferation and disease progression.

In the past ten years, immunotherapy has gradually become a major systemic treatment for cancer. In recent years, the role of metabolic reprogramming of cells in the tumor microenvironment on tumor immunity has gradually become a research hotspot (38). Due to the disorder of tumor cell metabolism, the immune cells infiltrating the tumor induce a metabolic emergency, which leads to the impairment of the antitumor immune response (39). Therefore, we tried to explore the relationship between glycolysis, immune cell infiltration and immune function. We found that the risk score and GR lncRNAs are related to immune-related functions and the abundance of a variety of immune cells. Among them, MSC-AS1 is associated with various immune functions, such as CD8 T cells, B cells, macrophages, antigen presentation and the IFN immune response. MSC-AS1 is reported to be related to tumor proliferation, apoptosis and immunity (40–42), but its relationship and mechanism with tumor immunity have not been studied in depth. Therefore, researching the lncRNAs we have screened in the future may help to reveal the regulatory mechanism of tumor immunity and reveal new immunotherapy targets.

In our research, we identified 8 lncRNAs that are highly related to GR genes and verified the biological functions of WAC-AS1 through experiments. Several studies have reported the carcinogenic effects of lncRNAs in the model. For example, MIR210HG is associated with a poor prognosis in HCC patients and exerts a carcinogenic effect (43). SNHG12 can promote the development and metastasis of HCC (44). However, few studies have shown that there is a link between GR lncRNAs, glycolysis and immune regulation in cancer. Our analysis shows that multiple lncRNAs, such as MIR210HG, WAC-AS1, and MSC-AS1, are involved in the relationship between glycolysis, tumor progression, immune cell infiltration and the immune response.

In this study, we identified miR-320d as a key molecule in the process by which WAC-AS1 regulates ARPP19. Furthermore, we demonstrated that WAC-AS1 functioned as a competing endogenous RNA (ceRNA) to affect miR-320d activity and regulate the miR-320d target gene ARPP19. It has been reported that miR-320a, another member of the miR-320 family, can increase glycolysis (45). We discovered for the first time that miR-320d can regulate glycolysis. The results of the dual luciferase assay showed that miR-320d binds to the 3’UTR of ARPP19 directly and negatively regulates the expression of ARPP19. miR-320d shares high nucleic acid sequence similarity with other members of the miR-320 family. Therefore, miR-320b and miR320c may also have the potential to regulate tumor glycolysis, and further research is needed.

This study has some shortcomings. One limitation is the lack of a large number of patients with RNA sequencing data and follow-up data to verify the classification performance and survival prediction performance of our prediction model. The second limitation is the lack of proteomics detection data; therefore, the changes in the protein levels of GR genes have not been included in the bioinformatics analysis. Third, the lncRNAs we screened have not been previously researched, so their regulatory mechanisms need further study.
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Mitochondria participate in the progression of hepatocellular carcinoma (HCC) by modifying processes including but not limited to redox homeostasis, metabolism, and the cell death pathway. These processes depend on the health status of the mitochondria. Quality control processes in mitochondria can repair or eliminate “unhealthy mitochondria” at the molecular, organelle, or cellular level and form an efficient integrated network that plays an important role in HCC tumorigenesis, patient survival, and tumor progression. Here, we review the influence of mitochondria on the biological behavior of HCC. Based on this information, we further highlight the need for determining the role and mechanism of interaction between different levels of mitochondrial quality control in regulating HCC occurrence and progression as well as resistance development. This information may lead to the development of precision medicine approaches against targets involved in various mitochondrial quality control-related pathways.
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1 Introduction

Hepatocellular carcinoma (HCC) accounts for approximately 75% of primary liver cancers Current therapies for HCC, including surgery, chemotherapy, and targeted therapy, are not effective for treating advanced HCC because they do not prevent the proliferation, metastasis, invasion, angiogenesis, and chemoresistance of this cancer (1–5); therefore, the 5-year relative survival rate of patients with HCC remains at only 18% (6). It has been reported that mitochondria can participate in the progression of HCC by modifying redox homeostasis (7), metabolism (8, 9), and the cell death pathway (10); these complex regulatory networks play important roles in tumorigenesis, patient survival, and tumor progression and depend on the mitochondrial health status. Cells can repair or eliminate “unhealthy mitochondria” via mitochondrial quality control to balance mitochondrial homeostasis. Several studies have focused on the influence of mitochondrial quality control on the maintenance of cell viability and chemoresistance by evaluating the metabolic pathways specific to liver cells. These studies identified key mitochondrial quality control molecules as new targets for liver cancer treatment. Here, we review the effects of mitochondrial quality control-related pathways and molecules that maintain cell survival on the efficacy of liver cancer therapy and provide new candidates for mitochondria-targeted liver cancer treatments.



2 Mitochondria Regulate the Progression and Death of Hepatocellular Carcinoma

The mitochondrial matrix is surrounded by two lipid membranes: the outer mitochondrial membrane and inner mitochondrial membrane (IMM). Various proteins and protein complexes are present on the mitochondrial membrane. Mitochondria function to supply energy to cells through oxidative phosphorylation, such as by producing ATP through the electron transport chain (ETC) and by using oxygen. This process is accompanied by the generation of reactive oxygen species (ROS) (11). Mitochondria are abundant in tumor cells, although aerobic glycolysis is the main mode of energy metabolism in these cells. This high-speed, low-efficiency mode of metabolism is known as the Warburg effect, and it allows cells to grow rapidly and promotes the tumor formation, proliferation, and progression (12, 13). Moreover, mitochondria in tumor cells maintain complete metabolic functions and play important roles in tumor metabolism. Studies have shown that phenformin inhibits the mitochondrial respiratory chain complex I to suppress the proliferation of liver cancer cells (14). Inhibiting the expression of mitochondrial ATP synthase subunit e restricts cell proliferation (15). These findings also indicate that mitochondria affect tumor cell metabolism and alter the biological behavior of a tumor. Additionally, when tumor cells respond to external stress stimulation, they maintain their survival through mitochondria-mediated metabolic reprogramming.

The liver is a metabolic factory in humans. Therefore, mitochondria are more abundant in liver cells than in other types of cells (16), suggesting that mitochondria play an important role in the occurrence and development of liver cancer. Excessive ROS production by mitochondria in hepatocytes can induce tumorigenesis. Rostkowska et al. found that N-nitrosodiethylamine induces excessive production of free radicals that disrupt protein folding and increase ATP demand in hepatocyte mitochondria. These effects indirectly increase mitochondrial oxidative phosphorylation and ROS accumulation, eventually leading to liver carcinogenesis (17–21). Preventive elimination of mitochondria-derived ROS (mtROS) has been suggested to inhibit the occurrence of HCC (22). In tumor cells, moderate levels of mtROS can stimulate the expression of nuclear genes involved in angiogenesis and oxygen supply, glycolysis, anti-oxidation, cell proliferation, epithelial-mesenchymal transition, anti-apoptosis, invasion, and metastasis through mitochondrial retrograde signaling pathways that help cells adapt to new metabolic requirements (23). For example, the production of low levels of mtROS can induce the proliferation of HCC cells through phosphoinositide 3-kinase-mediated phosphorylation of Akt (24). However, excessive levels of ROS can also have a tumor-killing effect. Several previous studies, including a study conducted by our group, have revealed that cisplatin-based chemotherapy drugs destroy liver cancer cells by inducing an increase in mtROS levels and inhibiting HCC proliferation. The increase in ROS levels induced by lenvatinib can promote apoptosis in liver cancer cells through the ATM and eIF2α signaling pathway (25, 26).

Mitochondria are also central organelles that regulate cell death such as apoptosis, necrosis, ferroptosis, pyroptosis, and other cell death processes. An increased expression of anti-apoptotic members of the Bcl-2 protein family (Bcl-XL and Mcl-1), which are localized to the mitochondria in HCC cells, can induce resistance to regorafenib and sorafenib (27, 28). Resistance to apoptosis also plays a role in the chemoresistance mechanisms of liver cancer cells. For example, an increased expression of mitochondrial phosphoglycerate mutase/protein phosphatase in liver cancer cells enhances chemoresistance to 5-fluorouracil by increasing the stability of Bcl-XL, and inhibiting the expression of Bax and cytochrome c, which eventually inhibit the apoptotic signaling pathway (29). A study suggested that HCC can resist apoptosis by overexpressing mitochondrial uncoupling protein to decrease mitochondrial membranes permeability (30). In addition to apoptosis, mitochondria are involved in ferroptosis and necrosis. Genes related to mitochondrial iron and fatty acid metabolism (RPL8, IREB2, ATP5G3, CS, TTC35, and ACSF35) can provide the required lipid precursors for mitochondrial ferroptosis and excess iron to induce ROS. Levels of ROS that exceed the antioxidant capacity of cells can cause oxidative stress, which directly or indirectly damages various macromolecules, such as proteins, nucleic acids, and lipids (31), and triggers the release of lipid peroxides from the mitochondria that leads to cell ferroptosis (32). Moreover, overexpression of mitochondrial CISD1 (CDGSH iron-sulfur domain 1) can inhibit ferroptosis in HCC cells by regulating membrane lipid peroxidation and mitochondrial iron uptake (33). These findings suggest that mitochondria play a role in regulating iron-induced death in HCC cells. To induce necroptosis, mitochondrial ROS activate autophosphorylation of receptor-interacting protein kinase 1, leading to the recruitment of RIPK3 to further promote the production of ROS. This forms a positive feedback loop that promotes necroptosis (11, 34–37). Recent studies have shown that in HepG2 cells with low levels of GSNOR, inhibition of the mitochondrial respiratory chain complex II expression leads to necroptosis of the PARP1/receptor-interacting protein kinase 1 pathway and suppresses cell growth (38). However, mitochondrial glutathione in HepG2 cells increases the tolerance of cells to azathioprine by protecting cytochrome C and inhibiting necroptosis via the JNK pathway (39). Pyroptosis is a process induced by inflammasomes, as an immune response to bacteria, pathogens, or their endotoxins (40). One of the main mechanisms is gasdermin E(GSDME)-dependent pyroptosis. A recent study has found that the mitochondrial apoptotic protein caspase3/7 can be activated by GSDME and then participate in cell apoptosis, additionally, mitochondrial endogenous apoptotic protein caspase3/9 can also induce GSDME-dependent pyroptosis (41), suggesting that mitochondria play an important role in the crosstalk between apoptosis and pyroptosis. NLRP3 as a kind of inflammasome was found to activate caspase-1, which results in pyroptosis activation. Yu et al. established a HCC cell model of Non-alcoholic steatohepatitis using double stimulation with palmitic acid and lipopolysaccharide, which caused mitochondrial dysfunction and ROS generation. ROS overproduction activated inflammasome by binding to NLRP3, and then initiate pyroptosis. But PINK/Parkin-dependent mitophagy induced by liraglutide could eliminate damaged mitochondria and inhibit pyropotosis (42).

In summary, stable energy and metabolism, redox homeostasis of mitochondria, and regulation of liver cancer cell death influence the tumorigenesis and progression of HCC (Figure 1). The maintenance of mitochondrial homeostasis is the basis of influence of development. Several studies have shown that HCC can maintain mitochondrial homeostasis through mitochondrial quality control, enabling the proliferation, invasion, chemotherapy resistance, and survival of HCC cells. Mitochondrial quality control changes occur at the molecular, organelle, and cellular levels to maintain mitochondrial function or eliminate damaged mitochondria to ensure mitochondrial and cellular homeostasis (21, 43).




Figure 1 | Mitochondrial regulates the progression and death of hepatocellular carcinoma. (A) Mitochondria can reverse regulate the expression of nuclear genes to induce cell tumorigenesis, angiogenesis, cell proliferation, invasion, and metastasis. (B) Mitochondria can regulate various cell death pathways including apoptosis, necroptosis, pyroptosis and ferroptosis and so on.





3 Molecular Mechanisms Involved in the Quality Control of Mitochondria

In response to external nutrient deficiency, hypoxia, oxidative stress, abnormal metabolite accumulation, viruses, and other pathophysiological factors, mitochondria can stimulate the mitochondrial quality control system to ensure that a sufficient number of functional mitochondria are present to meet the cellular needs in case of cell damage (43, 44). Proteins in the mitochondria are encoded by nuclear and mitochondrial genes. Moreover, mitochondrial quality control is an extremely complicated system involving coordinated protein synthesis and mitochondrial import of nuclear gene-encoded proteins.

Most HCC patients are accompanied by viral hepatitis, alcoholic liver disease, or non-alcoholic fatty liver disease (NAFLD), which causes the microenvironment of HCC to be different from that of other tumors. These factors also affect the mitochondrial status and mitochondrial quality control. Studies have shown that HCC cells can induce the down-regulation of MFN2 and the recruitment of DRP1 to mitochondria after HCV infection, causing mitochondrial fission and subsequent mitophagy. These changes in mitochondrial quality control can help reduce HCC cell apoptosis and may lead to persistent HCV infection (45). A similar phenomenon was also found in HBV-infected HCC cells. HBV can induce mitochondrial translocation of Drp1. In addition, HBV upregulates the expression of genes Parkin, PINK1 and LC3B and induces Parkin recruitment to mitochondria and MFN2 degradation by ubiquitination. Mitochondrial fission and mitophagy also promote the survival of HCC cells and may promote the continued existence of HBV (46). In an experiment using oleic acid to treat HCC cells to build NAFLD model, it was found that oleic acid induced NAFLD can induce mitophagy in HCC cells (47). In addition, alcohol can also damage the mitochondria of HCC cells and induce mitochondrial quality control (48). Above all, compared with other tumor cells, HCC cells may need to adapt to the unique tumor microenvironment through mitochondrial quality control for maintaining its own survival.


3.1 Transport of Mitochondrial Proteins and Mitochondrial Unfolded Protein Response in HCC

The nucleus encodes most mitochondrial proteins that undergo unfolding and refolding to enter the mitochondria (43, 49). Mitochondria produce ROS during energy metabolism, leading to damage to the mitochondrial DNA (mtDNA). These factors eventually interfere with protein folding. Therefore, to ensure mitochondrial homeostasis, cells must degrade abnormal (misfolded or unfolded) proteins via the mitochondrial unfolded protein response (mtUPR) (Figure 2) (43). This method of degradation or refoldation separately depends on mitochondrial proteases and chaperone proteins, such as mitochondrial heat shock protein 60, TNF receptor-associated protein 1 (TRAP1), and mortalin (HSPA9) as well as the ubiquitin-proteasome system for mitochondrial quality control at the molecular level (50). In the mitochondrial matrix, misfolded or unfolded proteins are degraded by mitochondrial proteases (LON and mtClpP) or refold by mitochondrial protein chaperones (Hsp60/Hsp70/Hsp100). Misfolded or unfolded proteins in the inner mitochondrial membrane, particularly unassembled subunits of the respiratory chain complex, are mainly degraded by two membrane-integrated protease systems (i-AAA/m-AAA) and two AAAs (ATPases associated with diverse cellular activities) that belong to the AAA+ enzyme family (51, 52). In the outer mitochondrial membrane, misfolded or unfolded proteins are ubiquitinated by the ubiquitin-proteasome system in the cytosol and then degraded (53, 54).




Figure 2 | Transport of mitochondrial proteins and mitochondrial unfolded protein response in HCC. Mitochondrial unfolded protein response is labelled with red star.



In mammals, the mtUPR is triggered by an integrated stress response caused by misfolded proteins in the mitochondria. The integrated stress response promotes overexpression of ATF5 by phosphorylating the translation initiation factor eIF2α (55, 56). Under normal conditions, ATF5 is introduced into the mitochondria by its own mitochondrial targeting sequence for degradation; however, under mitochondrial-nucleoprotein imbalance conditions, the nuclear localization signal of ATF5 binds to the nuclear mtUPR element. This initiates the transcription of genes related to the mtUPR, including HSP60, HSP10, and LONP1. These transcripts are translated and introduced into the mitochondria (anterograde signals). Inside the mitochondria, molecular chaperones, such as Hsp60 and Hsp10, co-fold damaged proteins, and mitochondrial proteases, such as LONP1, cut and degrade the irreparable proteins to maintain mitochondrial protein homeostasis (57).

Approximately 40% of HCCs are caused by hepatitis B virus (HBV) infection (58). HBV can promote the progression and worsen the prognosis of HCC (59) through the expression of the open reading frame of HBV X protein (HBx). Xu et al. found that HBx could promote an increase in the expression of ATF5 through the HPIP/AKT/ERK/FOXO4 pathway (60); another study showed that HBx could form a complex with the mtUPR molecular chaperones HSP60 and HSP70 (61) which facilitate HBx-induced cell apoptosis (62). Furthermore, HBx can promote the mtUPR. Studies have found that HBx can induce the translocation of LONP1 from the cytoplasm to the mitochondria and activate the LONP1/PINK1 pathway to promote mitochondrial autophagy and eventually inhibit the mitochondrial apoptotic pathway (63). However, HBx in the mitochondria is also regulated by the ubiquitination system of the outer mitochondrial membrane in the mtUPR; the outer mitochondrial membrane mitochondrial ubiquitin ligase (MARCH5) mediates the degradation of HBx via the ubiquitin proteasome and inhibits ROS generation, stabilizes the quality of mitochondria, reduces inflammation caused by HBx, and inhibits the initiation of HCC. Western blotting and mRNA expression analyses of tumor tissues from patients with HCC have suggested that the expression of MARCH5 gradually decreases with increasing tumor grades (G1–G4), and Kaplan-Meier analysis has shown that high MARCH5 expression is associated with prolonged survival in patients with HCC (64). Efavirenz (EFV) is the most widely used non-nucleoside reverse transcriptase inhibitor and has been shown to cause liver damage by affecting mitochondrial homeostasis in hepatocytes. Nadezda et al. found that in Hep3B cells, EFV could induce endoplasmic reticulum stress, which is mediated by the mitochondria. However, the harmful effects of EFV are markedly reduced in cells lacking functional mitochondria (65). Another study has shown that although EFV can reduce the content of LON in the mitochondria in Hep3B cells, it can increase its content in the outer membrane of mitochondria and mitochondria-associated endoplasmic reticulum membranes, and thus, it may lead to mitochondrial/endoplasmic reticulum stress in HCC cells (66).

In addition to maintaining the homeostasis of mitochondrial proteins, studies have found that the degradation of the mitochondrial chaperone, TRAP1, induced by S-nitrosylation, leads to increased succinate dehydrogenase activity and inhibition of mitochondrial complex IV expression. Increased succinate dehydrogenase activity sensitizes HepG2 cells to α-tocopheryl succinate (α-TOS), which is a succinate dehydrogenase inhibitor, and oxidative stress caused by the mitochondrial targeting agent mitocans. Additionally, α-TOS can inhibit the proliferation of HCC cells by degrading TRAP1 and inducing necroptosis (38).

Proper transport of mitochondrial proteins ensures both mitochondrial protein and nucleic acid homeostasis. For example, the mitochondrial transport protein mia40 is essential for transporting purine/pyrimidine endonuclease 1, which repairs mtDNA. Moreover, as cell proliferation is accelerated in the early stage of HCC, high expression of mia40 promotes purine/pyrimidine endonuclease 1 mitochondrial translocation, which is beneficial for maintaining mitochondrial homeostasis during the rapid cell proliferation stage (67).

Few studies have focused on the mitochondrial proteases involved in the mtUPR in the mitochondrial matrix and intima in HCC cells, with most studies investigating the diagnosis, evaluation of the therapeutic effect, and prognosis of HCC (68–71). These limited studies of the mtUPR molecular chaperones and proteases have shown that mtUPR has a promotes HCC progression. Therefore, further research is needed to clarify whether these molecules affect the biological behavior of tumor cells and are related to the regulation of mitochondrial quality control.



3.2 Mitochondrial Quality Control at the Organelle Level in HCC

Mitochondria are highly motile and are transported along the cytoskeleton. As the degree of stress increases, mitochondria and cells initiate mitochondrial quality control at the organelle level, which involves mitochondrial fusion, fission, mitophagy, and mitochondrial biogenesis (Figure 3).




Figure 3 | The effect of mitochondrial quality control at the organelle level on the survival and progression of hepatocellular carcinoma. (A) Mitochondrial biogenesis, (B) Mitophagy, (C) Mitochondrial fusion, (D) Mitochondrial fission.



Mitochondrial fission is the division of a mitochondrion into two smaller mitochondria. This division starts with the recruitment of cytoplasmic Drp1 (also known as DNM1L) by mitochondrial outer membrane proteins—mitochondrial fission 1 protein (FIS1) and mitochondrial fission factor (MFF)—following which Drp1 oligomerizes and drives scission (72, 73). The recruited Drp1 combines with mitochondrial outer membrane proteins (FIS1, MFF, MID49, and MID51) and then oligomerizes to form a band, compressing the site at which mitochondrial division occurs (74). The hydrolysis of GTP in the MID49/MID51–DRP1–GTP complex assists in shrinking of the complex, which curls into a closed loop with an inner diameter of 16 nm until the outer mitochondrial membrane shrinks (75). The cleaved mitochondria can be further transported by autophagosomes to lysosomes for degradation, a process known as mitophagy (44), making mitochondrial fission an important mode of mitophagy sorting. Under hypoxic conditions, HCC cells increase mitochondrial fission by overexpressing Drp1 and increasing expression of the mitophagy-related protein, BNIP3, to promote the mitophagy and survival of HCC cells. However, after Midiv-1 inhibits fission, hypoxia induces apoptosis via the mitochondrial pathway in HCC cells. This suggests that HCC cells can use mitochondrial fission as a stress-responsive mechanism to maintain cell survival (76). Other studies have shown that mitochondrial division plays a role in the separation of mitochondria with damaged proteins, membrane instability, and mutations or damaged mtDNA (77–81). Additionally, mitochondrial division markedly affects the production of ROS (82), regulation of cell proliferation (83–86), and apoptosis (87).

Mitochondrial fusion is a mechanism through which mitochondria combine. This process requires two mitochondria to be in close contact (88). Once a close connection is established, two MFN1 molecules dock in the trans position, possibly via the HR2 or GTPase domain; this association induces conformational changes that drive GTP hydrolysis by MFN1 molecules, leading to the fusion of the two outer mitochondrial membranes (73). Further, IMM fusion mediated by OPA1 depends on the inner membrane potential. However, fusion helps balance the matrix metabolite levels, regulate the distribution of mtDNA in the mitochondrial network, or help balance the levels of membrane components, such as electron transport chain complex I (77, 89–92). These components enable mitochondria to resist metabolic damage, maintain cell integrity and prevent autophagy, and improve the aerobic metabolism of cells to respond to stimuli, such as starvation and low protein synthesis (93, 94).

Mitophagy is an important mechanism of mitochondrial quality control at the organelle level. Normally PINK1 is imported into the IMM, and a lack of import induces mitophagy by stabilizing PINK1 to recruit Parkin1 in mitochondrial outer membrane (44, 95). Mitophagy involves five steps: formation of isolation membrane, elongation, closure of the isolation membrane and autophagosome formation, autophagosome–lysosome fusion, and lysosomal degradation (96). PINK1 is constitutively imported, likely via the TIM/TOM complex, to the inner membrane, where it is cleaved by several proteases and then proteolytically degraded (97–100). Accumulation of PINK1 on the mitochondrial surface recruits Parkin from the cytosol to the damaged mitochondria. After mitochondrial translocation, the E3 ubiquitin ligase activity of Parkin increases (101), which mediates the formation of two types of polyubiquitin chains: lysine (K) 48 linkage associated with proteasomal degradation of the substrate and lysine (K) 63 linkage associated with autophagic degradation (98). K48-mediated degradation of substrates, such as Miro and Mitofusin, inhibits mitochondrial fusion and transport, whereas K63 is recognized by ubiquitin-binding adaptors, such as p62, HDAC6, and other unknown ubiquitin-binding adaptors, that recruit damaged mitochondria to the isolation membrane by interacting with the autophagosomal protein LC3 (44). This pathway is known as PINK1/Parkin-dependent mitochondrial autophagy.

Furthermore, the mitochondrial outer membrane proteins—BNIP3, NIX, and FUNDC1—combine with the isolation membrane LC3 to participate in recruiting and extending the isolation membrane, eventually leading to the formation of autophagosomes (44, 50). BNIP3 is a Bcl-2 homology 3only protein with an LC3-binding motif known as the LC3 interaction region and binds to the isolation membrane LC3/GABARAP to promote mitophagy (102). Nix (BNIP3L), a mitochondrial outer membrane protein related to Bcl2, has an atypical BH3 domain containing a conserved LC3 interaction region; thus, it may be similar to the yeast recruiting autophagy ATG32/ATG11 receptors that target autophagosomes. FUNDC1 is present on the outer mitochondrial membrane. Under normal conditions, FUNDC1 is phosphorylated by Src kinase and CK2 at Tyr18 and Ser13, respectively, to reduce its affinity for LC3. Under hypoxic conditions or following the loss of mitochondrial potential, FUNDC1 is dephosphorylated by phosphoglycerate mutase/protein phosphatase and accumulates through the mitochondrial-endoplasmic reticulum junction, binds to the isolation membrane LC3 through the LC3 interaction region sequence, and recruits Drp1 to promote mitochondrial phagocytosis by autophagosomes (103). Autophagosome encapsulation triggers lysis in lysosomes (104–106) and maintains a healthy mitochondrial population (21). When mitophagy eliminates damaged mitochondria before caspase-dependent apoptosis is activated, mitochondrial autophagy functions as a cell survival mechanism.

An excessive reduction in the mitochondrial mass caused by persistent mitochondrial fission or mitophagy is not conducive to cell survival; these processes induce the cell to undergo apoptosis ensure mitochondrial quality. Mitochondrial biogenesis refers to the coordinated expression of genes in the nuclear and mitochondrial genome that help generate new mitochondria from existing mitochondria, which includes the synthesis of internal and external mitochondrial membranes and mitochondrial gene-encoded proteins, synthesis and entry of nuclear gene-encoded mitochondrial proteins, and mtDNA replication. Of these, peroxisome proliferation-activated receptor-γ co-activator-1α (PGC-1a) is considered the main regulator of mitochondrial biogenesis. It interacts with two key nuclear transcription factors, nuclear respiratory factor 1 and 2 (NRF1 and NRF2), and increases the expression and activity of NRF1 and NRF2 through protein interactions. NRF1 and NRF2 activate mitochondrial transcription factor A (TFAM) and bind to the promoter regions of nuclear genes encoding the five subunits of the ETC complex, thereby increasing the assembly of respiratory complexes and regulating participation in heme biosynthesis, transcription of nuclear genes encoding mitochondrial proteins, and mtDNA replication and transcription (107). Mitochondrial quality control at the organelle level ensures flexibility at the metabolic level, thus enabling tumor cells to adapt to targeted therapy and the tumor microenvironment and ultimately support their growth, survival, and migration (21). Studies have shown that the overexpression of c-Myc in hepatocytes promotes mitochondrial production of MAMs (endoplasmic reticulum-associated mitochondrial membrane), which induce the release of Ca2+ from the endoplasmic reticulum into mitochondria and oxidative stress and inhibit oxidative phosphorylation in hepatocytes in organoid containers. These events promote the initiation of hepatocellular carcinogenesis (108).


3.2.1 Mitochondrial Fission


3.2.1.1 Effect of Mitochondrial Fission on Proliferation of HCC Cells

Studies of the effects of mitochondrial division on the regulation of cell proliferation have (86, 87, 109) suggested that tumor cell mitochondrial dynamics affect proliferation by influencing the cell cycle. Imaging studies of cultured cells have indicated that mitochondrial morphology undergoes stereotypical changes during progression through the cell cycle (109–112). The two most apparent features are tubulation of the mitochondrial network at the G1/S transition and extensive fragmentation during mitosis. The elongated, “hyperfused” network at G1/S is associated with increased ATP production and affects the entry of cells into S phase by controlling the levels of cyclin E (111), whereas extensive fragmentation ensures an equal distribution of mitochondria to the daughter cells. Moreover, the CDK1/cyclin B-mediated phosphorylation of Drp1 at Ser616 facilitates daughter cells to accept part of the mitochondrial network, which is essential for proper progression of cell division (109).

Furthermore, Drp1 is involved in the G1/S transition in HCC cells. Overexpression of Drp1 induces mitochondrial fission, which can be inhibited by p53 (by activating the ROS-dependent Akt/MDM2 pathway) and increased activity of NF-κB (which induces cyclin D1 and E1 expression) to promote the proliferation of HCC cells (113). Inhibition of Drp1 phosphorylation suppresses mitochondrial fission, thus inhibiting cell proliferation, migration, invasion, and epithelial-mesenchymal transition (114).

Mitochondrial fission process protein 1 (MTP18) participates in mitochondrial fission by regulating the division of mitochondrial membranes. However, there limited studies have explored the function of MTP18 in mitochondrial division. Studies have suggested that the overexpression of MTP18 increases mitochondrial fragmentation and promotes HCC cell growth both in vitro and in vivo by participating in G1/S transition and inhibiting cellular apoptosis. Midiv1, an inhibitor of mitochondrial division, inhibits the growth of HCC cells (115).



3.2.1.2 Impact of Mitochondrial Fission on Invasion and Metastasis in HCC

Mitochondrial fission affects the invasiveness of HCC, and increased expression of Drp1 at the mRNA and protein levels in distant metastatic tissues does not improve disease-free survival in patients with HCC. Moreover, overexpression and knockdown of Drp1 in an orthotopic liver cancer model suggested that Drp1 increases intrahepatic lung metastasis and that Drp1-induced mitochondrial fission regulates reprogramming of the adhesion complex and lamellar pseudopodia and promotes invasion in HCC by Ca2+/calmodulin-dependent protein kinase II. Phosphorylation of downstream extracellular signal-regulated kinase 1/2 and focal-adhesion kinase eventually promotes liver cancer invasion. Additionally, increased ATP production (by promoting Ca2+ influx) can repress the inhibitory effect of mitochondrial fission on cell migration, suggesting that mitochondrial division can affect invasion and metastasis in HCC by regulating mitochondrial energy production (116).

Studies of other mitochondrial fission factors have revealed high FIS1 expression in HCC metastases and showed that this protein promotes HCC invasion and migration by inducing epithelial-mesenchymal transition (117). Increased expression of MTP18 also increases the invasion of HCC cells, whereas its decreased expression inhibits invasion by suppressing epithelial-mesenchymal transition and downregulating the expression of matrix metallopeptidase 9. Furthermore, knockout of FIS1 inhibited the migration of HCC cells, although MTP18 promoted this migration via mitochondrial fission (115).



3.2.1.3 Impact of Mitochondrial Fission on Apoptosis in HCC

Studies suggest that Drp1-induced increased mitochondrial division enhances the survival of HCC cells by promoting mitophagy and inhibiting mitochondria-dependent apoptosis. Specifically, Drp1-mediated mitochondrial fission increases mtROS levels, which can increase NF-κB activity and inhibit TP53. Therefore, mitochondrial fission increases the viability of HCC via crosstalk between the two pathways (118).

However, as a regulator of mitochondrial morphology, FIS1 plays a major role in the response to stress. For example, under high-energy fructose-palmitate culture conditions, high expression of FIS1 leads to steatosis in HepG2 cells as a link in the mitochondrial stress response and induces mitochondrial fission. The mitochondria can then produce sufficient ROS to damage themselves. Other changes in the mitochondria include dissipation of the membrane potential, low expression of ETC molecules, decreased mitochondrial biosynthesis (PGC-1α), and increased caspase 3-mediated apoptosis (119). Furthermore, the addition of silver nanoparticles reduces the expression of FIS1, fragments the mitochondrial morphology (by increasing p-Drp1 levels), decreases mitochondrial biogenesis, and transiently enhances antioxidant capacity and improves mitochondrial pathway-mediated apoptosis (120).

However, some studies have shown that treatment with suberoylanilide hydroxamic acid (SAHA), an acetylase inhibitor, can significantly induce apoptosis in HCC cells through mechanisms other than the overexpression of Bcl-2. Moreover, SAHA significantly reduces the expression of FIS1 and translocation of Drp1 to the mitochondria, which inhibits mitochondrial fission. However, downregulation of the expression of proteins involved in mitochondrial division and changes in the mitochondrial morphology are not involved in SAHA-induced apoptosis in HCC cells (121).



3.2.1.4 Impact of Mitochondrial Fission on Immune Regulation of HCC

Few studies focus on the impact of mitochondrial quality control of immune regulation of HCC. Bao et al. have shown that Drp1-mediated mitochondrial fission in HCC cells can induce cytoplasmic mtDNA, and promote the secretion of CCL2 which augment tumor-associated macrophages recruitment and M2 polarization eventually promote HCC cell proliferation (122). Mitochondrial quality control changes in tumor microenvironment of hepatocellular carcinoma can also affect the progression of hepatocellular carcinoma. Zheng et al. showed that Drp1-mediated mitochondrial fragmentation promoted the increase of caspase3 levels in NK cells, which augmented the apoptosis of NK cells, and objectively caused the immune escape of HCC (123).




3.2.2 Mitochondrial Fusion


3.2.2.1 Effect of Mitochondrial Fusion on HCC Cell Growth and Proliferation

Wang et al. found that the overexpression of MFN2 inhibits proliferation of hepatoma cells by arresting cells in S phase, and mitochondrial calcium overload caused by mitochondrial fusion mediates an increase in the expression of proteins related to the BAX apoptotic pathway (124, 125). Analysis of HCC and the surrounding tissues showed that reduced expression of MFN2 is negatively associated with the overall survival of patients with HCC (126, 127). Moreover, in HBV-related HCC, high expression of HBX induces ubiquitination and degradation of MFN2 (46), and low expression of MFN2 negatively affects the prognosis of patients with HBV-related liver cancer (128).

Tissue-specific deletion of Opa1 suggests the importance of Opa1-mediated mitochondrial fusion in the expression of ETC and cell oxidative phosphorylation metabolism (129). Compared with its expression in normal tissues, Opa1 shows low expression in HCC tissues. By reducing the expression of Opa1, Meng et al. found that this protein mediates mitochondrial fusion, promotes cell oxidative phosphorylation, and functionally supports the growth of subcutaneous HCC in mice (130).



3.2.2.2 Impact of Mitochondrial Fusion on Invasion and Metastasis of HCC

Zhang et al. (131) found that MFN1 promotes mitochondrial fusion but inhibits the proliferation, invasion, and migration of HCC cells both in vivo and in vitro and that patients with HCC with high levels of MFN1 have prolonged disease-free and overall survival. Furthermore, MFN1-induced mitochondrial fusion inhibits aerobic glycolysis and a shift to oxidative phosphorylation, which induces an increase in E-cadherin expression and decrease in N-cadherin, vimentin, and SNAIL expression to eventually suppress the invasion of HCC cells.



3.2.2.3 Impact of Mitochondrial Fusion on Chemoresistance in HCC

A study suggested that downregulation of Opa1 expression during treatment with sorafenib induced mitochondrial fragmentation and the release of cytochrome C to mediate apoptosis. In contrast, inhibition of Opa1 expression sensitized HCC cells to sorafenib (132).



3.2.2.4 Impact of Mitochondrial Fusion on Metabolism in HCC

Most studies found that mitochondrial fusion could promote the conversion of cells metabolism from aerobic glycolysis to oxidative phosphorylation. Zhang et al. found that overexpression of MFN1 induced mitochondrial fusion in HCC can inhibit the expression of enzymes involved in aerobic glycolysis, further inhibiting cell proliferation and invasion (131). While Li et al. pointed out that MFN1 and Opa1 cooperate for prolonging mitochondria fusion, promoting oxygen consumption rate and ATP content, augment HCC proliferation (130). Li et al. found that, after the mitochondrial fusion induced by DRP1 S637 phosphorylation, the amount and width of the mitochondrial cristae were increased, assembly of the respiratory chain complex I-IV were increased, and glycolysis mediated by the NAD/SIRT1 pathway was inhibited, ultimately promoting HCC cell survival under starvation (133).




3.2.3 Mitochondrial Biogenesis


3.2.3.1 Effect of Mitochondrial Biogenesis on Proliferation of HCC Cells

Under hypoxic conditions, HCC and other liver cancer cell lines show increased mitochondrial biogenesis and proliferation by upregulating the expression of PGC-1α. To achieve this effect, HMGB1 translocated from the nucleus to the cytoplasm binds to cytoplasmic Toll-like receptor-9; this complex activates p38 to subsequently phosphorylate PGC-1α (134). Additionally, the p53 pathway can reduce the expression of PGC-1α, which suppresses mitochondrial biogenesis and oxidative phosphorylation by inhibiting the expression of downstream TFAM and p53R2, thus eventually decreasing the proliferation of liver cancer cells (135).

Studies of hepatocytes suggested that increased expression of Myc promotes the transcription of genes involved in biosynthesis of the mitochondrial membrane, matrix, and ribosomes; carboxylic acid metabolism; electron transporter activity; oxidative phosphorylation; and mtDNA replication by directly upregulating the expression of transcription factors, such as TFAM. This enhanced transcriptional activity increases the mitochondrial mass, which indirectly promotes the growth and proliferation of hepatocytes (21, 136).



3.2.3.2 Impact of Mitochondrial Biogenesis on Invasion and Metastasis of HCC

The influence of PGC-1α-induced mitochondrial biogenesis on the invasiveness of HCC cells remains controversial. A clinical study showed that low expression of PGC-1α in HCC is related to more frequent vascular invasion. In vitro experiments and analysis of in vivo mouse models showed that PGC-1α inhibits the migration and invasion of HCC cells. Specifically, PGC-1α inhibits aerobic glycolysis by regulating the peroxisome proliferation-activated receptor-γ-dependent WNT/β-catenin/PDK1 axis, thereby inhibiting metastasis of HCC (137). NPAS2 inhibits mitochondrial oxidative phosphorylation and mitochondrial biogenesis by inhibiting the expression of PGC-1α. This inhibitory effect is synergistic with hypoxia-inducible factor-1α–mediated aerobic glycolysis in tumor cells to promote the proliferation and metastasis of HCC cells through the energy supply (138). However, another study showed that SIRT1, as part of the SIRT1/PGC-1α axis, promotes the metastasis of HCC by increasing PGC-1α-mediated mitochondrial biogenesis; a corresponding reduction in the mitochondrial mass and oxidized phosphoric acid caused by low expression of SIRT1 in liver cancer tissues inhibits invasion and metastasis (139). Therefore, a higher level of energy metabolism increases cell migration, and the mitochondrial mass and level of cellular glycolysis together affect invasion by HCC.



3.2.3.3 Impact of Mitochondria Biogenesis on Chemoresistance in HCC

Further, tigecycline has been shown to inhibit the translation of mitochondrial respiratory chain complexes, enhance mitochondrial oxidative stress, and reduce resistance to cisplatin in liver cancer (140). Moreover, in cells resistant to doxorubicin and sorafenib, inhibition of TFAM, an essential factor for mitochondrial synthesis, reduces drug resistance (141).



3.2.3.4 Impact of Mitochondria Biogenesis on Metabolism in HCC

PGC-1α can enhance oxidative phosphorylation, mitochondrial biogenesis and oxygen consumption rate in cancer cells (142). Under hypoxia conditions, HCC undergo changes in their bioenergetic profile to favor mitochondrial respiration by activating the PGC-1α (134). The mitochondrial respiratory capacity and proliferation was diminished when PGC-1α was suppressed in hypoxic HCC cells (143). Activation of PGC-1α was also found to promote cell growth by facilitating mitochondrial and fatty acid metabolism in liver cancer cells (144).




3.2.4 Mitophagy


3.2.4.1 Impact of Mitochondrial Autophagy on the Occurrence of HCC

A dysfunction in mitophagy causes tumorigenesis (145). For example, loss of mitophagy can lead to tumor formation in the liver through oxidative stress and DNA damage (146). In contrast, FUNDC1 enhances mitophagy to reduce hepatocyte inflammation and the inflammatory response to inhibit the occurrence of HCC in diethylnitrosamine-induced mouse models (147). The thyroid hormone T3 mediates ubiquitination of mitochondrial HBX in HBV-infected cells through PINK1 to simultaneously promote mitophagy and mitochondrial biogenesis, inhibit the production of mitochondrial ROS, and reduce the tumor-promoting effect of HBV (82).



3.2.4.2 Impact of Mitophagy on Invasion and Metastasis in HCC

The regulation of mitophagy, via mechanisms other than PINK1/Parkin, can inhibit the migration of tumor cells. For example, ubiquitination of Yap, but not Parkin, reduces mitophagy by inhibiting Bnip3 to ensure the supply of ATP required for cellular maintenance. Intracellular SERCA activity and calcium homeostasis can effectively block the activation of calmodulin-dependent protein kinase II, prevent the calmodulin-dependent protein kinase II/cofilin pathway from degrading F-actin, and maintain the lamellipodium to promote the metastasis of HCC (148).



3.2.4.3 Effect of Mitophagy on Chemoresistance and Resistance to Apoptosis in HCC

Studies of chemoresistance revealed that chemotherapy-induced activation of Drp1 induces mitochondrial autophagy. However, the mitochondrial division inhibitor Mdivi-1 promotes the release of cytochrome C from the mitochondria into the cytoplasm by reducing the mitochondrial membrane potential and increasing the sensitivity of HCC cells to cisplatin. These findings indicate that mitophagy increases chemoresistance in HCC. Further, inhibition of Drp1 and mitophagy can participate in downregulating the expression of Bcl-XL and upregulating the expression of Bax to enhance apoptosis, which ultimately increases the lethality of platinum-based drugs (149).

The regulation of mitophagy by the PINK1/Parkin pathway is observed in HBV-related HCC. HBV promotes cell survival and virus persistence by disrupting mitochondrial fission. Kim et al. found that HBV could induce translocation of Drp1 and Parkin to the mitochondria to mediate the degradation of MFN-2, thereby promoting mitophagy, inhibiting the mitochondrial apoptotic pathway, and maintaining tumor cell survival (46). Ketoconazole inhibits the growth of HCC cells by inhibiting prostaglandin-endoperoxide synthase 2, which activates the accumulation of PINK1 on the mitochondrial membrane and induces HCC cell apoptosis (150, 151).

A lack of mitophagy not only causes HCC but also reduces chemoresistance in HCC. It has been reported that α-TOS, a vitamin E derivative, can cause mitochondrial damage and trigger mitophagy. However, defects in the denitrosylating enzyme S-nitrosoglutathione reductase or Parkin reduce the ability of cells to specifically eliminate mitochondria damaged by α-TOS and decrease chemoresistance in HCC cells (152). In contrast, Wang et al. found that Cepharanthine hydrochloride increased mitochondrial fission and autophagy through the AMPK pathway, thereby increasing the chemoresistance of liver cancer cells. However, inhibition of mitophagy by 3-methyladenine in vivo and in vitro reduced the tumor volume, indicating improvement in the antitumor activity of Cepharanthine hydrochloride; thus, the inhibition of mitophagy suppresses chemoresistance (153). Increased autophagy also enhances tumor chemoresistance. For example, in HCC cells induced by melatonin, the sensitivity to sorafenib is related to the production of ROS and mitophagy. Melatonin may promote the expression of Parkin and its translocation to the mitochondrial membrane to promote mitophagy (154). A previous study by our group also showed that mitophagy induced by PINK1/Parkin influences the resistance to cisplatin, as it effectively degrades mitochondria damaged by cisplatin in HCC cells and maintains cell survival (26).






4 Summary and Prospects

The therapy strategy targeting mitochondrial quality control in HCC is still in the basic research stage. Mdivi-1 (mitochondrial division inhibitor 1) is a kind of selective Drp1 inhibitor. Ma et al. found that Mdivi-1 could inhibit mitophagy induced by cisplatin and initiate mitochondria pathway apoptosis, and then enhance the sensitivity of HCC to cisplatin (149). Mdivi-1 can also reduce the levels of oxidative phosphorylation and weaken the stemness in liver cancer stem cells by inhibiting mitochondrial fission (155). Lin et al. found that under hypoxic conditions, Mdivi-1 inhibits mitophagy by inhibiting the expression of BNIP3 and LC3B, up-regulating p62 and promote mitochondrial Bax accumulation, eventually stimulating mitochondrial-dependent apoptosis in HCC (76). Several other drugs like Dynasore and P110, which can target mitochondrial dynamin have been found, but few of them have been reported in the treatment of HCC, these drugs are likely to be promising therapy strategies in HCC.

In summary, mitochondrial quality control plays an important role in the occurrence, progression, and treatment of HCC. Studies have mainly focused on mitochondrial quality control at the organelle level. Mitochondrial quality control at the molecular and organelle levels can regulate bioenergy metabolism in mitochondria, control cell death, and alter mitochondrial retrograde signaling to maintain homeostasis in HCC cells under stress conditions (hypoxia and chemotherapy). However, research on mitochondrial quality control at the molecular level is primarily limited to the diagnosis, curative effect, and prognosis of patients with HCC. Studies of the impact of mitochondrial quality control at the molecular and cellular levels on the biological behavior of HCC are required.

Future research should focus on the role and mechanism of interaction between different levels of mitochondrial quality control in the regulation of the occurrence, progression, and resistance of HCC. Continuous improvements in precision medicine will clarify the process of mitochondrial quality control and role of key molecules in the precision treatment of HCC. Individual evaluation and regulation of mitochondrial quality control in HCC tissues in patients undergoing different treatments will aid in individualized treatment.
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Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer with a low 5-year survival rate. The heterogeneity of HCC makes monotherapy unlikely. The development of diagnostic programs and new treatments targeting common genetic events in the carcinogenic process are providing further insights into the management of HCC. The aim of this study was firstly to validate key genes that are involved in promoting HCC development and as biomarkers for early diagnosis and, secondly, to define their links with antitumor immunity including inhibitory checkpoints.



Methods

Multiple databases including Gene Expression Omnibus (GEO), Gene Expression Profiling Interactive Analysis (GEPIA), Kaplan–Meier Plotter, UALCAN, and Oncomine were used for target gene screening and establishment of a co-expression network. Clinical data and RNAseq of 367 HCC patients were downloaded from the Cancer Genome Atlas (TCGA) database. The diagnostic and prognostic value of screened genes were tested by receiver operating characteristic (ROC) curve and correlation analysis. The links with the key genes in HCC and antitumor immunity were defined using both blood and liver tissue collected prospectively from HCC patients in our center.



Results

Upregulation of CCNB1, CDC20, and CENPF was commonly observed in HCC and are involved in the p53 signal pathway. The hepatic mRNA expression levels of these three genes were strongly associated with patients’ prognosis and expressed high value of area under the ROC curve (AUC). Further analysis revealed that these three genes were positively correlated with the gene expression levels of IFN-γ, TNF-α, and IL-17 in peripheral blood. In addition, the expression of CENPF showed positive correlation with the percentage of CD8pos T cells and negative correlation with the percentage of CD4pos T cells in the peripheral blood. In the HCC microenvironment, the transcript levels of these three genes and inhibitory checkpoint molecules including PD-1, CTLA-4, and TIM-3 were positively correlated.



Conclusion

The upregulation of CCNB1, CDC20, and CENPF genes was a common event in hepatocarcinogenesis. Expression levels of CCNB1, CDC20, and CENPF showed potential for early diagnosis and prediction of prognosis in HCC patients. There is a close association between three genes and Th1/Th17 cytokines as well as the count of CD4pos and CD8pos T cells. The positive correlation between the three genes and inhibitory checkpoint genes, PD-1, CTLA-4, and TIM-3, indicates that these genes are linked with weakened antitumor immunity in HCC. Our findings may provide further insights into developing novel therapies for HCC.





Keywords: HCC, prognosis, antitumor immunity, inhibitory checkpoint, hepatocarcinogenesis



Introduction

Hepatocellular carcinoma (HCC) represents more than 90% of primary liver cancers and is a global health problem (1). It is ranked as the fourth leading cause of cancer-related death in the world with a growing incidence (2). Surgery including resection and liver transplantation remains the most effective treatment and could achieve a 5-year survival of 60% to 80%. HCC is usually asymptomatic in the early stage. At diagnosis, many patients have advanced disease with limited treatment options.

There is increasing evidence that genetic alterations play an important role in the development of HCC (3). With the advent of deep sequencing technology, increasing information regarding genetic mutations in HCC has identified several important pathways related to cancer formation (4–7). Attention is being focused on genes involved in key events in hepatocarcinogenesis, such p53, which has been identified as the most frequently mutated tumor suppressor gene in HCC. Research on p53 gene mutations has provided models for developing clinical treatments for HCC.

To date, several specific markers and key pathways involved in the HCC development have been identified potentially to assist early diagnosis and to predict prognosis. Although immunoregulatory therapies such as anti-PD-1 and CAR-T have made progresses in the treatment of solid tumors, the anti-PD-1/CTLA-4 therapy in HCC appears as a challenge. We aim to identify the key genes in the HCC environment, which are associated with the antitumor immunity including adaptive immunity, such as Th1/Th17, and immunoregulation with inhibitory checkpoints.

We conducted an analysis to screen gene markers related to the development of HCC. Using clinical data and RNA-seq (TCGA open-source data) from 367 HCC patients to confirm their diagnostic and prognostic value. In addition, we defined the relationship of these genes with anti-tumor immunity represented by the transcript levels of IFN-γ, TNF-α, and IL-17, the portion of T cell subsets in peripheral blood, and the expression level of inhibitory checkpoint molecules: PD-1, CTLA-4, and TIM-3 in HCC tumor tissue, as well as PD-1 plasma level in peripheral blood.



Materials and Methods


Common Differentially Expressed Genes Screening

Four GSE profiles (7–10) from platform GPL570 ([HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array) were used to select differentially expressed genes (DEGs) between normal liver tissue (from healthy donor) and HCC cancer tissue (11). The condition was set at |log FC| > 2, p-value < 0.05. All DEGs were uploaded to Venn Diagram online software (http://bioinformatics.psb.ugent.be/webtools/Venn/) to detect commonly co-expressed genes.



Central Cluster Selection and Enrichment Analysis

The STRING online database (available at https://string-db.org/) was used to detect the functional PPI networks (12). Central cluster from the PPI network was identified through MCODE plug-in of Cytoscape (Node Score ≥ 2, K-Core Value ≥ 2, Max Depth = 100) (13). Genes of central cluster were submitted to the Kaplan–Meier Plotter (https://kmplot.com/analysis/) (14). Liver cancer database was chosen to detect poor prognosis-associated genes (lower overall survival) in HCC patients (log rank p-value < 0.05, FDR ≤ 5%). Gene Expression Profiling Interactive analysis (GEPIA) (15) online database (http://gepia.cancer-pku.cn/) was used to further validate the expression of survival-related genes.

Gene Ontology (GO) enrichment analysis was conducted on three main functions: Biological Process (BP), Molecular Function (MF), and Cellular Component (CC). For the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, ClueGo in Cytoscape was used to perform single cluster analysis. Bonferroni step down method was used by default for multiple testing correction. Only results with a p-value < 0.05 and false discovery rate (FDR) < 5% were selected (16). Genes commonly involved in the enriched pathways were screened as core genes.



Expression and Correlation Network of Core Genes

UALCAN (http://ualcan.path.uab.edu) (17), GEPIA and Oncomine (https://www.oncomine.org) (18) databases were searched for the relative expression of core genes across HCC and normal liver tissue, as well as in different tumor sub-groups based on tumor stages (AJCC-TNM), tumor grade (histology), or other settings. The correlations between core genes and cancer immune infiltrates were investigated via Tumor Immune Estimation Resource (TIMER) (http://timer.compgenomics.org/) (19). Principal component analysis (PCA) was performed to compare the distribution differences between LIHC tumor, LIHC normal (HCC adjacent non-tumor liver), and donors’ normal liver tissue on the expression of core genes. Raw data downloaded from TCGA database and processing were conducted by R studio software (version 3.6.1; R studio, Boston, Massachusetts); RNAseq and related clinical data of a total of 367 tumor tissues and 50 normal liver tissues were used to construct a co-expression network.



Validation Cohort: Patients and Sample Collection

Blood samples were accessed via King’s College Hospital, Liver Biobank (n = 50). Non-identifying clinical features are summarized in Table 1. Patients were stratified into three groups according to whether having received treatment including loco-regional therapy (microwave ablation, chemoembolization), radiation therapy, chemo-/biological therapy, immunotherapy, and surgery as well as tumor status before sample collection: (1) untreated group (n = 30), (2) treated HCC with active/residual tumor (n = 8), and (3) treated HCC without active/residual tumor (n = 12). Peripheral blood mononuclear cells (PBMCs) were isolated using density gradient centrifugation technique (20). Sixteen paired tumor tissue and adjacent liver tissue, as well as 12 normal liver tissue samples from patients with hemangioma or focal nodular hyperplasia (FNH) were accessed via the Liver Biobank, Institute of Liver Studies, King’s College Hospital (REC NOS). This study was approved by the Ethics Committee of King’s College Hospital (Ethic REC No. 15/LO/0363, IRAS No.169524) and full consent was obtained from each participant before blood and liver tissue sampling.


Table 1 | Baseline characteristics of HCC patients.





Real-Time PCR

Cellular total RNA was isolated using RNeasy Plus Mini kit (Thermo Fisher Scientific, Waltham, USA). The RNA content was determined by measuring the optical density at 260 nm, and cDNA was synthesized according to the instruction described in Prime Scripts RT Master Mix kit. Real-time PCR was performed using SYBRs Premix Ex Taq™ kit (Thermo Fisher Scientific, Waltham, USA). The relative expression of target genes was normalized to GAPDH, analyzed by 2−ΔΔCt method and given as ratio compared with control. Commercial primers for IFN-γ, TNF-α, and IL-17 were purchased from Qiagen (Product No. 249900); primer sequences for other target genes are listed in Supplementary Table S1.



Phenotypic Analysis of PBMCs Using Flow Cytometry

PBMCs were stained for 20 min at 4°C using monoclonal antibodies (mAbs) specific for CD3/Vio-Green, CD4/Alexa Fluor®700, CD8/PE-Vio770, CD38/PE-Cyanine5, CD69/APC, PD-1/BV786, CTLA-4/BV421, TIM-3/PE, CXCR3/PE-Vio615, CXCR6/BV711, and CCR5/PE-Vio770. 7-Aminoactinomycin D was used to exclude dead cells from the analysis. Cells were acquired on a 5-laser BD LSRFortessa™ Flow Cytometer. FACS data analysis was performed using FlowJo software (Tree Star Inc., Ashland, USA). The comparisons on the percentages of three T-cell subsets (CD3+CD4+, CD3+CD8+, CD3+CD4-CD8-) were conducted between healthy control and HCC patients (Supplementary Figure S2 showing the gating strategy for T-cell subsets).



ELISA

Plasma PD-1 levels were detected using commercial ELISA kits (DuoSet® ELISA Development Systems, Minneapolis, USA) in patients with HCC. Plates were coated overnight at room temperature with capture antibody and then blocked for 1 h at room temperature with 300 µl of filtered 1% BSA in DPBS. For ELISA assays, recombinant PD-1 standards were run with 1:2 serial dilutions. Streptavidin-HRP antibody was used and ELISA plates were developed with SureBlue TMB Microwell Peroxidase Substrate. TMB Stop Solution was added to halt the reaction. The absorbance at 450 nm was measured on a microplate reader (FLUOstar® Omega, BMG Labtech Ltd, Great Britain).



Statistical Analysis

Statistical analysis was conducted by GraphPad Prism software (version 9.0; GraphPad Software Inc., San Diego, CA). For comparison between two groups, Student’s t-test was used while one-way ANOVA was performed for multiple groups. For correlation analysis, linear regression test was carried out. Receiver operator characteristic (ROC) curve was performed to validate diagnostic value. p-value <0.05 was considered as statistically different.




Results


Data Extraction and Gene Screening

The detailed study design is shown in the flow chart (Supplementary Figure S1). Of the large number of DEGs, there were 52 upregulated (Log FC >2) and 150 downregulated genes (Log FC < −2) which were found to be commonly expressed in all GSE files (Figures 1A, B and Supplementary Table S2). The PPI network of DEGs was exported to Cytoscape and 37 central genes were identified through MCODE module analysis (Figure 1C). The 37 central genes were further analyzed in the Kaplan–Meier Plotter and GEPIA (Supplementary Figures S3 and S4). A group of 12 genes were identified to be associated with poor prognosis and were significantly upregulated in HCC cancer tissue (Figure 1D).




Figure 1 | Identify central cluster and gene expression validation: (A) Volcano plots of differentially expressed genes. (B) Venn Diagram of commonly up-/downregulated genes. (C) Screening of central cluster using MCODE plug-in. (D) Validation of central cluster genes expression in LIHC (liver hepatocellular carcinoma); red boxplot represents HCC tissue, and black box represents normal liver tissue. *P < 0.05.





Enrichment Analysis and Core Gene Selection

KEGG pathway and GO enrichment analysis were performed for the 12 selected genes through ClueGO (GO Term Fusion), Cytoscape. The (KEGG:04115) p53 signaling pathway was found to be the most representative pathway (p = 9.60E-6) involved, while negative regulation of mitotic sister chromatid separation (GO: 2000816, p = 9.27E-8), chromosome separation (GO:0051304, p = 2.18E-8), and mitotic spindle assembly checkpoint (GO:0007094, p = 5.97E-6) were the most representative GO terms involved (Table 2). CCNB1, CDC20, and CENPF were identified to play an important role in the above pathways and screened as core genes.


Table 2 | Enrichment analysis of the 12 selected genes using ClueGO plug-in.





Co-Expression Network of Three Core Genes

Based on the TCGA data, the expression levels of CCNB1, CDC20, and CENPF varied slightly according to different classifications (TNM staging/Histology Grade/Vascular invasion), but were all upregulated compared with normal liver tissue. With disease progression, their expression levels seemed to increase and showed significant differences from early HCC (T1 stage, G1 grade, none vascular invasion) (Figure 2A). In all HCC with p53 mutation, these three genes presented with higher transcription levels. The meta-analysis of two datasets from Oncomine indicated that in comparison with normal liver tissue, the above three genes’ expression demonstrated no statistical differences between normal liver tissue and cirrhotic liver (Figures 2B, C).




Figure 2 | Expression of three core genes across HCC and normal liver tissue: (A) Expression of three genes in HCC tumor tissue based on tumor stage, tumor grade, and other classifications. (B) Meta-analysis on the expression of three genes in liver tissue based on whether they have cirrhosis or not. (C) Expression of three genes in HCC based on whether they have the p53 mutation or not. (D) Validation of diagnostic role of three genes using PCA and ROC analysis. Gene expression profiles were downloaded from TCGA database. *P < 0.05, ***P < 0.001, ****P < 0.0001. ns, no significance.



PCA showed a good diagnostic value using the three core genes. Based on the hepatic expression level of these three core genes, HCC could be clearly distinguished from normal liver tissue and LIHC normal tissue through dimensionality reduction. ROC plots validated that the expression levels of CCNB1 (AUC = 0.905, p < 0.001), CDC20 (AUC = 0.793, p < 0.0001), and CENPF (AUC = 0.872, p < 0.0001) had good diagnostic capabilities in both overall and early-stage (T1) HCC (Figure 2D). Further ROC plot also revealed good performance for non-AFP secretor (AFP <7) HCC diagnosis (Supplementary Figure S7).



Expression of Target Genes in Liver Tissue and Blood Samples of Patients

To further verify the results obtained from the gene screening, Real-time PCR was conducted using liver tissues and blood samples collected from HCC patients from King’s College Hospital. The expression levels of the three genes were all upregulated in HCC tumor tissue compared with normal liver (p = 0.029; p = 0.047; p = 0.027). In contrast, all three were downregulated in PBMCs from HCC patients (p = 0.034; p = 0.039; p = 0.0132). Furthermore, as the tumor status changed with treatment, the expression levels of these genes changed correspondingly in PBMCs; treated HCC patients without active/residual tumor cells had higher transcript levels of CCNB1, CDC20, and CENPF compared with the other two subgroups of HCC patients (Figure 3A).




Figure 3 | Correlation between core genes and peripheral blood immune cells/pro-inflammation cytokine transcript level: (A) PCR results of three genes’ transcript level in HCC PBMCs and liver tissue. (B) Transcript level of peripheral blood pro-inflammation cytokines in different subsets of HCC. (C) Percentage of three subsets of T cells, CD4+, CD8+, and double-negative (CD4-/CD8-) T cells in different HCC subgroups. (D) Correlation matrix of core genes with peripheral blood immune T cells and pro-inflammation cytokine transcript levels *P < 0.05, **P < 0.01, ***P < 0.001. ns, no significance.





Cytokine Gene Expression and Plasma PD-1 Levels

Treated HCC patients without active/residual tumor cells had higher mRNA expression levels of antitumor cytokines, including IFN-γ, TNF-α, and IL-17 when compared with untreated HCC patients (p = 0.016; p = 0.041; p = 0.0146). With tumor response to treatment, the transcript levels of these genes further increased (Figure 3B). Soluble PD-1 levels in plasma measured by ELISA were not significantly different between patients with untreated and treated HCC with active/residual tumor cells. However, untreated HCC patients had higher plasma PD-1 levels compared with healthy controls (p < 0.05) and treated HCC patients without active/residual tumor cells (p < 0.01) (Figure 3B).



T Cell Profiling

The percentages of peripheral blood T cell subsets were defined by flow cytometry and showed significant differences between untreated HCC patients and healthy controls. The percentages of both CD8+ and double-negative (CD8-CD4-) T cells were lower in untreated HCC patients (p = 0.01; p = 0.0009), while the portion of CD4+ T cells was higher in untreated HCC (p = 0.0014) (Figure 3C) compared with healthy controls. No difference was found in the percentage of cells positive for exhaustion/activation markers (CD38, CD69, CTLA-4, Tim-3, and PD-1). High levels of expression of CXCR3 and CCR5 were observed in peripheral blood T cells, although there was no difference between the three HCC untreated or treated subsets (Supplementary Figure S5).



Correlations Between the Three Target Genes and Immunity

Correlation matrix revealed that the expression levels of CCNB1, CDC20, and CENPF were all correlated with CD8+ and CD4+ T cells to an extent, but only CENPF showed statistical significance (p = 0.033; p = 0.026). Though CCNB1 showed a trend, no significance was observed (p = 0.067; p = 0.065). In addition, the three genes expressed positive association with antitumor cytokine mRNA expression level in PBMCs (Figure 3D).

Increasing expression of these three genes in HCC tumor tissue was associated with decreased overall and disease-free survival (Figure 4A). Though the expression levels of three core genes in PBMCs illustrated no correlation with the plasma PD-1 levels (Figure 4B), in HCC tumor tissue, all of them were positively associated with tumor purity (percentage of tumor cells within HCC tissue); the higher the expression in HCC tissue, the more tumor cells were present in the tissue with fewer infiltrating immune cells (Figure 4C). Moreover, a significant association between the transcript levels of these three genes and inhibitory checkpoint molecules was observed in the tumor environment (Supplementary Figure S6).




Figure 4 | Correlation analysis of three core genes: (A) Correlation with overall survival and disease-free survival. (B) Correlation with plasma PD-1 level. (C) Correlation with tumor purity in HCC. *P < 0.05, **P < 0.01. ns, no significance.






Discussion

In this study, joint screening of multiple databases including GEO, TCGA, GEPIA, and Kaplan–Meier Plotter identified CCNB1, CDC20, and CENPF, three mutated gene markers. These three genes were found to be widely expressed and highly upregulated in HCC samples, and their upregulation was significantly associated with poor prognosis. By using meta-analysis through the Oncomine database, the influence of liver cirrhosis on the expression of above three genes was excluded. Our findings may be useful in tackling the difficulties caused by the heterogeneity of HCC, which contributes to the failure of precision therapy with targeted drugs (21–23). The differential expression of various genes in the tumor tissue makes it unlikely that a single treatment will be effective in all patients. For example, although anti-PD1 therapy is an effective cancer treatment, the overexpression or mutations of LAMA3, CXCR2, and JAK1/2 could prevent the immune system from boosting effective antitumor immunity (24, 25). Therefore, identifying genes that are commonly upregulated in HCC tissue may provide new targets for HCC treatment.

Enrichment analysis revealed that the above three genes mainly interact with each other in functions related to cell proliferation and cell cycle (Table 2). It is known that one of the distinguishing features of cancer is the dysregulation of the cell cycle, resulting in unrestricted proliferation of cancer cells (26, 27). Normally, p53 gene regulates all four checkpoints in the cell cycle (G1/S; S-phase; G2/M; M) (28, 29). It can halt the cell cycle when censored DNA damage or other gene mutation occurs, thereby encouraging repair of damaged DNA (30). However, in patients with HCC, the p53 gene has always presented with a degree of loss of function or dysfunction (31), resulting in cancer cells continually proliferating leading to tumor growth. The results of our investigation showed that the expression of CCNB1, CDC20, and CENPF are closely related to p53 mutations and the p53 signaling pathway (Table 2). In HCC tissue expressing the p53 mutation, the expression levels of the three genes are significantly higher than those without p53 mutator (Figure 2C). Meanwhile, it will also increase with the upgrading of TNM stage/histological grade and the deepening of vascular invasion degree (Figure 1). Thus, overexpression of CCNB1, CDC20, and CENPF in liver tissues imply an underlying cell cycle disorder. The higher the expression, the faster the proliferation of abnormal cells and the greater the possibility of tumor development. This was also confirmed in other solid tumors, not only in HCC. Fang et al. found that downregulation of CCNB1 impaired colorectal cancer proliferation in vitro and tumor growth in vivo (32). Through a long-term follow up, Karra et al. reported that CDC20 and securin overexpression predict short-term breast cancer survival (33). Han et al. also found that CENPF could promote papillary thyroid cancer progression by mediating cell proliferation and apoptosis (34).

Early stage of HCC is usually asymptomatic, and the guidelines of American Association for the Study of Liver Diseases (AASLD) and European Association for the Study of the Liver (EASL) recommend imaging (ultrasound, CT or MRI) combined with alpha-fetoprotein (AFP) to identify HCC (35–37). However, the sensitivity and specificity of AFP in the diagnosis of liver cancer is not ideal. The specificity of AFP is low and it can be elevated in pregnant women, acute and chronic hepatitis, gonadal tumors, and gastrointestinal tumors; in addition, approximately 40% of patients with HCC are non-secretors of AFP (38–40). Therefore, it is meaningful to identify new markers for HCC diagnosis. Some studies reported that YTH N6-methyladenosine RNA binding protein 1 (YTHDF1) and DNA primase subunit 1 (PRIM1) might be potential molecular targets for HCC (41, 42). Those two molecular targets regulated the proliferation, migration, and invasion of HCC cells. In the present study, we aim to identify key genes in HCC that are associated with antitumor immunity and also the pathways influencing the antitumor immunity, such as inhibitory checkpoints. Regardless of the classification standards (TNM staging/Histology Grade/Vascular invasion) used for analysis, all results revealed that CCNB1, CDC20, and CENPF were already significantly upregulated in the early stages of HCC tumor tissues (T1/G1/Stage I/no vascular invasion). There might be a limitation due to the fact that the final reading for RNA-seq is from the mean value of several reads at the same tumor site rather than the average value from different tumor sites. Further ROC analysis showed that these three genes have high value for the early diagnosis of HCC Moreover, even in non-AFP secretors, AUCs of CCNB1, CDC20, and CENPF can achieve a performance close to 0.90 (Supplementary Figure S7). Considering that genetic changes often occur earlier than clinical/pathological changes, the combination of serum AFP and tumor-related gene expression may enhance the efficacy of screening and early diagnosis of HCC (43–45).

Though the RNA-seq data from TCGA did not have detailed background information for patients’ underlying liver diseases, we found that the expression levels of the three genes were closely related to the survival of patients with HCC. Tumor immune infiltrate analysis through the TIMER database demonstrated that the expression levels of the three genes were proportional to the tumor purity. As mentioned above, due to the close relationship between CCNB1, CDC20, and CENPF and p53, overexpression of these three genes represents an imbalance in cell cycle regulation. In HCC, it indicates that cancer cells are rapidly proliferating, and the tumor is in an aggressive state. This feature could be used to assess the prognosis of HCC patients after surgery, to indicate the risk of recurrence, to stratify follow-up imaging, and to guide clinicians regarding adjuvant treatment.

Intriguingly, the expression levels of CCNB1, CDC20, and CENPE in PBMCs were completely opposite to those observed in tumor tissues. Compared with healthy controls, the expression of the three genes in PBMCs from untreated HCC was significantly downregulated, and with treatment, the expression levels in PBMCs gradually increased. The discrepancy in expression pattern between peripheral blood and liver tissue prompted us to set up the correlation network of three target genes in the peripheral blood with immune cells and antitumor cytokines, which showed that the three target genes not only correlated with the percentage of T-cell subtypes, but also showed a positive correlation with the transcription levels of antitumor cytokines (IFN-γ, TNF-α, and IL-17). It can be speculated that the discrepancy in the expressions of CCNB1, CDC20, and CENPF between tumor tissue and peripheral blood may be related to differences in the immune environment: the peripheral circulation has higher percentage of T effectors, such as CD8+T cells, representing cytotoxic T cells, NK cells, and other anti-tumor immune cells than that in HCC tissue where it was dominated by cancer cells and tumor-promoting lymphocytes. Therefore, the overall microenvironment in peripheral blood often presents an immune state of promoting antitumor activity while the HCC tissue shows a state of immunosuppression. The different immune status of peripheral blood and tumor tissue could also explain why the expression levels of the three genes in PBMCs have no correlation with the soluble PD-1 level, while in HCC, all of them were strongly associated with the mRNA expression of immune checkpoint molecules: PD-1, CTLA-4, and TIM-3. The close association between these three genes and p53 as well as inhibitory checkpoint molecules suggests that those genes are potentially treatment targets for HCC. The transcription level changes of the three genes in peripheral blood may assist in establishing rapid, reliable, and reproducible detection assays to assess the immune status and treatment response of HCC patients.

Given the fact that the mRNA expression of three target genes in PBMCs was opposite to that in tumor tissues, single-cell omics and spatial transcriptomics might be applied in future studies. The establishment of new models and algorithms (46, 47) allows information from various single-cell omics databases to be mutually compatible and integrated even though the experimental conditions, platforms, and omics types are different. Meanwhile, high-throughput spatial transcriptomics makes it possible to measure all genetic activity in the tissue samples and to locate the position of the activity. It looks encouraging that more novel methods have been developed to deconvolute spatial transcriptomics for decomposition of cell mixtures in the spatially resolved transcriptomics data (48, 49). Moreover, combining single-cell RNA-seq and spatial transcriptomics could be a promising new method to comprehensively analyze the spatial cell composition of tumor tissue, to characterize tumor cells and their immune microenvironment, and, more importantly, to define the interactions between tumor and microenvironment. Such applications have been found in cancer studies other than HCC (50, 51). Further integrative analysis by using both single-cell omics and spatial transcriptomics might provide a more comprehensive understanding about the cellular process in HCC development.

In conclusion, we confirmed that the three genes, CCNB1, CDC20, and CENPF, are commonly involved in the carcinogenesis of HCC and showed potential for early diagnosis. More importantly, the expression of these three genes is closely associated with Th1/Th17 cytokine gene expression and CD4pos/CD8pos T-cell percentage in peripheral blood and inhibitory checkpoints in tumor microenvironment.
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Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related mortality worldwide. Patients with early-stage HCC can be treated successfully with surgical resection or liver transplantation. However, the usual late diagnosis of HCC precludes curative treatments, and systemic therapies are the only viable option for inoperable patients. Sorafenib, an orally available multikinase inhibitor, is a systemic therapy approved for treating patients with advanced HCC yet providing limited benefits. Consequently, new drugs have been developed to overcome sorafenib resistance and improve patients’ prognoses. A new promising strategy is using c-MET inhibitors, such as cabozantinib, as activation of c-MET occurs in up to 40% of HCC patients. In particular, cabozantinib, in combination with the checkpoint inhibitor atezolizumab, is currently in phase 3 clinical trial for HCC, and the results are eagerly awaited. Herein, we summarize and review the drugs approved for the treatment of advanced HCC, mainly focusing on the clinical and preclinical efficacy evaluation of cabozantinib. Also, we report the available preclinical data on cabozantinib-based combination therapies for HCC, current obstacles for cabozantinib therapy, and the future directions for cabozantinib-based treatment for HCC.
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Introduction


Hepatocellular Carcinoma: A Deadly Tumor With Slowly Increasing Therapeutic Options

Hepatocellular carcinoma (HCC) is the fourth cause of cancer-related deaths and the primary cause of death in patients with compensated cirrhosis (1). Standard-of-care includes hepatic resection, liver transplantation and local ablation in the early stages, chemoembolization in the intermediate stage, and systemic therapy in the advanced stage (2). Surveillance and allocation to treatment according to disease stage and liver dysfunction have led to significant improvement in the management of these patients. Also, the advent of new effective agents and the recent insights into the molecular classification of HCC open new scenarios. It is conceivable that current unmet needs such as the rate of recurrence after resection, and the survival time in patients with advanced disease will benefit from the administration of novel combined therapies. The armamentarium for treatment of advanced HCC has expanded and currently consists of sorafenib, lenvatinib, and the combination of atezolizumab and bevacizumab in the frontline and regorafenib, ramucirumab and cabozantinib, nivolumab, and pembrolizumab in the second and third line (Figure 1). This implies that the proper choice for each patient should consider the features of the patients, the efficacy and the toxicity of the therapeutic regimen, as well as the biology of the tumor. We review here the drugs approved for advanced HCC and focus on the clinical and molecular features of cabozantinib.




Figure 1 | Algorithm illustrating the current treatment options (beyond the clinical trials) for patients with advanced HCC. Note that it remains unclear whether or not patients progressing on atezolizumab and bevacizumab benefit from second-line drugs tested such as sorafenib, lenvatinib, ramucirumab, and cabozantinib. Therefore, patients who develop adverse effects leading to the withdrawal of atezolizumab and bevacizumab should be offered the available sequence of targeted therapies.



In 2008, sorafenib, a multikinase inhibitor active against vascular endothelial growth factor receptor (VEGFR) 2 and 3, fms like tyrosine kinase (FLT)3, KIT, platelet-derived growth factor receptor (PDGFR)β, RAF, BRAF WT, and BRAF V600E, was the first approved agent for advanced HCC. The phase III SHARP trial showed that sorafenib conferred survival improvement (10.7 months in the treatment group vs. 7.9 in the placebo group, hazard ratio (HR), 0.69; p < 0.001) and higher disease control rate (patients with complete response, partial response, and stable disease for a period > 4 weeks, 43% vs. 32%; p < 0.001) (3). The most frequent adverse effects of sorafenib were hand-foot skin reaction, diarrhea, and hypertension. Progression on therapy was related to primary and acquired resistance. Mechanisms of resistance to sorafenib have been elucidated only in part. Among them, hypoxia-induced factors, overproduction of vascular endothelial growth factor (VEGF), and inhibition of the RAF/MEK/ERK pathway result in the activation of EGFR, AKT/TOR, and MET proto-oncogene (c-MET)/hepatocyte growth factor axes. Therefore, strategies to overcome sorafenib and other tyrosine kinase inhibitors are crucial in developing effective therapies. Patterns of disease progression on sorafenib are also relevant, as the survival probability progressively decreases in patients with an increase of the tumor characterized by intrahepatic lesions < 20%; intrahepatic lesions > 20%; extrahepatic lesions ≤ 20%; new extrahepatic lesions and/or vascular invasion (4).

Lenvatinib, a multikinase inhibitor active on VEGFR 1-3, fibroblast growth factor receptor (FGFR), KIT, RET, and PDGFR, was demonstrated not inferior to sorafenib in phase III multicenter trial (5). Enrolled patients had a liver involvement < 50% and were free of main portal invasion. Median overall survival was 13.6 months vs 12.3 (HR, 0.92; 95% confidence interval (CI), 0.79-1.06). The surrogate endpoint progression-free survival (PFS) was significantly longer in the lenvatinib group (HR, 0.65; 95% CI, 0.56-0.77; p < 0.001). The adverse effects associated with lenvatinib were hypertension and hand and foot skin reaction.

The last year has witnessed a paradigm shift in the frontline treatment of advanced hepatocellular carcinoma when the combination of atezolizumab and bevacizumab was approved for the treatment of newly diagnosed patients with advanced hepatocellular carcinoma. Atezolizumab is a monoclonal antibody targeting the protein programmed cell death ligand (PD-L)-1 and thereby enhancing the immune response against tumor cells. Bevacizumab is a monoclonal antibody against VEGF. The approval of this regimen is based on the results of the IMbrave150 phase III trial (6). Patients treated with atezolizumab and bevacizumab showed better overall survival (HR, 0.58; 95% CI, 0.42-0.79; p < 0.001) and PFR (HR, 0.59; 95% CI, 0.57-0.76) than those treated with sorafenib. Objective response rate (ORR) was found in 27.3% of 326 patients treated with the combination vs. 11.9% of 159 treated with sorafenib. Eighteen patients in the combination group vs. no patient in the sorafenib group experienced a complete response. The median time to deterioration of the quality of life was 11.2 months with atezolizumab plus bevacizumab vs. 3.6 with sorafenib. Adverse events occurred in 56.5% vs. 55.1%. Hypertension and proteinuria were the most frequent side effects in those treated with atezolizumab and bevacizumab.

Among the second-line agents, regorafenib was the first effective systemic treatment in patients who progressed on sorafenib therapy. Regorafenib is a multikinase inhibitor with activity on VEGFR 1-3, KIT, RET, PDGFRβ, RAF, BRAF WT, and BRAF V600E. Patients who received regorafenib in the context of the controlled phase 3 trial RESORCE showed an improved overall survival (HR, 0.63; 95% CI, 0.50-0.79; p < 0.0001), an improved PFR (HR, 0.46; 95% CI, 0.37-0.56; p < 0.0001) (7). The median survival time was 10.6 months (95% CI, 9.1-12.1) with regorafenib and 7.8 (95% CI, 6.3-8.8) with placebo. Two patients in the regorafenib group vs. no patient in the placebo group experienced a complete response by mRECIST. Common adverse events were hypertension (15% of treated patients), hand-foot skin reaction, diarrhea, and fatigue. Importantly, the study was balanced regarding the pattern of progression of the disease on sorafenib. The retrospective analysis of the RESORCE trial aimed to evaluate the efficacy of the sequential treatment showed that the median survival time from the start of prior sorafenib was 26 months in the regorafenib group and 19.2 months in the placebo group (8).

Ramucirumab is a monoclonal antibody active against VEGFR2. In the controlled phase 3 (REACH) trial, ramucirumab did not improve the overall survival, when compared to placebo, in which patients with advanced HCC that progressed on sorafenib or were intolerant to sorafenib. However, a significant benefit was observed in the subgroup of patients with baseline alpha-fetoprotein ≥ 400 ng/mL. This finding was confirmed in the phase 3 REACH2 trial, in which all enrolled patients had alpha-fetoprotein concentrations ≥ of 400 ng/mL (9). The median survival time was 8.5 months (95% CI, 7.0-10.6) in the experimental group vs 7.3 months (5.4-9.1) in the placebo group (HR, 0.71; 95% CI, 0.531-0.949; p = 0.0199). ORR did not differ significantly in the two groups. Side effects were hypertension and hyponatremia. Three patients in the treatment group died of renal failure.

Pembrolizumab is a monoclonal humanized IgG4/K antibody active against PD-1. In phase 2 non-randomized open-label trial (Keynote 224), the drug showed promising activity in patients previously treated with sorafenib. Disease control was obtained in 64 of 104 patients (10). A subsequent phase III trial (Keynote 240) did not reach the pre-specified criteria of significance (11). However, the median survival was 13.9 months in the pembrolizumab group vs. 10.6 months in the best supportive care group. Adverse effects leading to discontinuation of treatment were reported in 17% of patients.

Nivolumab is a fully human monoclonal IgG4 antibody active against PD-1. The open-label phase 2 trial Check-Mate 040 showed an ORR of 15% in the dose-escalation phase (12). The disease control rate was 58% (95% CI, 43-72). The median duration of response was 17 months (95% CI, 6-24). Both pembrolizumab and nivolumab have been approved by FDA for patients with advanced HCC. However, in July 2021, Bristol Myers Squibb voluntarily withdrew the indication for nivolumab as a single agent for patients with HCC who were previously treated with sorafenib. This decision was based on the unmet post-marketing requirements of a confirmatory benefit.

Cabozantinib is a multikinase inhibitor of VEGFR2, c-MET, AXL receptor tyrosine kinase (AXL), FLT3, c-KIT, and c-RET. The properties of cabozantinib are discussed in detail in the second part of this review. Cabozantinib was approved in 2019 for patients with advanced hepatocellular carcinoma who had been previously treated with sorafenib. This approval was based on the results of phase 3 CELESTIAL trial (13). All 750 patients included in the study had progressed or had experienced significant toxicity during the prior treatment, and extrahepatic spread of the disease was reported in 78% of the cases. The median overall survival was 10.2 months (95% CI, 9.1-12) in the cabozantinib group vs 8 months (95% CI, 6.8-9.4) in the placebo group (HR, 0.76; 95% CI, 0.63-0.92; p = 0.005). The median PFS was 5.2 months with cabozantinib and 1.9 with placebo (HR, 0.44; 95% CI, 0.36-0.52; p < 0.001). Side effects were hand-foot skin reaction, hypertension, increased aspartate aminotransferase levels, fatigue, and diarrhea. These results were recently confirmed by two real-life cohorts of patients with advanced HCC treated with cabozantinib (14, 15). In 88 patients from Austria, Switzerland, and Germany, partial response was documented in 6%, stable disease in 32%, and progressive disease in 32%. The overall survival was 9.7 months in Child-Pugh A patients and 3.4 months in Child-Pugh B patients (14). In 96 Child-Pugh A patients from Italy, the median overall survival was 12.1 months, and progression-free survival was 5.1 months (15).

In 2020, a matching-adjusted indirect comparison (MAIC) was carried out to compare the efficacies and safety profiles of cabozantinib and regorafenib by indirectly comparing the results of the CELESTIAL and RESORCE trials in patients who received first-line sorafenib only (16). Results showed that compared with regorafenib, cabozantinib could achieve similar overall survival and longer PFS in advanced HCC patients who progressed after receiving sorafenib treatment. Another similar MAIC study compared the efficacies and treatment-related adverse events of cabozantinib in the CELESTIAL trial and ramucirumab in the REACH2 trial (17). Cabozantinib achieved a nonsignificant overall survival as ramucirumab but significantly prolonged PFS (5.5 [4.6-7.4] months vs. 2.8 [2.7-4.1] months; p = 0.016) in HCC patients with serum alpha-fetoprotein over 400 ng/mL. A recent phase 2 multicenter study (Trial ID: NCT03586973) conducted earlier this year in Japanese patients with advanced HCC who have received one or two lines of systemic therapy (sorafenib included) showed that cabozantinib at a dose of 60 mg/day had excellent efficacy and safety profile (18). Altogether, cabozantinib shows great promise in treating HCC in the clinic as a second-line of treatment.

In June 2021, Exelis and Ipsen, the manufacturer of cabozantinib, reported the interim analysis of this trial. In combination with atezolizumab, cabozantinib significantly reduced the risk of disease progression or death by 37% compared with sorafenib (hazard ratio, 0.63; 99% CI, 0.44-0.91; p = 0.0012) (https://www.businesswire.com/news/home/20210627005058/en/). The analysis of the overall survival showed a trend favoring the combination of cabozantinib and atezolizumab but did not reach statistical significance. Therefore, the future of cabozantinib development as first-line therapy for HCC is uncertain. Due to the efficacious anticancer properties of cabozantinib, the combination use based on cabozantinib is under intense investigation. Indeed, a phase 1/2 clinical trial study (Trial ID: NCT03539822) is currently evaluating cabozantinib’s safety, tolerability, and efficacy combined with the PD-L1 inhibitor durvalumab in patients with gastrointestinal malignancies. The results are eagerly awaited (19). Another COSMIC-312 phase 3 study (Trial ID: NCT03755791) is also carrying out to test the safety and efficacy of the combination of cabozantinib and atezolizumab as a first-line treatment in adult patients with advanced HCC who have not received systemic anticancer therapy before versus the standard treatment regimen sorafenib (20). Scanty data are available on the efficacy of the combination of nivolumab, ipilimumab, and cabozantinib. The disease control rate was 83% in 35 patients treated with nivolumab, ipilimumab, and cabozantinib, and 81% in 36 patients treated with nivolumab and cabozantinib, respectively (21). Because the ORR of nivolumab monotherapy in patients who received nivolumab monotherapy (3 mg/kg) during the dose-expansion phase was 20% (95% CI, 15-26), and 15% (95% CI, 6-28) during dose escalation (12), the ORR of the combination of cabozantinib and nivolumab was 17% (21), the ORR of the combination of nivolumab and ipilimumab was greater than 30% with overall high patient survival rate and manageable safety profiles (22), the combination of cabozantinib and immunotherapy seems not to have strong synergistic anticancer efficacy, and cabozantinib may not be ideal for immunotherapy-based combination.

The occurrence and progression of HCC are always associated with dysregulation of various cellular mechanisms (e.g., proliferation, survival, angiogenesis, etc.) caused by virus infection, alcoholism, metabolic diseases, and carcinogen exposure (23). Drugs currently used for the treatment of HCC could inhibit these cellular processes by targeting multiple signaling pathways. Among all the available therapies, sorafenib, lenvatinib, and the combination of atezolizumab and bevacizumab are the first-line systemic therapy of HCC, and regorafenib, ramucirumab, and cabozantinib are second-line systemic therapy (Table 1). As an oral tyrosine kinase inhibitor that can inhibit the growth of multiple tumors by inhibiting various receptor tyrosine kinases (RTKs) (e.g., VEGFR2, c-MET), cabozantinib is approved for the treatment of patients with HCC that have been previously treated with sorafenib. From the MAIC and another similar MAIC study comparing the efficacy and safety profiles of cabozantinib with other systemic therapies (regorafenib and ramucirumab), cabozantinib achieved a similar overall survival as regorafenib or ramucirumab but significantly prolonged the progression-free survival of corresponding patients with HCC (16, 17). In addition, cabozantinib is the only drug given to all HCC patients after first-line systemic treatment (e.g., sorafenib) regardless of the baseline AFP level or the tolerability of sorafenib treatment of patients, which further distinguishes cabozantinib from ramucirumab and regorafenib (14). Furthermore, as people’s understanding of the tumor immune microenvironment in HCC continues to increase, the development of immunotherapy alone or in combination with targeted therapy has become a hot topic for the treatment of HCC. By targeting multiple RTKs, cabozantinib shows an immunomodulatory effect on the tumor microenvironment and makes tumor cells more sensitive to immune-mediated killing (24, 25). Overall, cabozantinib represents a promising drug for treating HCC as a first-line or immunotherapy-based combination therapy.


Table 1 | Overall survival and median survival periods from 6 phase 3 trials in which overall survival was the primary end-point of efficacy.



Since the clinical trials of cabozantinib-based combinations are ongoing, at this stage, however, we should go back to the preclinical studies to find more evidence that supports the use of the cabozantinib-based combinations. Thus, in the following sections, we will mainly focus on the recent advances of cabozantinib either in monotherapy or synergistic with other drugs for treating HCC in preclinical studies.




Molecular Mechanisms of Cabozantinib in Cancer Treatment

Receptor tyrosine kinases are critical regulatory signaling proteins involved in many cellular processes, including cell growth, division, survival, and migration (26, 27). Dysregulation of RTK signaling has been linked to cancer formation, progression, and metastasis. RTKs are therefore druggable targets for cancer therapy (28, 29). Cabozantinib, also known as the brand name Cabometyx, is an orally small tyrosine kinase inhibitor (TKI). It was developed by Exelixis and can target the c-MET and VEGFR2 with potent efficacy. It is also active against other RTKs, such as AXL, c-RET, c-KIT, and FLT3 (30–32). All these receptor tyrosine kinases have been reported to be involved in cancer development and progression. Cabozantinib functions by inhibiting the activities of the abovementioned multiple tyrosine kinases and preventing receptor phosphorylation and subsequent signal transduction. This leads to cancer cell apoptosis, reduced proliferation and metastasis, and decreased tumor angiogenesis, ultimately resulting in tumor regression (33, 34). For TKIs that specifically target one receptor, their therapeutic strength may be limited by the insufficient efficacy and rapid emergence of resistant clones (35, 36). Multi-tyrosine kinases inhibitors, such as cabozantinib, have the advantage of simultaneously targeting several key signaling pathways in tumor cells, providing more substantial anti-tumor activities and potentially preventing the occurrence of resistant clones.

Since c-MET, VEGFR, and AXL proteins are the three main cabozantinib targets for cancer therapy, these RTKs and how cabozantinib inhibits their activities are reported below.


c-MET Pathway

c-MET is a tyrosine kinase receptor that is mainly expressed in epithelial cells. c-MET binds to its ligand, hepatocyte growth factor (HGF), leading to the receptor homodimerization, phosphorylation of tyrosine residues, and recruitment of the downstream signaling effectors, such as phosphatidylinositol 3-kinase (PI3K) (37, 38). Thus, in normal conditions, c-MET activation, via binding to HGF, promotes epithelial cell growth. The pathway has a pivotal role in regulating embryonic development, organogenesis, and regeneration of damaged tissues in adulthood (39). Overexpression, alteration, or mutations of c-MET have been identified in multiple tumor types. Indeed, in cancers, the HGF/c-MET cascade is closely related to the proliferation, differentiation, cytoskeleton rearrangement, apoptosis resistance, and invasion of tumor cells, making c-MET a target for anticancer therapy (32, 40, 41). Cabozantinib blocks c-MET phosphorylation and inhibits its transduction by non-selectively binding to c-MET as an ATP competitor. This leads to the suppression of cancer cell survival, proliferation, invasion, or even metastasis (42).



VEGFR Pathway

VEGF is an essential protein for the growth and differentiation of endothelial cells. Specifically, it is involved in the formation of blood vessels in the embryo (known as vasculogenesis) and the development of the new blood vessels in adult tissues (known as angiogenesis) (43, 44). VEGFRs are the receptors of VEGF. There are three major isoforms of VEGFRs: VEGFR1, VEGFR2, and VEGFR3. Like c-MET, all VEGFR isoforms bind to VEGFs on the cell surface, causing dimerization, subsequent autophosphorylation, and initialization of downstream signaling pathways. These processes require additional modulators, such as heparan sulfate, neuropilins, or integrins (45, 46). Once activated, VEGFR1 functions to negatively regulate VEGFR2 and the migration of monocytes and macrophages. VEGFR2 activation triggers multiple cellular processes of VEGF, including the differentiation of vascular endothelial progenitor cells, vascular permeability, angiogenesis and endothelial cell migration, proliferation, and survival. Therefore, VEGFR2 is the major isoform that regulates angiogenesis in tumor tissues. VEGFR3 instead primarily modulates lymphangiogenesis (47–49).

Nutrients and oxygen are required for tumor growth. The development of new blood vessels, formed by the process of angiogenesis, can provide these essential elements (50). Overexpression of VEGF has been reported in many cancers, including colon, lung, and other tumors, as an essential regulator of angiogenesis. VEGF is commonly induced by cancer hypoxia due to the fast growth of the tumor and the limited number of blood vessels (49, 51). Since VEGF and VEGFR are necessary for the development and metastasis of many tumors, targeted treatments against VEGR or VEGFR can be used as an effective anticancer therapy. The mechanism of action of cabozantinib to interact with VEGFR is the same as c-MET, and the inhibition of VEGFR leads to the suppression of angiogenesis in cancer tissues.



AXL Pathway

Another primary target of cabozantinib is the AXL protein, a cell surface RTK that belongs to the TAM family, which includes TYRO3, ​​AXL, and MERTK. The ligands of AXL are the growth arrest-specific 6 (GAS6) and protein S (52). By binding to these ligands, the AXL receptor undergoes dimerization, autophosphorylation, transphosphorylation, and activation of downstream signaling pathways, such as the PI3K/AKT/mTOR and MEK/ERK cascades (53, 54). Through the transduction of these signals, AXL regulates cell proliferation, survival, epithelial-mesenchymal transition, invasion, migration, and immune function (53, 55). Clinically, the increased expression of AXL is associated with augmented invasiveness and metastasis of many tumors, including breast, lung, pancreatic, ovarian, and colon cancer. Besides, high levels of AXL1 have been linked to poor prognosis and survival outcomes (56–58). Cabozantinib inhibits AXL tyrosine kinase activity and blocks the activation of downstream pathways for cancer therapy (59).

Thus, cabozantinib exerts its clinical activity presumably by suppressing c-MET, VEGFR2, and AXL concomitantly. In addition to c-MET, VEGFR, and AXL, cabozantinib targets and inhibits other tyrosine kinases, including RET, KIT, and FLT3, also involved in tumorigenesis (Figure 2). Therefore, cabozantinib is a potent anti-tumor drug due to its ability to target multiple pathways in cancer cells, leading to decreased tumor growth and angiogenesis and eventually tumor regression.




Figure 2 | Schematic representation of the mechanism of action of cabozantinib. Administration of cabozantinib to cancer cells leads to the inhibition of several tyrosine kinases (c-MET, VEGFR2, AXL, c-KIT, c-RET, and FLT3) as well as MDR1/P-glycoprotein in the tumor cell and/or in the endothelial cell. These tyrosine kinases, once activated, induce a plethora of downstream pathways (STAT3, Ras/BRAF/MEK/ERK, AKT/mTOR, PLCγ/PKC, etc.) that lead to several biologic effects on the cells (proliferation, survival, migration, chemoresistance, etc.). These activities are blunted by cabozantinib. Black arrows indicate activation, whereas red blunted arrows indicate inhibition.






Cabozantinib Monotherapy and HCC Treatment

Cabozantinib was first approved by the U.S. Food and Drug Administration (FDA) as a first-line treatment for medullary thyroid cancer in 2012. Cabozantinib was extended to be used as a second-line treatment of kidney cancer in 2016. Currently, Cabozantinib has been investigated to treat various malignancies, including lung cancer, prostate cancer, neuroblastoma, and HCC, in clinical trials (32, 60, 61).

Overexpression or activation of c-MET has been observed in up to 40% of HCC patients. HCC is also known to be hyper-vascular, indicating increased angiogenesis in this tumor type. Cabozantinib, due to its property of targeting multiple pathways related to HCC development and progression, represents a promising drug for the treatment of this deadly malignancy (62).

Many studies have reported the efficacy of cabozantinib on HCC in vitro and in vivo. In 2014, Xiang et al. showed that cabozantinib could inhibit the proliferation, migration, and invasion of p-MET-overexpressing HCC cells by suppressing the activity of MET and its downstream effectors, including STAT3, AKT, and ERK1/2, at nM concentrations (63). Moreover, cabozantinib treatment hampered the growth of HCC tumors by repressing angiogenesis, inhibiting proliferation, and inducing apoptosis and metastasis in vivo using xenograft models (63). Importantly, it was shown that cabozantinib efficacy was more pronounced on HCC xenograft models characterized by activation of c-MET (63). Recently, Caruso’s group conducted a screening experiment to evaluate the effectiveness of 31 drugs approved by the FDA or under clinical investigations for treating HCC using a panel of liver cancer cell lines (64). The results indicated that all multikinase inhibitors, including cabozantinib, had overall weak efficacy over 34 liver cancer cell lines. However, cabozantinib was efficacious on liver cancer cell lines expressing epithelial features genes of hepatocyte and liver progenitor markers. In particular, cabozantinib was highly cytotoxic on c-MET-amplified cell lines (64). These findings suggest that the anti-proliferative activity of cabozantinib on liver cancer cells is limited, and its anticancer effect is more likely due to its action on the tumor microenvironment. In the same investigation, it was also found that overexpression of NBAS and LAPTMA4 genes may result in resistance to cabozantinib (64).

Another study conducted by Rodríguez-Hernández MA et al. examined the potency of TKIs against liver cancer cells that have different cell differentiation stages and p53 expression (65). Cabozantinib was shown to be more cytotoxic on SNU423, SNU449, and Huh7 cells (poorly to moderately differentiated cells with deleted or mutated p53) than HepG2 and Hep3B cells (highly differentiated cells with wild-type or non-sense mutated p53), suggesting that cabozantinib was particularly effective on poorly differentiated HCC cell lines harboring mutation or lack of p53. These poorly differentiated cells were reported to have a lower basal oxygen consumption rate, ATP generation, and maximum respiratory capacity than well-differentiated HCC cells, implying the potential of cabozantinib to target the tumor microenvironment as reported by Caruso’s study (64, 65). Shang et al. also evaluated cabozantinib’s efficacy in a panel of 14 human HCC cell lines. The authors found that hyperphosphorylated/activated (p)-MET, total (t)-AXL, and p-ERK1/2 levels were inversely correlated with cabozantinib half-maximal inhibitory concentration (IC50) (66). Overall, all the cell line studies support the hypothesis that cabozantinib inhibits HCC growth mainly via the c-MET pathway.

To further illustrate the therapeutic efficacy of cabozantinib for HCC treatment, Shang et al. determined the effects of cabozantinib in four oncogene-driven murine HCC models, including the c-Met/β-Catenin (67), Akt/c-Met (68), Akt/Ras (69), and c-Myc (70) mice. Specifically, it was found that cabozantinib treatment led to stable disease in c-Met/β-catenin and Akt/c-Met mouse lesions, whereas it did not display efficacy in Akt/Ras and c-Myc mouse HCC models. Mechanistically, it was shown that in c-Met/β-catenin and Akt/c-Met HCC lesions, cabozantinib strongly inhibited p-Met levels, leading to decreased phosphorylated/activated (p)-Erk1/2 levels. In contrast, while c-Met protein expression could be detected in Akt/Ras and c-Myc mouse HCC, c-Met was not activated in these mouse HCCs, and p-Erk1/2 expression was not affected by cabozantinib administration. Interestingly, cabozantinib treatment resulted in the pronounced decreased expression of pyruvate kinase isozymes M2 (PKM2) in c-Met/β-catenin and Akt/c-Met HCC as well as human HCC cells. As PKM2 is a major enzyme regulating glycolysis, the results suggest that cabozantinib may affect HCC glycolysis. Another important conclusion from the study was that cabozantinib could modulate tumor microenvironment as it inhibited tumor angiogenesis via suppressing phosphorylated/activated (p-)VEGFR2 regardless of the oncogenic drivers. The inhibition of angiogenesis led to extensive tumor necrosis in c-Myc and Akt/Ras HCC models. On the other hand, cabozantinib treatment had a limited impact on cancer-associated fibroblasts, macrophages, and tumor-infiltrating T cells.

In summary, combining in vitro and in vivo studies, the study by Shang et al. indicates that cabozantinib might be effective against a subset of human HCCs with activated c-MET signaling via suppressing the c-MET/ERK pathway. Furthermore, cabozantinib is a potent angiogenesis inhibitor, although inhibition of angiogenesis alone may not be effective in arresting HCC progression.



Cabozantinib Based Combination Therapies for HCC

Drug combination therapy is widely recognized to be more efficient in treating cancer than the administration of a single drug. Due to the somehow moderate efficacy of cabozantinib for cancer treatment, it has been suggested to combine cabozantinib with other medications for increased effectiveness and/or decreased toxicity. For instance, a mouse colon cancer cell line showed that cabozantinib, in combination with a poxviral-based cancer vaccine targeting a self-antigen, reduced Treg cells in the tumor and increased cytokine production by the effector T cells, leading to significantly increased anti-tumor activity (24).

The first preclinical cabozantinib-based combination therapy was reported by Wang et al. (71). They showed the combined use of cabozantinib with the novel focal adhesion kinase (FAK) inhibitor CT-707 in suppressing HCC. At the molecular level, the authors discovered that cabozantinib treatment in HCC cell lines leads to FAK activation (71). FAK is known to promote cell proliferation, survival, and migration and stimulate tumor angiogenesis (72). Thus, the compensatory activation of the FAK pathway might cripple the therapeutic efficacy of cabozantinib for HCC treatment. The authors applied CT-707, a FAK inhibitor, in combination with cabozantinib to test this hypothesis. The results suggested that cabozantinib and CT-707 synergized to suppress HCC growth in vitro. The combination therapy also demonstrated increased efficacy in a HepG2 xenograft model (71). Thus, the combined administration of cabozantinib and FAK inhibitors might be a promising strategy for treating HCC.

Additionally, Dong et al. reported that tumor-associated M2 macrophages could secrete HGF to make liver cancer cells resistant to sorafenib treatment (73). HGF secreted by M2 macrophages and tumor cells activated many growth factor cascades involved in tumorigenesis, such as HGF/c-MET, MAPK/ERK1/2, and PI3K/AKT pathways. HGF could also recruit and accumulate more tumor-associated M2 macrophages in tumors and thus increase the resistance to sorafenib treatment. A previous analysis of biomarkers in samples from phase 3 clinical trials of sorafenib treatment showed that patients with lower plasma HGF concentrations before treatment might have a higher survival rate, emphasizing that tumor-related M2 macrophages and HGF in tumors are of great importance in response to sorafenib therapy (74). These studies provide new insights for treating sorafenib resistance in HCC via a combination of sorafenib and HGF inhibitors. As a multikinase inhibitor with an effective inhibitory effect on c-MET, cabozantinib, in combination with sorafenib, might contribute to improved efficacy of first-line systemic therapy with sorafenib.

Recently, in the study by Shang et al., it was discovered that despite cabozantinib was effective in inhibiting activated c-MET dependent p-ERK levels, it failed to suppress AKT/mTOR pathway in HCC cells (66). Activated AKT/mTOR signaling is a pivotal pathway regulating HCC growth, survival, and metabolism (75). Therefore, targeting the mTOR pathway has been suggested as a potential therapeutic approach in many cancer types, including HCC (75). It is worth noting that clinical studies have demonstrated that mTOR inhibitors have limited efficacy against advanced HCC when used as monotherapy (76). Based on these data, it was hypothesized that combined cabozantinib and mTOR inhibitors might possess improved efficacy against HCC. To test this hypothesis, MLN0128, a pan-mTOR inhibitor targeting both mTORC1 and mTORC2 complexes, was used (66). In human HCC cell lines, cabozantinib and MLN0128 synergized to inhibit HCC cell growth. Subsequently, the authors tested the combination of cabozantinib and MLN0128 in the c-MET/β-catenin HCC model. MLN0128 treatment alone did not demonstrate any therapeutic efficacy. Cabozantinib, used as a single agent, led to stable disease. In striking contrast, the combination treatment resulted in remarkable tumor regression (66). At the cellular level, the combination treatment led to potent inhibition of tumor cell proliferation and elevated apoptosis, leading to large areas of necrosis within the tumor lesions. At the molecular level, the combination therapy effectively inhibited the expression of p-MET, p-ERK, p-AKT, and p-mTOR in HCC cells and the c-MET/β-catenin mouse HCC lesions. Taken together, these data indicate that the combination of cabozantinib and mTOR inhibitors might represent a novel and effective treatment for advanced HCC.

Currently, clinical trials combining cabozantinib and immune checkpoint inhibitors, including PD-L1 (Trial ID: NCT03755791) and PD-1 (Trial ID: NCT04442581) for HCC treatment, are ongoing. The efficacy of cabozantinib and anti-PDL-1 antibody combination therapy was examined in the four mouse HCC models described above. Unfortunately, in contrast to a previous study suggesting that c-MET suppression leads to augmented PDL-1 expression in HCC (77), cabozantinib treatment did not increase PDL-1 levels in HCC cell lines and the mouse HCC models examined. Moreover, co-administration of cabozantinib and the anti-PDL-1 antibody did not lead to increased antineoplastic efficacy in the four murine HCC models examined (66). While the results do not provide preclinical support for the combination of cabozantinib and immune checkpoint inhibitors for HCC treatment, it is crucial to recognize that mouse models may not fully recapitulate the human disease, and additional studies are required to address this important issue. The possible therapeutic strategies of combining cabozantinib with other drugs are summarized in Figure 3.




Figure 3 | Schematic representation of the possible therapeutic strategies coupling cabozantinib to other signaling inhibitors in preclinical models of HCC. It has been previously shown that cabozantinib treatment on HCC cells leads to the compensatory activation (dotted, black line) of the FAK pathway, in which the use of FAK inhibitors can overcome. A synergistic, antineoplastic effect has also been observed when cabozantinib was co-administered to AKT/mTOR inhibitors. In addition, targeting the IGFR1 and FGFR1 pathways might hinder the resistance of cancer cells to cabozantinib administration. A possible synergistic effect could also be achieved with the concomitant treatment with cabozantinib and immune checkpoint inhibitors, although the data in this regard are contradictory (question mark).





Cabozantinib and HCC: Obstacles

The use of cabozantinib in the clinic is frequently related to high-level adverse events. The grade 3 or 4 adverse events of cabozantinib are more common, such as hypertension, palmar-plantar erythrodysesthesia, diarrhea, fatigue, hand-foot syndrome, and increased aspartate aminotransferase level (13). In addition, six patients taking cabozantinib experienced each of the following grade 5 adverse events: liver failure, bronchoesophageal fistula, portal vein thrombosis, upper gastrointestinal bleeding, pulmonary embolism, and hepatorenal syndrome. Immune checkpoint inhibitors may be associated with immune-related side effects in the skin, intestine, thyroid, adrenal glands, lungs, or liver (78). A meta-analysis of randomized phase 2 and 3 immunotherapy trials demonstrated that immune checkpoint inhibitors were associated with all-grade colitis, elevated aspartate aminotransferase, skin rash, hypothyroidism, and pneumonia (79). Among them, the incidence of high-grade colitis and elevated aspartate aminotransferase levels was significantly higher. Therefore, when immune checkpoint inhibitors are used in combination with cabozantinib, diarrhea and elevated aspartate aminotransferase levels may be hard to avoid due to the same adverse events that appear in treatments with cabozantinib and immune checkpoint inhibitors.

The late diagnosis due to the lack of specific symptoms and reliable predictive biomarkers is often responsible for HCC’s poor prognosis. During the past decades, blood levels of the tumor marker serum alpha-fetoprotein and medical imaging have been the primary diagnostic methods for this disease. However, these tools are usually valuable for diagnosing HCC at the late stage. Therefore, people have made great efforts to discover biomarkers to identify the tumor in its early phases. Several novel biomarkers with high sensitivity and specificity, such as DCP, GPC3, and MDK, and biomarkers associated with poor outcomes, including p-ERK1/2, CD24, and MMP-12, have been identified (80). However, these biomarkers still require verification and recognition in HCC clinical trials and among different populations. In the SHARP phase 3 clinical trial, the plasma concentrations of angiopoietin 2 and VEGFA proteins were established as independent predictors for the survival of patients with advanced HCC. However, these biomarkers could not predict the prognosis of HCC patients treated with sorafenib, lenvatinib, or other oral medications (74, 81). The albumin-bilirubin levels can also predict the prognosis of patients with HCC, and a high level of bilirubin and a low level of albumin indicate a worse outcome (82). Compared with patients receiving placebo, patients treated with cabozantinib had more prolonged overall survival and progression-free survival, although these beneficial effects were not significantly related to the albumin-bilirubin levels (83). Thus, one future direction to help HCC treatment is to identify more predictive biomarkers for systemic therapy.

Cabozantinib was reported as a substrate of CYP3A4, a critical enzyme mainly found in the liver and intestine, and multidrug resistance protein 2 in vitro (84). After long-term use, cabozantinib would be expelled out of the cancer cells and contribute to the development of resistance when the expressions of CYP3A4 and multidrug resistance protein 2 increased. Therefore, finding an efficient CYP3A4 inhibitor or multidrug resistance protein 2 inhibitor may improve the systematic exposure of cabozantinib in cancer therapy under the premise of ensuring the safety of patients.

Besides the fact that cabozantinib is a substrate of ABC-transporters, it has been shown that the acquired resistance of cabozantinib would be developed with but not limited to the following mechanisms. First, in metastatic prostate cancer, some tumor cells still survived and expressed high levels of pFAK-Y397 and pTalin-S425, which are mediators of integrin signaling, after cabozantinib treatment (85). Using the FAK inhibitor PF-562271 to target integrin could inhibit FAK phosphorylation and reduce the survival rate of prostate cancer cells. Compared with the treatment with cabozantinib alone, the combination of PF-562271 and cabozantinib delayed tumor recurrence, suggesting that the activated integrin signaling pathway contributes to the resistance to cabozantinib. Second, Somwar et al. performed next-generation sequencing on tumor samples after cabozantinib treatment and found that de novo MDM2 amplification or TP53 mutations appeared in 50% of patients’ tumors (86). Acquired MDM2 amplification was detected in 50% of patients who relapsed after treatment with cabozantinib. When authors applied a combination treatment of cabozantinib and an MDM2 inhibitor, AMG232, on lung cancer, the synergistic therapy was shown to be more efficacious in suppressing lung cancer growth than monotherapy in vitro and in vivo, demonstrating that MDM2 amplification could be a potential mechanism of cabozantinib resistance in the clinic. Third, as reported by Varkaris et al. (87), cabozantinib can effectively inhibit tumor growth in the PDX models of prostate cancer and angiogenesis. However, residual tumor cells survived from cabozantinib treatment due to vascular heterogeneity represents a mechanism of cabozantinib resistance, and the initiation of the expression of FGFR1 in tumor cells is another potential mechanism of acquired resistance to cabozantinib (87). In the following study conducted by Koinis et al. (88), the authors showed that in prostate cancer, the inhibition of MET caused by cabozantinib treatment was through the activation of FGFR1. At the molecular level, FGFR1 was activated through a YAP/TBX5-dependent mechanism. Thus, YAP and its downstream target, TBX5, are critical factors in inducing the acquired resistance of cabozantinib. Furthermore, cabozantinib was demonstrated to inhibit the proliferation of osteoblasts via inhibiting VEGFR2 and MET in primary mouse osteoblasts, but it enhanced their differentiation (89). Subsequent mechanistic studies showed that during cabozantinib treatment, osteoblasts secreted a series of proteins, including pappalysin, IGFBP2, WNT 16, LEFTY1, and DKK1, which helped to inhibit the proliferation of osteoblasts and stimulate differentiation. The authors further found that these cabozantinib-induced secreted factors could contribute to cabozantinib resistance when treating the prostate cancer cells with the medium containing the secreted factors (89).

Last but not least, the Fuse group established several TKI-resistant cells, one of which was the cabozantinib-resistant KM12 cell line (90). The authors found that the activation of insulin growth factor receptor type 1 (IGFR1) was the primary mechanism causing the resistance to cabozantinib, and the combination of cabozantinib with an IGF1R inhibitor, such as OSI-906, could overcome cabozantinib resistance in KM12 cells. Even though the development of cabozantinib resistance has not been reported in HCC (at least from my search), the abovementioned mechanisms could also be a problem in the future treatment of HCC. Thus, more research on proper combination treatments to circumvent cabozantinib resistance needs attention.



Cabozantinib and HCC: Future Directions

In cancer research, the use of predictive animal models for developing and evaluating the drugs at the preclinical level is of pivotal importance. Nonetheless, several studies showed that the anticancer activity of some agents in tumor models was not closely related to the effect in cancer patients, which questions the importance of preclinical models for the human disease. Although the results of at least one-third of the preclinical xenograft models have been validated in phase II clinical trials, the in vivo activity prediction of anticancer compounds using cell line-based traditional xenograft models for specific cancer types in the clinics is still poor (91). Noticeably, the cancer organoids or patient-derived tumor xenograft (PDX) models exhibit clinical specimens’ true tumor heterogeneity and genetic characteristics. Moreover, PDX models retain the histological and genetic features during the passages in vitro. Thus, they could be effectively used as a substitute model for the preclinical evaluation of new drugs (92). Thus, the use of cancer organoids or PDX models might be of significant help to validate preclinically the efficacy of novel targeted therapies against HCC.

In 2015, Xiang’s group reported that cabozantinib could overcome the multidrug resistance of HCC cells by inhibiting the function of multidrug resistance 1(MDR1)/P-glycoprotein (93). Thus, cabozantinib might be used in association with other chemotherapeutic agents whose potency is either completely hampered or reduced by P-glycoprotein overexpression. The treatment of HCC could also be improved by combining the administration of cabozantinib with immunotherapy, such as immune checkpoint inhibitors. Indeed, previous evidence indicates that the combination of targeted drugs (e.g., lenvatinib, bevacizumab) and PD-1 inhibitors (e.g., pembrolizumab, atezolizumab) is effective in ~30% of HCC at the clinical level (6, 94).

Although cabozantinib has many advantages for the treatment of HCC over other drugs, including the bioavailability, tolerable adverse events, and the ability to overcome P-glycoprotein overexpression, the efficacy of cabozantinib is often compromised by the development of drug resistance. Thus, additional studies are necessary to understand better the molecular mechanisms responsible for resistance to cabozantinib in HCC as well as to design therapeutic strategies aimed at preventing these compensatory events induced by HCC cells. In this regard, preliminary investigations support the use of either FAK (71) or mTOR inhibitors (66) in combination with cabozantinib for a more robust antineoplastic activity in HCC. Innovative approaches using high-throughput methodologies and additional investigations should be conducted to elucidate this crucial issue.
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Background

Postoperative adjuvant transcatheter arterial chemoembolization (PA-TACE) is effective in preventing the recurrence of hepatocellular carcinoma (HCC) in patients treated with surgery. However, there is a lack of reports studying the risk factors associated with recurrence in HCC patients who received PA-TACE. In this study, we identified the independent risk factors for recurrence of HCC patients who received PA-TACE. We also developed a novel, effective, and valid nomogram to predict the individual probability of recurrence, 1, 3, and 5 years after PA-TACE.



Methods

A retrospective study was performed to identify the independent risk factors for recurrence of HCC in a group of 502 patients diagnosed in stage B based on the Barcelona Clinic Liver Cancer (BCLC) evaluation system for HCC that underwent curative resections. Then, subgroup analysis was performed for 184 patients who received PA-TACE, who were included in the training cohort. The other 147 HCC patients were included in a validation cohort. A recurrence-free survival (RFS)-predicting nomogram was constructed, and results were assessed using calibration and decision curves and a time-dependent AUC diagram.



Results

PA-TACE was shown to be a significant independent prognostic value for patients with BCLC stage B [p < 0.001, hazard ratio (HR) = 0.508, 95% CI = 0.375–0.689 for OS, p = 0.002; HR = 0.670, 95%CI = 0.517–0.868 for RFS]. Alpha fetoprotein (AFP), tumor number, tumor size, microvascular invasion (MVI), and differentiation were considered as independent risk factors for RFS in the training cohort, and these were further confirmed in the validation cohort. Next, a nomogram was constructed to predict RFS. The C-index for RFS in the nomogram was 0.721 (95% CI = 0.718–0.724), which was higher than SNACOR, HAP, and CHIP scores (0.587, 0.573, and 0.607, respectively). Calibration and decision curve analyses and a time-dependent AUC diagram were used. Our nomogram showed stronger performance than these other nomograms in both the training and validation cohorts.



Conclusions

HCC patients diagnosed as stage B according to BCLC may benefit from PA-TACE after surgery. The RFS nomogram presented here provides an accurate and reliable prognostic model to monitor recurrence. Patients with a high recurrence score based on the nomogram should receive additional high-end imaging exams and shorter timeframes in between follow-up visits.





Keywords: PA-TACE, hepatocellular carcinoma, nomogram, prognosis, RFS



Introduction

Hepatocellular carcinoma (HCC) is one of the most malignant cancers resulting in high morbidity and mortality rates (1, 2). Currently, radical excision and TACE were established and proven to be therapeutic strategies for HCC (3, 4). The Barcelona Clinic Liver Cancer (BCLC) staging system is the most widely used evaluation system to identify therapeutic allocation and prognostic stratification for a patient. However, the presence of heterogeneous characteristics in patients at the same stage, especially in stage B based on BCLC classification has made this difficult (5–8). Furthermore, the recurrence and metastasis rates after resection remain high, and therapy for HCC patients requires more individualized treatment. This is especially for stage B BCLC-classified HCC patients who received (9).

Stage B classified HCC patients comprise a heterogeneous population, and several scoring systems have been proposed to predict the outcomes of TACE in these patients. However, applying these scores to a clinical setting has not been properly validated. Various scoring systems predicting the prognosis of HCC patients receiving different therapies are available. In the setting of TACE, a considerable number of scores, such as Child–Pugh, HAP  (10), CHIP (Chiba HCC in intermediate-stage prognostic 2015) (11), and SNACOR (12) aim to predict the prognosis and overall survival of HCC patients undergoing therapy. However, there is a lack of dating when it comes to routine clinical or comparative data between the scores. Therefore, the study presented here aimed to identify the value of PA-TACE in these HCC patients and retrospectively assess the proposed scoring systems in HCC patients eligible for PA-TACE. Moreover, we aimed to identify the predictive factors for survival and construct a novel, individual predicative system for RFS in stage B HCC patients.



Materials and Methods


Patients

A group of 502 patients with stage B HCC (based on the BCLC evaluation scale) were retrospectively included in this study. These patients received curative resection surgery at Eastern Hepatobilliary Surgery Hospital, The Second Military Medical University, from 2014 to 2015. The inclusion criteria to include patients in this study were the following (1): patients with precise pathological diagnosis of HCC and assessed at BCLC stage B (2), patients underwent radical resection (3), patients with no complications from other malignant tumors (4), patients with complete clinicopathological and follow-up data, and (5) patients with no evidence of extrahepatic metastasis or primary cancers in other organs. An additional 147 HCC patients who received PA-TACE were included in this study as a validation cohort and contained the same criteria. This study’s protocol was approved by the Clinical Research Ethic Committee.



Examinations and Follow-Ups

Tumor number and size were measured using enhanced magnetic resonance imaging (MRI) or enhanced computed tomography (CT) before surgery and confirmed during operation. All patients were examined every 3 months during the first 2 years after surgery and every 3–6 months after. Every patient received a routine liver function review, serum alpha fetoprotein (AFP) analysis, chest X-ray, and abdominal ultrasound during follow-up visits. When recurrence was suspected, enhanced CT, enhanced MRI, or positron emission tomography-computer tomography (PET-CT) were used for confirmation.

The period from the time of resection to the time of death or last follow-up was defined as overall survival (OS). RFS was calculated as the period between the operation and time of recurrence. If recurrence was not identified, RFS was calculated from the time of surgery to the time of death or last follow-up.



Statistical Analysis

Statistical analysis was performed using SPSS version 21 (IBM Corporation, Armonk, NY, USA). Associations between variables were analyzed using the Pearson chi-squared test. Univariate and multivariate analyses of independent prognostic factors were performed using the Cox proportional hazards model. A nomogram was developed using R software version 3.0.2.




Results


Patients Demographics and Clinical Characteristics

The 502 HCC patients were divided into a group that received PA-TACE and a group that did not receive PA-TACE. To construct a reliable and individual predicative system for RFS, 184 patients who received PA-TACE were included in the training cohort, and 147 patients who received PA-TACE following the same screening criterion were included in the validation cohort. After, a novel nomogram was produced to predict RFS for stage B HCC patients who received PA-TACE after radical resection (Figure 1).




Figure 1 | Study overview. 1. Stage B HCC patients who received radical resection from 2014 to 2015 were evaluated. A total of 502 patients were enrolled in our study, and patients were removed based on struct inclusion criteria needed for further analysis. 2. These patients were divided into a PA-TACE group or a group without PA-TACE group. 3. Finally, 184 patients who received PA-TACE were included in the training cohort, and an additional 147 patients who received PA-TACE following the same screening criterion as the training cohort were included in a validation cohort. 4. A novel nomogram was produced to predict RFS in HCC patients who received PA-TACE after radical resection.



The detailed clinical characteristics for the patients included in this study are presented in Table 1. Most of the patients included in this study were male (83.3%), and 79.1% of the patients included were younger than 60 years of age. In addition, 85.3% of the patients were positive for hepatitis B surface antigen (HBsAg), and 25.9% of the patients were diagnosed with cirrhosis. The clinical characteristics between patients who received or did not receive PA-TACE showed no significant differences (Table 1).


Table 1 | Demographic and clinical characteristics of patients.





Identification of Risk and Protective Factors for OS and RFS in 502 HCC Patients With BCLC Stage B

The results from the univariate analysis found the following associations with OS and RFS, respectively: HBsAg (p = 0.045 and 0.016), AFP (p = 0.001 and 0.027), GGT (p = 0.007 and 0.033), cirrhosis (p = 0.003 and 0.002), tumor number (p < 0.001), tumor size (p < 0.001 and 0.003), MVI (p = 0.001 and < 0.001), differentiation (p = 0.0045 and 0.03), and PA-TACE (p < 0.001 and 0.001). Age (p = 0.02) was also found to have a connection with RFS, and ALB (p = 0.033) was found to be connected to OS. However, based on the multivariate analysis, only tumor number [p = 0.001, hazard ratio (HR) = 1.731, 95% CI = 1.271–2.537], tumor size (p < 0.001, HR = 1.748, 95% CI = 1.304–2.342), MVI (p = 0.023, HR = 1.373, 95% CI = 1.044-1.807), differentiation (p = 0.037, HR = 1.349, 95% CI = 1.018–1.787), and PA-TACE (p < 0.001, HR = 0.508, 95% CI = 0.375–0.689) remained as significant predictors for OS. In terms of RFS, tumor number (p = 0.011, HR = 1.467, 95% CI = 1.093–1.968), tumor size (p = 0.04, HR = 1.313, 95% CI = 1.013–1.703), MVI (p = 0.005, HR = 1.436, 95% CI = 1.118–1.843), PA-TACE (p = 0.002, HR = 0.670, 95% CI = 0.517–0.868) were shown to be influential factors (Table 2). Kaplan–Meier survival curves revealed that PA-TACE was a significant prognostic value for both OS and RFS (Supplementary Figure 1).


Table 2 | Univariate and multivariate analyses for OS and RFS in patients with 502 HCC.





Further Identification of Risk Factors for RFS in the Subgroup Analysis of 184 HCC Patients Who Underwent PA-TACE as the Training Cohort and Another 147 Patients as Validation Cohort

Univariate analysis revealed that age (p = 0.039), AFP (p = 0.008), GGT (p = 0.024), tumor number (p = 0.004), MVI (p = 0.001), and differentiation (p = 0.048) were associated with RFS. Based on multivariate analysis, AFP (p = 0.024, HR = 1.689, 95% CI = 1.072–2.661), tumor number (p = 0.002, HR = 2.021, 95% CI = 1.301–3.138), tumor size (p = 0.028, HR = 1.627, 95% CI = 1.027–2.576), MVI (p = 0.013, HR = 1.751, 95% CI = 1.127–2.721), and differentiation (p = 0.028, HR = 1.657, 95% CI = 1.055–2.600) showed a strong connection to RFS in the training cohort. Surprisingly, AFP, MVI, differentiation, tumor size, and tumor number were found to be significant independent risk values for RFS in the validation cohort (Table 3).


Table 3 | Univariate and multivariate analyses of RFS in training and validation cohort HCC patients underwent PA-TACE.





A Prognostic Nomogram for RFS and Calibration Curve Evaluation

All independent factors for RFS were integrated into the newly established nomogram (Figure 2A). In addition, there was high consistency between the predictions of the nomogram and actual observations as shown based on the calibration curve for RFS both 3 and 5 years after surgery (Figures 2B, C).




Figure 2 | Nomogram, calibration curve, decision curve, and time-dependent AUC analyses for HCC patients who received PA-TACE. (A) The novel nomogram constructed to predict RFS was generated by incorporating the variables of AFP, MVI, tumor number, tumor size, and differentiation. The 3- and 5-year calibration curves for predicting RFS in patients in both the training and validation cohorts are illustrated in Panels (B, C). The DCA for the nomogram and common clinical staging systems were used to predict the clinical net benefit in comparison to the integrated nomogram, CHIP, HAP, and SNACOR scores in terms of 3- and 5-year RFS in both the training (D) and validation cohorts (E). (F) A time-dependent AUC curve for our nomogram compared to CHIP, HAP, and SNACOR. Compared to the other systems, our nomogram showed the greatest prediction for recurrence in both training and validation cohorts.





Analysis of the New Nomogram Using Both Training and Validation Cohorts

The distinction between the scores obtained for SNACOR, HAP, and CHIP score were compared to determine whether our nomogram was both an efficient and reasonable prognostic model. Even though SNACOR, HAP, and CHIP scores are commonly used for prognosis determination in first-time HCC patients receiving PA-TACE, they do not evaluate RFS. The C-index is a representative method that assesses the degree of consistency between the prediction and actual observations. The distinction ability of our nomogram ranked first based on a C-index of 0.721 (95% CI = 0.718–0.724) and 0.702 (95% CI = 0.699–0.705) for both training and validation cohorts, respectively. These scores were greater than the values obtained using SNACOR, HAP, and CHIP scores (Table 4). These results indicate that our new nomogram is a reliable predictor of RFS for HCC patients who receive PA-TACE for the first time.


Table 4 | Ranking of clinical staging system using C-index for RFS in training and validation cohort.





Evaluation of the Clinical Benefit of our New Nomogram Based on Decision Curve Analysis

Decision curve analysis (DCA) is an approach used to estimate the clinical effects of a diagnostic test while considering the subjective nature of risk. In this study, we evaluated the clinical application of our nomogram. These results revealed that the newly constructed tool presented a better net benefit with a higher threshold probability and improved performance for predicting 3- and 5-year RFS than SNACOR, HAP, and CHIP scores in both training and validation cohorts (Figures 2D, E). Moreover, the AUC diagram also indicated that our nomogram showed stronger overall performance compared with SNACOR, HAP, and CHIP (Figure 2F).




Discussion

Postoperative tumor recurrence greatly threatens the survival of patients diagnosed with HCC (13). PA-TACE is regarded as one of the major treatment measures for HCC patients after surgery. However, there is a lack of reports investigating risk factors for tumor recurrence for HCC patients who underwent TACE treatment after operation (14, 15). In this study, we identified the independent risk factors for recurrence of HCC in patients who underwent curative resection and developed a novel, effective, and valid nomogram for predicting the individual probability of recurrence 1, 3, and 5 years after PA-TACE treatment. AFP, tumor size, tumor differentiation, tumor number, and MVI were included into the nomogram. Moreover, the nomogram presented a high discriminatory ability. In a subsequent study, we used calibration and decision curve analyses to assess the precision of predictions and clinical utility of the nomogram. Our model showed a better net benefit and higher uniformity between the nomogram prediction and the actual observation in both training and validation cohorts.

Many studies have presented the essential role of tumor grade, tumor burden, and liver function in the prognosis of HCC patients before they receive their first TACE therapy (16). The CHIP score, first proposed by Ogasawara et al. in 2015, includes liver function (Child–Pugh score) and tumor characteristics (number, HCV) (11). However, the evaluation of tumor characteristics based only on these two parameters limited the use of this score system in different types of HCC patients. The HAP score takes into account four parameters (ALB, TBIL, AFP, and tumor size) and is divided into four levels (HAP-A, HAP-B, HAP-C, and HAP-D) (10). However, another multicenter research study demonstrated that the TBIL parameter in this tool was meaningless (17). Moreover, the HAP score excludes tumor number, which plays an essential role in CLIP and BCLC (18). The SNACOR score system, first introduced by Kim et al. in 2016, includes liver function, tumor characteristics, and tumor imaging response (12). However, among the subjects included in that study, 32% (109/340) of the patients achieved complete remission based on tumor imaging response after the first TACE treatment. These data are too optimistic, one-sided, and do not match what is observed in actual clinical practice. The ART (19)and ABCR score (20) systems were also two important prediction systems used for HCC patients who were retreated with TACE, allowing for the understanding of the reaction of the tumor from the original treatment. In our study, it is difficult to accurately score patients who may have achieved a tumor-free status when receiving PA-TACE. Hence, the ART and ABCR score systems were not utilized in our study. Moreover, neither scoring system was established for the prediction of RFS in postoperative HCC patients.

A nomogram can be composed of several individual clinical variables and provide personalization for each patient. Based on the data presented in this study, it is apparent that our model is advantageous in the accuracy of predicting prognosis of HCC patients relative to conventional scoring systems (10, 11, 18). Similar to previous work, our results demonstrated that our new nomogram showed greater prediction accuracy for RFS than CHIP (0.607), HAP (0.573), and SNACOR (0.587), having a c-index of 0.721. In a subsequent experiment, our nomogram was retested using calibration and decision curve analyses and showed increasing accuracy and better net benefit for RFS prediction.

Our final nomogram integrated five independent risk factors for RFS of stage B HCC patients who received PA-TACE, including AFP, tumor size, tumor differentiation, tumor number, and MVI. Interestingly, the number of times a patient received postoperative TACE may be a significant risk variate for HCC recurrence. However, this was not considered in our study since most patients who underwent prophylactic treatment usually received PA-TACE two or three times, which does not show a significant difference. AFP is a critical risk factor for recurrence of HCC in patients (21). Tumor size, number, and differentiation are strongly associated with tumor development and metastasis (22–25). MVI is a well-known potential risk factor related to HCC recurrence (26). Early recurrence observed in HCC patients is typically a result of MVI, particularly in regions with tumor thrombus (27–29). Our nomogram displayed better predicative ability for the recurrence of HCC in patients who received TACE. Therefore, our new nomogram can be used to guide routine follow-ups in patients. AFP, tumor size, tumor differentiation, tumor number, and MVI should be observed in patients who received TACE. Moreover, patients who show a high recurrence score as predicted by the nomogram should receive additional high-end imaging examinations, such as MRI or CT exams, and more examinations in a shorter timeframe, even if the last exam after TACE showed no signs of recurrence.

Even though our nomogram works well, there are several limitations that still need to be addressed. First, the study presented here was a retrospective study performed at a single medical center, and additional studies are needed at other centers that verify these findings through prospective studies. Second, stage B HCC patients show great heterogeneity in their characteristics, and thus, markers or identifiers need to be uncovered to evaluate patients who received PA-TACE more precisely. Third, patient selection bias is another factor limiting this study. Finally, the parameter selection system used is subjected to shortcomings and may not fully evaluate all potential parameters.



Conclusions

In conclusion, stage B HCC patients may benefit from PA-TACE after radical surgery. The RFS nomogram presented in this study provides an accurate and reliable prognostic model for HCC patients classified as stage B based on BCLC who received PA-TACE to facilitate recurrence surveillance. Patients who show a high recurrence score based on the nomogram should receive additional examinations and procedures to closely monitor chances of recurrence.
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Objectives

To discriminate viable tumors from benign periablational enhancement (BPE) in early stage after radiofrequency ablation (RFA) is a major confounding problem. The goal of this study is to evaluate quantitative assessment and diagnostic value of CT perfusion between viable tumors and BPE after RFA in the rabbit liver VX2 tumor model, with pathological results as the standard.



Methods

Twenty-eight VX2 liver tumors were treated with RFA, on days 1, 3, 7, and 14, seven rabbits were randomly chosen for CT perfusion and performed pathology examinations immediately. The perfusion parameters along with the profile of time-density curves (TDCs) and pseudo-color images of the parameters were observed in both BPE and viable tumors, then compared with the pathology results. The perfusion parameters included blood flow (BF), blood volume (BV), time to peak (TTP), permeability (P), arterial liver perfusion (ALP), portal venous perfusion (PVP) and hepatic perfusion index (HPI).



Results

A total of 26/28 rabbits successfully underwent CT perfusion, while 6/26 lesions were confirmed to be viable tumors. The TDCs of BPE were mainly speed-up platform curves (15/26), while the viable tumors showed mainly speed-up speed-down (3/6) and speed-up platform (2/6) curves. The PVP values were significantly higher, and the HPI values were significantly lower for BPE at all time points than viable tumors (P < 0.05). Both of PVP value and HPI value have high efficiency for the differential diagnosis of the viable tumors and BPE at each time point. These characteristics of CT perfusion parameters were consistent with pathological changes.



Conclusions

The TDCs, PVP and HPI have the potential to indicate BPE and viable tumors effectively early after RFA treatment, the results were highly consistent with pathology. CT perfusion has advantages with great efficacy in monitoring the therapeutic effect early after RFA treatment.





Keywords: radiofrequency ablation, HCC, computed tomography, CT perfusion images, VX2 tumor models



Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in China, and its incidence and mortality rates rank first worldwide. However, less than 30% of patients have the opportunity to undergo surgery when treated in the hospital for a variety of reasons. Therefore, local tumor ablation therapies, especially radiofrequency ablation (RFA), have become the most frequently used alternative treatments for unresectable liver tumors (1–5).

However, local residual and recurrent tumors due to several possible factors can be a main cause of treatment failure (6). Therefore, the appropriate and timely assessment of ablation efficacy is crucial to the success of the therapy. This assessment is usually performed with conventional contrast-enhanced computed tomography (CT) or magnetic resonance imaging (MRI) (1, 2, 7). However, small viable tumors can be concealed by markedly enhanced inflammatory periablational lesions, leading to misdiagnoses in the early period, within one month after onset (6). As confirmed by the use of tissue biopsy controls (8–10), the rates of detecting residual tumors after RFA by CT and MRI are only 36-86%, which encourages the development of functional imaging techniques. Among those choices, fluorine 18 fluorodeoxyglucose positron emission tomography (PET)-CT is the most accurate detection method that directly reflects the functional activity of lesions (11), but it cannot be used clinically as a routine tool because of disadvantages such as the need for special equipment, long scanning times and high cost.

Hepatic CT perfusion (CTP) imaging allows qualitative and quantitative analyses of the microcirculation of the liver by the repetitive sampling of contrast agent uptake in the hepatic parenchyma at a high temporal resolution, reflecting the physiological or pathological status of the liver. Hepatic perfusion parameters, especially the hepatic perfusion index (HPI), have been shown to be good biomarkers for assessing the therapeutic response of hepatic neoplasms in the early stage (within at least 1 month after treatment) (12, 13) and useful for the evaluation of tumor angiogenesis (14, 15).

However, whether CTP can be used to assess the therapeutic effect directly after RFA treatment and its diagnostic value remain unclear. Rabbit VX2 liver tumor model have been widely used in preclinical studies for evaluating anti-tumor response (16–18). Based on the established rabbit liver VX2 RFA treatment model, the purpose of our study was to explore the features and pathological changes in viable tumors and benign periablational enhancement (BPE) using total-liver-volume CTP with the goal of improving the sensitivity and specificity of the early assessment of the response to RFA.



Materials and Methods


Animals and VX2 Liver Tumor Model

The animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee at Tongji College, Huazhong University of Science and Technology, and all animals received humane treatment throughout the experiment.

A total of 28 adult male Japanese white rabbits weighing 2.5 to 3.0 kg were involved (19, 20). A tumor-bearing rabbit was used to develop the tumor masses for implantation. VX2 tumor cells were successfully implanted into the hind legs of the tumor-bearing rabbit by deep intramuscular injection. Two weeks after inoculation, the tumors were harvested, cut into fragments 1 mm3 in size, and placed in Hanks solution for implantation. Twenty-eight recipient Japanese white rabbits were anesthetized with 30-35 mg/kg intravenous sodium pentobarbital. Then, a fresh piece of VX2 tumor tissue was embedded 10 mm deep into the medial left liver lobe of each recipient rabbit, which was exposed through a subxiphoid abdominal incision under strict sterile conditions (21).



Radiofrequency Ablation Model

Contrast-enhanced CT scans were performed on the 28 rabbits on day 15 after tumor inoculation to evaluate VX2 tumor growth. The implanted tumor masses were controlled within 1.5 cm in diameter. RFA was performed under laparotomy with a RITA 1500X RF system and a 14-G RITA XL multielectrode needle (RITA Medical Systems, Mountain View, CA, USA). The left lobe of the liver with the implanted tumor was exposed through a subxiphoid abdominal incision under sterile conditions. The electrode was inserted into the periphery of the tumor 1.0 cm deep; the expansion radius of the RFA multipolar needle was 1.0 cm, and RFA was performed at 40 W with continuous ablation. The needle tips were heated to 90 ± 5°C and maintained at this temperature for 2.5~5 min, forming ablation lesions of approximately 2.0 cm. Abdominal closure was performed in rigorous hemostatic steps. In addition, the rabbits received active anti-infection treatment and were then housed in hutches. The rabbits were observed after they regained consciousness.



CT Perfusion Examination

All 28 tumor ablation rabbits were divided into four groups (A, B, C, D) under simple random sampling, with 7 rabbits in each group, and underwent CT perfusion imaging examination on days 1, 3, 7 and 14th after RFA. Each anesthetized rabbit was laid supine and secured onto the rabbit operating table, and respiratory movements were restricted using abdominal bandages.

CT perfusion scanning was then performed with a 128-slice spiral CT system (Siemens SOMATOM Definition AS +; Siemens Medical Solutions, Germany) in the Siemens 4D spiral mode. An initial plain scan was obtained to determine the optimal position for the perfusion scan. Then, the perfusion scan was performed with 6 ml of a contrast agent (300 mg I/ml; Omnipaque, GE Healthcare) injected at a rate of 1.0 ml/s through a 24-G catheter in an ear vein. The perfusion protocol, which was performed every 1.5 s for 60 s, was executed using the following parameters: tube voltage, 100 kV; tube current, 150 mA; matrix, 512 × 512; collimator width, 32 × 1.2 mm; cycle time, 1.5 s; coverage range, 96 mm (including the whole portion of the liver and the upper pole of the right kidney).



Image Analysis

Image analysis was performed by two observers with 5 years of experience in CT diagnosis. CT volume perfusion scan data from all phases were reconstructed into axial images (3 mm in thickness) and analyzed on the MMWP workstation using analysis-based perfusion software (syngo.via, VPCT Body Perfusion, Siemens). Automatic motion correction and noise reduction algorithms were applied. A region of interest (ROI) was manually placed in the proximal celiac artery and portal vein as the input artery and the inflow vein. The upper pole of the right renal cortex was chosen as a reference for perfusion to measure the arterial and portal venous input according to the maximum slope model (22). The two independent observers performed the perfusion measurements on the maximum-intensity projection (MIP) maps by drawing a freehand ROI around the BPE and viable tumors to obtain the time-density curves (TDCs), as well as the perfusion parameters, including blood flow (BF), blood volume (BV), time to peak (TTP), permeability (P), arterial liver perfusion (ALP), portal vein perfusion (PVP) and hepatic perfusion index (HPI). Pseudocolor perfusion maps were automatically generated, serving for further analysis. Three ROIs were placed on different slices of each targeted area and then used to calculate the average value. ROIs were made as large as possible while avoiding large blood vessels and other surrounding structures to maximize the accuracy of the perfusion values.



Histopathological Examination

Rabbits were euthanized with air embolism under anesthesia immediately after the CT perfusion scans. The tumors were excised and incised along the direction of the ablation needle. The maximum diameter of the ablation areas was measured, and the samples corresponding to the CTP were fixed with 10% formalin, embedded in paraffin, sectioned at 3μm and stained with hematoxylin and eosin (H&E). The areas of ablation, benign RFA region, viable tumors and surrounding normal liver tissue were investigated by histological findings based on the consensus opinion of two pathologists. Histological sections were observed under an optical microscope (Nikon TE2000, Japan) at 40×, 200×, 400× and digital images were obtained using a camera and microscope system (Nikon DS-U3, Japan).



Statistical Analysis

The perfusion parameters were presented as the mean ± standard deviation. All analyses were performed using SPSS software 18.0 (SPSS, version 21.0, IBM Corporation, Armonk, NY, USA) and GraphPad Prism software 8.0.2 (GraphPad Software, San Diego, California, USA). Mann-Whitney U-test was used to compare the perfusion parameters between the BPE and viable tumors at different time points. P < 0.05 indicated a statistically significant difference. Receiver operating characteristic (ROC) curves were used to compare the potential performance of diagnostics value of each parameter.

The TDCs of the celiac trunk artery and portal vein were chosen as reference TDCs, and the types of TDCs of BPE and viable tumors at different time points after RFA were analyzed. We categorized TTP curves between those of the celiac trunk and portal vein as speed-up curves, while those later than the curves of the portal vein were categorized as slow-up curves. From the peak time to the end of the scan (60 s), the curve was categorized as a speed-down curve if its trend was closer to the curve of the artery and as a speed-down curve if its trend was closer to the curve of the portal vein. If the downtrend was similar to that of the adjacent normal liver parenchyma, it was categorized as a platform curve.




Results


VX2 Tumor and RFA Model

VX2 tumors were successfully grown in the left liver lobe of all 28 rabbits. The tumors ranged from 0.60 cm to 1.50 cm in diameter, and the mean diameter was 1.14  ± 0.35 cm. Across the four experimental groups, with the exception of the death of 2 rabbits in the 14-day group, the remaining 26 tumor-bearing rabbits successfully underwent perfusion CT examination after RFA treatment. There were 26 local ablation lesions, among which 6 viable tumors were confirmed by histopathology. On the 14th day after RFA treatment, we observed partial abdominal wall and intrahepatic metastasis in two rabbits.



TDCs of BPE and Viable Tumors

The seven types of TDCs identified in both BPE and viable tumors were shown in Table 1. Most of the BPE curves were speed-up platform curves (15/26), followed by speed-up slow-down curves (8/26). Although the peaks of the curves were different, the types of TDCs for BPE were similar in the different time groups. The highest peaks were observed in the 3-day group, and the peaks were significantly reduced in the 14-day group. The curves of the viable tumors comprised speed-up speed-down curves (3/6) and speed-up platform curves (2/6). Figure 1 provides information on the typical BPE and viable tumor curves.


Table 1 | Time-density curve (TDC) type.






Figure 1 | Typical time-density curves (TDCs) of benign periablational enhancement (BPE) and viable tumor. (A) Typical speed-up and platform TDC of BPE after 3 days. (B) Speed-up and speed-down TDC of residual tumor.





Perfusion Parameters and Corresponding Color Maps in BPE and Viable Tumors

The statistical results in Table 2 and Figure 2 indicated that on 1, 3, 7 and 14 days after RFA treatment, the PVP values were significantly higher for BPE than viable tumors (P < 0.05), whereas the HPI values were significantly lower for BPE than viable tumors (P < 0.05). The values of BF, BV and ALP in viable tumors were increased relative to those of BPE at each time point, but there were no significant differences (P > 0.05). Similarly, there was no significant difference (P > 0.05) in the BF, BV and ALP values among the different time points, although these parameters showed gradual reductions over time. The values of PVP and HPI showed no significant differences among the time points (P > 0.05) and no significant trends.


Table 2 | Comparison of postoperative perfusion parameters of BPE and viable tumors after RFA treatment.






Figure 2 | Individual values of postoperative perfusion parameters of benign periablational enhancement (BPE) and viable tumors (A–G) represent the individual values of CT perfusion parameters BF, BV, TTP, P, ALP, PVP, and HPI respectively. BPE, Benign periablational enhancement; BF, blood flow; BV, blood volume; TTP, time to peak; P, permeability; ALP, arterial liver perfusion; PVP, portal vein perfusion; HPI, hepatic perfusion index. *P < 0.05, compare with VT (viable tumors).



The color maps can reflect significant differences in the ALP, PVP and HPI visually between BPE and viable tumors. On the ALP and HPI maps, BPE showed medium-to-high perfusion regions, whereas viable tumors showed high perfusion. In contrast, regarding the PVP showed hypoperfusion in BPE, while viable tumors showed extreme hypoperfusion. Figures 3 and 4 show the color maps for BPE (on day 7) and viable tumor perfusion, respectively.




Figure 3 | Perfusion color map of benign periablational enhancement (BPE) post-RFA (on day 7). (A) Maximum-intensity projection (MIP): The benign periablational enhancement (BPE, white arrow) is the thick, uniform rim surrounding the ablation zone. (B) Arterial liver perfusion (ALP): The BPE showed higher perfusion (yellow to red) than the adjacent liver parenchyma, which displayed a wider range of ALP values than shown on MIP images. (C) Portal venous perfusion (PVP): The BPE showed lower perfusion (blue). (D) Hepatic perfusion index (HPI): The BPE showed higher perfusion (yellow to red).






Figure 4 | Perfusion color map of viable tumors. (A) Maximum-intensity projection (MIP): The viable tumor showed irregular, nodule enhancement around ablation areas (straight white arrow), with a hazy inner margin, and the benign periablational enhancement (BPE, curved white arrow) showed a uniform rim with a hazy outer edge surrounding the ablation zone. (B) Arterial liver perfusion (ALP): Viable tumor showed higher perfusion (red) than did the BPE. (C) Portal venous perfusion (PVP): Viable tumor showed extremely low perfusion (purple to black) while BPE showed mild to moderate perfusion (blue to green). (D) Hepatic perfusion index (HPI): Viable tumor showed significantly higher perfusion (red) than did the BPE (green).





Diagnostic Performance of the Parameters in BPE and Viable Tumors

The diagnostic performance of the parameters in BPE and viable tumors was summarized in Table 3 and Figure 5. ROC curves showed that the PVP value and HPI value had a perfect efficiency for the differential diagnosis of the viable tumors and BPE at each time point. Area under the curve (AUC) of PVP was 1.00 (95%CI: 1.00-1.00) in all time point while AUCs of HPI range 0.93 (0.78-1.00) to 1.00 (1.00-1.00) between different groups. The values of BF, BV, TTP, P and ALP exhibited lower efficiency for the discrimination of the viable tumors and BPE, comparing with PVP and HPI, at each time point, whereas multiple values (BF, BV and ALP) exhibited fair diagnostic efficiency on day 7 and 14, better than their performances on earlier time points.


Table 3 | Diagnostic performance of each parameter of CT perfusion in distinction of viable tumor and BPE.






Figure 5 | ROC curves of the CT perfusion parameters performance in distinction of BPE and viable tumors. Receiver operating characteristic (ROC) curves of the CT perfusion parameters performance in distinction of BPE and viable tumors in Day 1 (A), Day 3 (B), Day 7 (C) and Day 14 (D) shown PVP value (red line) and HPI (purple line) had a perfect diagnostic efficiency at each time point.





Histopathological Results

Rabbits in each group were sacrificed after CTP scanning and histopathological examinations were performed sequentially. Viable tumors were found in 6 of the 26 lesions, which appeared as pale, rubbery nodular tissues located at the periphery of the RFA region in gross morphology observation. Histological examination of H&E showed that the ablation region which located in the center was dominated by coagulative necrosis. A 1-5 mm reaction zone (RZ) was observed at the periphery of ablation region, which consists of three parts: injury, inflammatory cell infiltration and fibrosis, showing transitional changes without clear boundaries. on the 3rd day of ablation, the RZ was dominated by injury reaction, which consisted by the damaged and degenerated cells. Different from the complete coagulation necrosis in ablation region, due to the relatively low temperature, the injury reaction was manifested as pyknosis and karyorrhexis, distributed in bands in the ablation marginal area. Around the injury reaction, there was small amount of inflammatory cell infiltration scattered with slight fibrosis. On the 7th day, the injury reaction shrank (absorption or dissolution) while the inflammatory and fibrosis increase, gradually forming a fibrous rim. On the 14th day, the injury reaction was further significantly reduced and even disappeared in some area, scattered with a few inflammatory cells. The reaction zone was mainly repaired by fibrous tissue, showing as a further thickened fibrous rim. Viable tumors were usually located at the edge of the ablation region. Due to the irregular shape of the tumor, the local temperature was too low to achieve the purpose of ablation. Those viable tumors can infiltrate and compress the fibrous rim, causing part of the fibrous tissue to become thinner than the adjacent tumor-free area. Figure 6 presents the gross morphology images and high magnification H&E staining findings of the benign RFA region on days 3, 7 and 14 after RFA treatment, and Figure 7 showed the gross morphological images and high-magnification H&E staining findings of viable tumor.




Figure 6 | Gross morphology and histological images of benign radiofrequency ablation (RFA) region. The areas represented from peripherial to central ablation are as follows: normal hepatocyte (N); reaction zone (RZ); ablation region (AR). (A–C) (on day 3 after RFA): Ablation lesion was shown as well circumscribed, gray-white tissue in gross morphology observation (A), in which AR and RZ cannot be distinguished obviously. 40× H&E histology (B) showed AH was dominated by coagulation necrosis. RZ was observed at the periphery of AR, mainly consisted by injury reaction (Inj) and inflammatory (Inf). 200× H&E histology (C) showed that Inj was mainly composed of hepatocytes with pyknosis and karyorrhexis, and Inf was manifested as small amount of inflammatory cell infiltration. (D–F) (on day 7 after RFA): Gross morphology image (D): granulation tissue around the ablation lesion can be observed (white arrows); 40× (E) H&E histology showed the change of RZ, in which Inj shrank while the inflammatory (Inf) and fibrosis increase, and a fibrous rim (FR) had formed in periphery. (F) showed Inj and Inf in 200× H&E histology. (G–I) (on day 14 after RFA): Gross morphology image of day 14 after RFA (G): granulation tissue around the ablation lesion had gotten thicker and denser (white arrows); 40× (H) and 200× (I) H&E histology showed Inj and Inf were significantly reduced and even disappeared in some area, RZ was mainly composed by a further thickened FR.






Figure 7 | Gross morphology and histological images of viable tumor. The areas represented from periphery to center are as follows: viable tumors (VT); reaction zone (RZ); ablation region (AR) Gross morphology image of viable tumor (A, yellow arrow) was appeared as nodular located on the periphery of the RFA region. 40× H&E histology (B) showed VT can infiltrate and compress the fibrous rim, causing local RZ thinner than the adjacent tumor-free area. (C–F) showed 400× H&E histology of VT(C), Inj (D), AR (E) and FR (F) from (B). (C) showed typical clumps of heteromorphic tumor cells with large, hyperchromatic nuclei.






Discussion

Contrast-enhanced CT fails to provide desirable sensitivity because the presence of BPE obscures small viable tumors in the early stage. This study applied CT perfusion for the early post-RFA follow-up examination of rabbit VX2 tumors. The results reveal that compared with BPE, viable tumors had a significantly lower PVP and a significantly higher HPI (P < 0.05) at all time points, indicating that compared with BPE, viable tumors had significantly increased hepatic arterial perfusion and decreased or absent portal venous perfusion. The BF, BV, ALP indexes were higher for viable tumors than BPE but without a significant difference (P > 0.05), which indicates that while viable tumors have a richer blood supply than BPE, the difference is not sufficient to reliably differentiate between the two. Considering the pathological findings, the assumptions responsible for these differences are as follows:

	Heat damage led to increased local BF and abnormal vascular access opening, causing an increase in the blood supply to both BPE and viable tumors. These factors might have greater effects on viable tumors because the tumor vessels lack the normal smooth muscle and pericyte structure to modulate BF (16).

	The size of viable tumors is relatively small, and they are less necrotic and have a higher microvascular density (MVD), which is related to high activity and a rich blood supply, especially the arterial supply. On the other hand, the intensive microvascular networks and relatively little stroma of viable tumors contribute to the faster intravascular and interstitial contrast equilibration. Hence, the enhancement declines rapidly. By studying changes in the blood perfusion of rabbit liver VX2 tumors at different time points during the tumor growth cycle, Hanping Wu et al. concluded that tumor enhancement in the early phase (day 7 and 14) was more intense and faster and that the clearance of contrast agents was faster compared to tumors enhancement in the late phase (day 21 and 28) (23). Stewart et al. also drew a similar conclusion, which indicates that the stage of tumor development is a factor of its enhancement pattern (24) The results of the TDCs in our study show that half of the curves of viable tumors were speed-up speed-down curves (3/6), and all of these curves were observed in the early stage (day 3 and 7), which is consistent with the pathological findings as well as the findings of previous studies.

	The postoperative presence of residual tumors following RFA may cause a series of complex changes in endocrine and immune functions in the local tumor microenvironment or the entire body. This may cause a significant increase in tumor angiogenesis, contributing to the increases in the ALP and HPI. Related studies have shown that similar to primary HCC, viable tumors have a high blood supply, which possibly reflects the process of dissimilation in vessels (25, 26). Some studies on biochemical changes in tumor cells have shown that high hypoxia-inducible factor 1α (HIF-1α) and vascular endothelial growth factor A (VEGF-A) expression in viable tumors is conducive to tumor angiogenesis (27, 28). The above observations provide evidence in terms of pathology and molecular biology supporting the current findings that the CTP indexes ALP and HPI were increased significantly and PVP was markedly reduced in viable tumors, providing a functional basis for evaluating tumor prognosis.



Perfusion pseudocolor images not only show perfusion parameters intuitively, with clear positions, but are also not limited by ROI, aiding the detection of small occult lesions. As demonstrated in Figures 3 and 4, the ALP, HPI and PVP values of BPE and viable tumors presented in the pseudocolor images are highly consistent with the statistical results. In addition, compared with TDCs and perfusion indexes, pseudocolor images have an advantage in that they can reflect objective changes in the overall perfusion state, unrestricted with respect to the ROI. As shown in Figure 3, on day 7, BPE showed higher ALP and HPI and lower PVP perfusion areas that were wider than the enhancement regions observed in the original image. This indicates changes in the partial hemodynamics of the inflammatory response as well as the influence of the surrounding liver parenchyma. These changes may not be clearly demonstrated by pathomorphology; however, perfusion pseudocolor images can show these functional changes in an intuitive manner. In the early period after the treatment of colorectal cancer liver metastases with RFA, Meijerink et al. performed a sensitivity study comparing CT perfusion and PET-CT for the detection of residual tumors (29). Based on pseudocolor images of the hepatic artery, they found that the probability of a liver parenchyma region with abnormal increases in perfusion progresses toward new metastatic lesions was significantly greater than the probability of it retaining normal perfusion. Mahnken et al. conducted a related study and drew similar conclusions (30). These findings indicate that pseudocolor images can provide clear information for determining the range of lesions. They have some sensitivity for detecting changes in the functional status of small lesions, while morphological changes are not obvious in these images.

Although CT perfusion has not been clinically applied due to its high radiation dose, the current technological development in CT is moving towards high speed, low dose, deep learning, and multienergy (31). Low-dose CT perfusion scanning can already be achieved (32–34). Therefore, CT perfusion can be used to evaluate the treatment effect in the early stage without increasing the radiation dose of patients. In the next study, we will also study the application of low-dose CT perfusion in patients with HCC after RFA.

The present study has limitations. First, RFA was used to attempt complete tumor ablation in our study, thus, there were not enough cases of viable tumors for statistical comparison with BPE at the same time point. More detailed studies with larger sample sizes based on a partial RFA model will be carried out in the future. Second, the pathological characteristics of VX2 tumors might be different from those of human HCC tumors because they are derived from a virus-induced papilloma of rabbits.



Conclusions

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

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

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

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

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



Materials and Methods


Cell Lines and Cell Culture

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



Patient Information and Tissue Specimens

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



Plasmids, Virus Constructs, and Retroviral Infection of Target Cells

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



Western Blot Analysis

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



Immunohistochemistry

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



Xenografted Tumor Model, IHC, and H&E Staining

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



Colony Formation Assay

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



Anchorage-Independent Growth Ability Assay

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



Invasion Assay

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



Luciferase Assay

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



Immunoprecipitation and Mass Spectrometry Analysis

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



Statistical Analysis

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



Microarray Data Process and Visualization

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

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

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




Results


TRIM54 Overexpression Correlates With Progression and Poor Prognosis in Hepatocellular Carcinoma

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




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



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



Ectopic Expression of TRIM54 Promoted HCC Proliferation and Metastasis In Vivo

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




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





Ectopic Expression of TRIM54 Promoted HCC Proliferation and Metastasis In Vitro

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




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





Overexpression of TRIM54 Sustains wnt/β-Catenin Activity

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




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





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

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




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





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

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




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





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

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




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






Discussion

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

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

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

The alternative usage of promoters provides a way to regulate gene expression, has a significant influence on the transcriptome, and contributes to the cellular transformation of cancer. However, the function of alternative promoters (APs) in hepatocellular carcinoma (HCC) has not been systematically studied yet. In addition, the potential mechanism of regulation to the usage of APs remains unclear. DNA methylation, one of the most aberrant epigenetic modifications in cancers, is known to regulate transcriptional activity. Whether DNA methylation regulates the usage of APs needs to be explored. Here, we aim to investigate the effects of DNA methylation on usage of APs in HCC.



Methods

Promoter activities were calculated based on RNA-seq data. Functional enrichment analysis was implemented to conduct GO terms. Correlation tests were used to detect the correlation between promoter activity and methylation status. The LASSO regression model was used to generate a diagnostic model. Kaplan–Meier analysis was used to compare the overall survival between high and low methylation groups. RNA-seq and whole-genome bisulfite sequencing (WGBS) in HCC samples were performed to validate the correlation of promoter activity and methylation.



Results

We identified 855 APs in total, which could be well used to distinguish cancer from normal samples. The correlation of promoter activity and DNA methylation in APs was observed, and the APs with negative correlation were defined as methylation-regulated APs (mrAPs). Six mrAPs were identified to generate a diagnostic model with good performance (AUC = 0.97). Notably, the majority of mrAPs had CpG sites that could be used to predict clinical outcomes by methylation status. Finally, we verified 85.6% of promoter activity variation and 92.3% of methylation changes in our paired RNA-seq and WGBS samples, respectively. The negative correlation between promoter activity and methylation status was further confirmed in our HCC samples.



Conclusion

The aberrant methylation status plays a critical role in the precision usage of APs in HCC, which sheds light on the mechanism of cancer development and provides a new insight into cancer screening and treatment.
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Introduction

Liver cancer is the sixth most prevalent cancer and fourth most lethal malignancy globally (1). Hepatocellular carcinoma (HCC) is the dominant tissue subtype of aggressive primary liver cancer, accounting for a great majority of the diagnoses and deaths (2). HCC prognosis is poor worldwide, with the 5-year survival rate ranging from 5% to 30% (3). The main treatment options for patients with HCC include vascular intervention, surgical resection, radiofrequency ablation, or liver transplantation. Most patients have reached the advanced stage of HCC when they are first diagnosed, and only about 20%–30% of patients are eligible for effective treatment (4). Early detection with surveillance is the most effective way to reduce the mortality of HCC (5). Further study on the pathogenesis of HCC is of great significance to the diagnosis and prognosis of tumors.

Promoters are the key element in regulating gene expression. In human genomes, most protein-coding genes are co-regulated by numerous promoters (6). The differential usage of promoters has been reported to be highly correlated with disease. For example, the dominance of c-MYC, which is silent in normal tissue, is abnormally activated in Burkitt lymphoma cells as a result of aberrant alternative promoter (AP) usage at the MYC gene locus (7). Another well-studied AP example is RASSF1, which encodes different subtypes RASSF1A and RASSF1C. The former acted as a tumor suppressor gene and the latter had carcinogenic activity (8). These studies of differential promoter usage usually focused on single genes. With the development of sequencing technology, approaches of detecting genome-wide promoter activities were available, including H3K4me3 ChIP-seq (9), Cap Analysis of Gene Expression (CAGE) (10), and short-read (11) and long-read (12) sequencing of RNAs. It is worth noting that the approach to predict promoter activity based on RNA-seq of short reads has a good consistency with previous methods (11). Previous studies have shown that increasing AP repertories is accompanied by elevated differential expression and disease susceptibility (13). In addition, tissue-specific promoter activity could be used to distinguish different cancer subtypes (12).

As one of the most essential epigenetic modifications, DNA methylation is involved in oncogenesis (14, 15). In various cancers, gene expression could be silenced by hypermethylation of promoter regions by the interfering transcription factors binding or recruitment of transcriptional repressors (16–18), while the overexpression of oncogenic drivers (19) or instability of chromosomes (20) could be associated with hypomethylated regions. Therefore, DNA methylation detection may be helpful to elucidate molecular mechanisms of HCC development (21). Furthermore, changes in DNA methylation could be used as promising targets for diagnosis or prognosis biomarkers in HCC (22, 23). For example, methylation of the GSTP1 promoter has been reported as a diagnostic marker and indicates poor outcomes (24). Due to the stability and non-invasive detectability in blood, circulating tumor DNA (ctDNA) methylation markers have also been reported for HCC diagnosis in several studies (25–27).

In HCC, differential usage of promoters has not been systematically studied, and whether DNA methylation regulates the usage of APs in HCC remains unclear. Here, we firstly systematically analyzed the promoter activities and identified the APs in HCC, and the results indicated that APs could distinguish cancer from normal cells. Then, we correlated the promoter activity of APs with DNA methylation, and the results suggested that AP activity could be regulated by the methylation changes. Furthermore, a diagnostic model by methylation-related APs was generated and the methylation of APs could also be used as prognostic markers, which indicated that AP-related methylation has the potential for molecular diagnoses and prognosis prediction of HCC. Finally, RNA-seq and WGBS were performed to verify the correlation of the promoter activity and methylation status of APs in HCC.



Materials and Methods


Data Collection

The RNA-seq raw data and Infinium Human Methylation 450 K Bead Chip (Illumina 450 K array) matrix data of liver tissues (19 HCC and 19 paired adjacent normal samples) were downloaded from the Gene Expression Omnibus (GEO) cohort (https://www.ncbi.nlm.nih.gov/geoprofiles) GSE77276 (28). Two other independent cohorts of HCC RNA-seq data were downloaded from GSE55758 (8 HCC and 8 paired adjacent normal samples) (29) and GSE105130 (25 HCC and 25 paired adjacent normal samples) (30). In addition, an independent cohort of two paired HCC and normal liver samples with RNA-seq raw data and whole-genome bisulfite sequencing (WGBS) methylation data was downloaded from GSE70091 (31). Liver cancer Illumina 450 K array and related clinical details of GDC TCGA Liver Cancer (LIHC) were downloaded from the UCSC Xena database (32) (https://xenabrowser.net/datapages/). The ONGene and TSGene lists were downloaded from ONGene (33) (http://ongene.bioinfo-minzhao.org/) and TSGene (34) (http://bioinfo.mc.vanderbilt.edu/TSGene/).



Validation Samples Collection

The fresh-frozen tissue specimens were collected from two HCC patients from Guangxi Medical University Cancer Hospital for validation. For each patient, tumor tissues and adjacent normal liver tissues were collected through surgery. Each fresh tissue was aliquoted into three pieces and separately stored at liquid nitrogen using a cryopreservation tube until DNA and RNA extraction. All samples were sequenced by both RNA-seq and Whole Genome Bisulfite Sequencing (WGBS).



RNA-seq and Data Processing

The total RNA was extracted with HiPure Universa miRNA Kit (Magen) from two pairs of fresh frozen tissue samples and quality was confirmed by Nanodrop measurement of OD 260/280 and 260/230 ratios. The material for library construction was 1 μg per sample. Sequencing libraries were constructed following the Illumina TruSeq Stranded protocol. Total RNA Gold kit with Ribo-Zero Gold (Illumina, USA) was used following the manufacturer’s recommendations. Sequencing (2×150 paired-end reads) was performed at Mingma Technologies Co., Ltd in Shanghai.

FASTQ format data were assessed using FastQC (v0.11.9) and then fastp (v0.20.1) (35) was used to remove the bases with an average quality value less than 20 and to cut the reads of adapters. Clean reads were mapped to the human reference genome (Gencode v19) by STAR (2.7.5b) (36). The gene and transcript isoform expression was quantified using RSEM (v1.3.1) (37). Bedtools (v2.29.2) (38) was used to transform the bam files to bw format for UCSC genome browser viewing.



Whole-Genome Bisulfite Sequencing

HiPure Tissue DNA Mini Kit (Magen) was used for tissue genomic DNA extraction. After quantification by Qubit fluorometer, 1% unmethylated Lambda DNA was added to 200 ng of gDNA, and then randomly fragmented to 300-bps insert size with Covaris LE220. After end repair and adenylation, methylated adapters were ligated to the fragmented DNA. Bisulfite treatment was performed according to the EZ DNA Methylation-Gold kit (Zymo Research) instruction manual. KAPA HiFi HotStart Uracil + ReadyMix (2×) was used to amplify and purify the DNA fragments. Next, the Qubit Fluorometer dsDNA HS Assay (Thermo Fisher Scientific) and Agilent BioAnalyzer (Agilent) were used to measure and analyze the size distribution of the sequencing library; 2×150 paired-end reads sequencing is performed using an Illumina NovaSeq6000 following Illumina-provided protocols at Mingma Technologies Co., Ltd.



WGBS Data Preprocessing

Standard WGBS data analysis pipeline was followed. The raw FASTQ data were firstly trimmed, adapters were removed using TrimGalore (v0.4.3), and approximately 42 Gbps of data were reserved. Clean reads were next aligned with the human reference genome (hg19) using BSMAP (v2.89) (39). Mapped BAM files were then sorted and PCR deduplicates were removed through SAMtools (v. 1.3.1) and Picard Tools (v.1.92). Finally, MOABS (v. 1.3.4) (40) was used to calculate the methylation ratio per CpG. In promoter regions (−2 kb to 2 kb around TSS), methylation profile was smoothed by gam (Generalized Additive Models) or 50-bps sliding windows with 25-bps steps.



Methylation Analysis of 450K Methylation Array

In the 450K methylation array matrix, the delta mean beta (β) was calculated by β (mean tumor) − β (mean normal). A positive delta β value indicated relative hypermethylation in the tumor while a negative delta β value exhibited relative hypomethylation. The paired Student’s t-test was used for statistics. Methylation profile in promoter regions (−2 kb to 2 kb around TSS) smoothed using the same method as above.



Promoter Identification and Activity Estimation

The R package “proActiv” (v.0.99.0) was used to identify possible promoters and calculate the promoter activity. GTF files (Gencode v19) and STAR junction files were used as input. Promoter activity was obtained by removing single-exon transcripts/promoters and eliminating promoter counts that are NA and zero both in tumor and normal samples. When identifying the differentially regulated promoters (DRPs), the internal promoter activity was also considered.



Differential Analysis of Gene Expression and Promoter Activity

Differential analysis of gene expression was performed by the R package “DESeq2” (v1.28.0) [p-value < 0.05 and |log2(Fold Change)| > 1]. The degree of promoter change is calculated by log2 [promoter activity (mean tumor)/promoter activity (mean normal)]. For each promoter, the one-way analysis of variance (ANOVA) was used to assess the significance of absolute and relative promoter activity variance between tumor and normal samples. The promoters with an activity change level of |Fold Change| > 1.2 and p-value < 0.05 were considered significant DRPs.



Identification of Alternative Promoters

We identified APs by screening both gene expression and promoter activity. The criteria were as follows: (1) p-value ≥ 0.05 and |Fold Change| < 2 of gene expression; (2) mean absolute promoter activity > 0.25 in HCC and normal group; (3) both absolute and relative promoter activity were significantly changed (p-value < 0.05); (4) |Fold Change| > 1.2 of absolute promoter activity.



Dimensionality Reduction and Clustering

Gene expression and promoter activity were subjected to dimensionality reduction using the principal component analysis (PCA) and t-Distributed Stochastic Neighbor Embedding (t-SNE) through R packages “stats” and “Rtsne”.



Functional Enrichment Analysis

To identify the possible functions and pathways of hub genes, gene set enrichment analysis was implemented to conduct GO terms through Metascape (41) online (http://metascape.org/). p-value < 0.01 was used as the cutoff criteria.



Correlation Analysis

In the correlation analysis of CpG methylation and gene expression or promoter activity, the representative CpG sites of 450K were selected as follows: (1) For each CpG site upstream and downstream ±1kb of TSS, Pearson correlation test between methylation and gene expression (or promoter activity) was calculated. (2) The CpG sites with a minimum p-value of Pearson correlation test were selected to represent the methylation level of gene or promoter. Gene expression change [log2(Fold Change)] was obtained from Deseq2, and promoter activity change was normalized by log2(Fold Change) of promoter activity. For the WGBS methylation data of validation part, both representative CpG sites and mean methylation levels of ±1kb of TSS were calculated for promoter methylation, and Pearson correlation test was used for all correlation analysis.



LASSO Regression Analysis

The LASSO regression analysis of binary data was applied to construct a diagnosis model by the R package “glmnet”. The penalty parameter (λ) of this diagnosis model was confirmed through 10-fold cross-validation. The risk score was calculated as follows: model Score = ∑ (promoter activity × regression coefficient). The GSE55758 and GSE105130 datasets were both used for further cross-verification. Receiver operating characteristic (ROC) curves were used to visualize the reliability of the diagnostic model, and the area under the curve (AUC) was also calculated.



Survival Analysis

Kaplan–Meier analysis in 10 years was performed in the R software “survival” package. All samples were classified into two groups according to the best-performed cutoff methylation β value using the “surv-cutpoint” function. p-value < 0.05 was considered statistically significant.



Statistical Analysis

R version 4.0.2 was used for all statistical analysis and visualization. Statistical analysis was performed through R base package stats (v4.0.2). All figures were generated using ggplot2 (v3.1.0) and ggpubr (v0.2). Significance levels were defined as follows: ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 in boxplot.




Results


The Landscape of Promoter Activities in HCC

In mammal genomes, most genes are co-regulated by multiple promoters. As shown in Figure 1A, the demo gene has three isoforms but two promoters, because two isoforms (e.g., isofrom1 and isoform2) with the same or nearby transcript start sites (TSS) could be regulated by the identical promoter. To detect the promoter activities in HCC, we analyzed the RNA-seq data of paired HCC and adjusted normal tissues that were downloaded from GEO (GSE77276) (28). RNA-seq reads mapped to the first exons were integrated and normalized to measure the promoter activities by the R package “proActiv” (11). In total, we obtained the activity status of 113,076 possible promoters from the human reference genome, and 70,736 promoter activities of 25,085 genes were obtained from liver tissue. Approximately 57.4% (14,411/25,085) of genes had two or more different promoters (Figure 1B and Supplementary Figure 1A). Then, we compared the differences in gene expression and promoter activity between tumor and normal tissues, respectively (Supplementary Figures 1B, C). We identified 6,879 differentially expressed genes (DEGs) and 8,976 genes with 16,049 DRPs. The upregulated DEGs and genes with DRPs (DRPGs) were partially overlapped, and so were the downregulated ones (Figure 1C). Using t-distributed stochastic neighbor embedding (t-SNE), it was hard to distinguish the tumor from normal samples by expression of either all genes or DEGs (Figure 1D), whereas distinguishment was successfully achieved by the activities of either all promoters or DRPs (Figure 1E). A similar result was obtained through principal component analysis (PCA; Supplementary Figure 1D). Those results indicated that promoter activity exhibited a more obvious effect than gene expression in revealing the differences between tumor and normal samples.




Figure 1 | Analysis of promoter activities in HCC. (A) Schematic representation of promoter activities of different transcript isoforms. Transcripts with the same or nearby transcript start site are grouped into the identical promoter. Promoter activity is defined as the total unique junction reads spanning at each promoter (see also Materials and Methods). The green track represents gene expression of tissue normalized by reads counts, blue track represents the activity of each promoter. (B) The number of promoters with activities in HCC per gene, a total of 25,085 genes with 70,736 promoters included. (C) Venn diagrams showing the overlap of differentially expressed genes (DEGs) and genes with differentially regulated promoters (DRPGs) for upregulated (top) and downregulated (bottom) ones. (D, E) t-distributed stochastic neighbor embedding (t-SNE) clustering the sequenced samples by FPKM for all genes or DEGs (D) and by promoter activities for all promoters or DRPs (E). Samples were colored by sample types (dark red: HCC; dark blue: adjacent normal tissue). (F, G) Bubble plots showing the enriched biological processes by gene ontology (GO) analysis of gene groups in (C). The bubble color represents the log2 (p-value) while the bubble size represents enriched gene counts.



Furthermore, we performed functional enrichment analysis on DEG and DRPG overlapped genes, genes unique to DEGs (DEGs-only), and DRPG (DRPGs-only) (Figures 1F, G). We noticed that overlapped upregulated genes were associated with proliferation-related ontologies, such as positive regulation of cell cycle and DNA replication. In addition, some cancer-related ontologies, such as regulation of apoptotic signaling pathway, histone acetylation, and positive regulation of ERBB signaling pathway, were enriched in DRPGs-only (Figure 1F). In downregulated genes, only DRPGs can be specifically enriched to the regulation of cell morphogenesis or Ras protein signal transduction (Figure 1G). Taken together, those results supported that there was general diversity in promoter activities between HCC and normal tissues. Compared with traditional gene expression analysis, the promoter activity analysis was more effective and more accurate in distinguishing HCC from normal tissues, which could provide more clues to investigate the potential mechanism of tumorigenesis and development.



Identification of Alternative Promoters in HCC

Next, we aimed to identify the APs based on the above calculated promoter activities in HCC. To this end, we firstly defined the APs according to the gene expression and promoter activity. As shown in Figure 2A, the promoters with differential promoter activities (1.2-fold changes), but whose gene expression was not significantly changed, were defined as APs. A total of 855 APs from 709 genes were filtered by this screening of promoter activity and gene expression (Figure 2B and Supplementary Table 1). The heatmap with the normalized promoter activities and the plot with promoter activity and gene expression changes were drawn to show the properties of all 855 APs (Figure 2B). Sixty-four genes with both upregulated and downregulated APs could be good examples of switch usages of promoters: when one promoter is suppressed, another nearby one is activated (Figure 2C and Supplementary Table 2). For APs, while the gene expression changes were not obvious, the promoter activity changed significantly. For example, in the proto-oncogene RARA, the activity of prmtr.27493 was remarkably higher in the tumor, while the activity of prmtr.27494 remained unchanged in both tumor and normal samples (Figure 2D). Compared with normal tissues, the gene expression of RARA was unchanged (Figure 2E), while the promoter activity of prmtr.27493 was significantly enhanced in HCC (Figure 2F). When reviewing the genes with APs, we noticed that there are several other known cancer-associated genes, such as MET (42) (Supplementary Figure 2A), MICU1 (43) (Supplementary Figure 2C), and SLC19A1 (44) (Supplementary Figure 2D). The abnormally upregulated promoter activities in HCC may lead to the changes of the CDS region and produce new protein subtypes, as reported (12). For example, the upregulated prmtr.14927 in MET may lead to the accumulation of a 960-aa protein isoform that lacks the SEMA domain in HCC (Supplementary Figure 2B). The t-SNE analysis suggested that APs activity could obviously distinguish tumor tissues from normal tissues (Figure 2G). A similar result was obtained by PCA (Supplementary Figure 2E). We further investigated the association between AP and corresponding transcript isoforms. As shown in Supplementary Figure 2F, 60.5% (517/855) of APs only regulate one transcript isoform, and 39.5% (388/855) of APs regulate two or more isoforms. The expression levels of transcription isoforms were positively correlated significantly with the promoter activities (R = 0.65, p < 2.2e-16; Supplementary Figure 2G). For APs with only one transcript isoform, differences in promoter activities could lead to 42.4% (219/517) of transcript isoform with significant expression changing (p-value < 0.05) and 31.5% (163/517) of transcript isoform with expression changing (|Fold Change| > 1.2). The remaining promoters may have little effect on the transcript expression changing (Supplementary Figure 2H). For APs with multiple transcription isoforms, an AP was identified as an AP with major significant differentially expressed isoforms if one transcription isoform has the most significant change (p-value < 0.05), and an AP was identified as an AP with major differentially expressed isoforms if one transcription isoform has the most expression change (|Fold Change| > 1.2). The results demonstrated that 53% of multiple isoform promoters were classified as AP with major significant differentially expressed isoforms and 33.7% (114/388) were classified as AP with major differentially expressed isoforms (Supplementary Figure 2I). Further functional enrichment analysis showed that genes with both upregulated or downregulated APs were enriched in cancer-related ontologies, such as ERBB signaling pathway and positive regulation of cell migration (Figure 2H). All the results suggested that the usage of APs may play a significant role in the cellular transformation and progression of HCC.




Figure 2 | Identification of alternative promoters (APs) in HCC. (A) The schematic illustration of the approach to identify APs in HCC. The promoters with differential activities (tumor vs. normal) but without differential expression were defined as APs (see also Materials and Methods). Green track and red track represent gene expression of normal and tumor tissue normalized by reads counts; blue tracks represent the activity of each promoter. (B) Heatmap showing the normalized promoter activities of APs for HCC and paired normal tissue (upper). The middle and bottom dot plots represent AP activity and gene expression normalized by log2FC. Promoters ranked by log2FC normalized promoter activity. (C) Venn diagram showing 64 genes with APs concurrently harboring both upregulated (Up) and downregulated (Down) promoters. (D) UCSC genome browser screenshot showing mean read count of prmtr.27493 and prmtr.27494 at the RARA gene locus in HCC (red track) and normal tissues (blue track). (E) The boxplot showing the expression of gene RARA in tumor and normal was nearly the same. ns: not significant. p-value > 0.05 (ANOVA, p-value = 0.88). (F) The boxplot showing promoter activity of prmtr.27493 was significantly higher in HCC samples. ***p-value <0.001 (ANOVA, p-value = 1.35e-04). (G) t-SNE plot showing normal (blue dots) and HCC (red dots) samples can be clustered by activities of all APs. (H) Bubble plots showing the enriched biological processes by gene ontology (GO) analysis of gene groups in (C). Bubble color represents the log2(p-value) while the bubble size represents enriched gene counts.





The Activities of AP Were Significantly Correlated With DNA Methylation Status

DNA methylation, one of the most abnormal epigenetic modifications in cancers, is known to regulate transcriptional activity (45). To explore whether DNA methylation regulates the usage of APs in HCC, we first obtained the methylation status of the same paired tissues based on Infinium Human Methylation 450 K BeadChip (Illumina 450 K array) of GSE77276 (28). Then, all the promoters were classified into four groups by the quartiles of promoter activities, and the overall CpG methylation status of the four groups in the region (−2kb–2kb) of transcription start sites (TSSs) was calculated in either cancer or normal samples (Figure 3A). Notably, in the region 1,000 bps around TSS, the higher promoter activity correlated with lower methylation status in both tumors and normal tissues (Figure 3A). Next, we compared the methylation status of DRPs. In the vicinity of TSS, promoters upregulated in tumors have lower methylation status than normal tissues, whereas the downregulated promoters would be inclined to have a higher methylation status in tumors (Figure 3B and Supplementary Figures 3A, B, upper). Last, we focused on the genes with APs, and a similar correlation between the promoter activity and methylation was observed in both upregulated and downregulated APs (Figure 3C and Supplementary Figures 3A, B, lower).




Figure 3 | The activity of AP was significantly correlated with DNA methylation status. (A) Methylation levels of CpGs within ±2 kbps relative to TSS were assessed in four groups classified by the quartiles of promoter activities. Methylation profile was smoothed by gam (Generalized Additive Models). Green to red represents the promoter activity levels from 0 to 100%. (B, C) The methylation profile showing mean methylation levels of TSS nearby region ( ± 2kb) of the DRPs (B) and APs (C). Upregulated (top) and downregulated (bottom) promoters were shown separately. The blue line and red line represent normal and HCC samples, respectively. (D, E) Scatter plots showing the correlation between differential methylation (HCC – normal) and promoter activity by normalized change fold for DRPs (D) and APs (E). The representative CpG sites were filtered from the ±1kb upstream and downstream of TSS (see also Materials and Methods). Black dots represent the differentially regulated promoters with significant methylation changes (|Diff. methylation| > 0.1); only these black dots were used for the Pearson correlation test. (F) The proportions of correlation categories between the promoter activities of APs and their methylation status are shown in the pie chart. Negative, positive, and no correlations are colored by green, orange, and gray, respectively. (G) Similar to (D, E), but for methylation regulated APs (mrAPs). (H) Bubble plots showing the enriched biological processes by gene ontology (GO) analysis of APs with negative and positive correlations in (F).



As shown in Figures 3A–C, the most significant changes in CpG methylation were located upstream and downstream of 1,000 bps to TSS, and we next focused on these regions to examine the correlation of methylation of each CpG with promoter activity. As shown in the illustrative cartoon (Supplementary Figure 3C), we calculated the correlation between each CpG methylation and the related promoter activity and selected the CpG site with the most significant p-value to represent the CpG methylation status of the promoter. The activities of 37.0% (2,468/6,674) of DRPs were significantly negatively correlated (green) with their methylation status, and 23.0% (1,536/6,674) were positively correlated (orange) (Supplementary Figure 3D). A negative correlation between the changes of gene expression and methylation in DEGs could be observed (Supplementary Figures 3E, F). The correlation test results showed that negative correlation between promoter activity and methylation status in DRPs was stronger than gene expression (R = −0.23, p-value < 2.2e-16; Figure 3D and Supplementary Figure 3G), as was the correlation results in APs (R = −0.29, p-value = 0.00093; Figure 3E and Supplementary Figure 3H). When examining the correlation of promoter activity and methylation for each AP, we observed that the activities of more than half of APs were significantly correlated with their methylation status, of which 32.8% (189/576) were negatively correlated (green) and 19.8% (114/576) were positively correlated (orange) (Figure 3F and Supplementary Table 3). Previous studies showed that gene expression could be silenced by hypermethylation of promoters (16–18) and the overexpression of oncogenes (19) could be associated with hypomethylated regions. We then termed the 189 APs with negative correlations as methylation-regulated APs (mrAPs). Consistent with our expectation, the negative correlation in mrAPs was significant (R = −0.76, p-value = 12e-13; Figure 3G and Supplementary Figure 3I). Next, we further investigated the association between mrAPs and the corresponding transcript isoforms (Supplementary Table 4). When comparing the transcription isoform status of mrAPs to the ones of APs, we observed that both the frequency of significantly differentially expressed isoform for promoters with one transcript isoform (56.3% of mrAPs versus 42.4% of APs) and the frequency of major significantly differentially expressed isoforms for promoters with multiple transcript isoforms (mrAPs 57.8% vs. APs 53%) in mrAPs were higher than in APs (Supplementary Figures 3J–L). Gene ontology analysis revealed that those methylation-associated promoters were enriched for ontologies known to be deregulated in HCC, such as negative regulation of growth, positive regulation of apoptotic process, and cell matrix adhesion (Figure 3H). Those results demonstrated that usage of APs may be regulated by DNA methylation in HCC.



The Methylation Regulated APs Could Be Used as Tumor Diagnostic Markers

As shown above, the correlation of promoter activity and DNA methylation in APs was observed, and we then explored whether the activities of mrAPs could serve as diagnostic markers. We evaluated it by the least absolute shrinkage and selection operator (LASSO) models. By the LASSO regression model, six out of 189 mrAPs were selected to generate a diagnostic model (Figure 4A). The diagnostic model scores of tumors and normal tissues were significantly different (Figure 4B), and the dimensional-reduction analysis based on the promoter activities of the six mrAPs showed that the classifier was particularly effective (Figure 4C). The six mrAPs were clustered into four upregulated mrAPs (prmtr.53735 of TNFRSF10, prmtr.32651 of RGS3, prmtr.36049 of CCDC150, and prmtr.5237 of RASSF1) and two downregulated mrAPs (prmtr.37640 of TACC1 and prmtr.39585 of RABGAPL1) by promoter activities (Figure 4D, upper; Table 1 and Supplementary Table 5). The CpG methylation status of the six mrAPs showed an opposite trend when compared to the promoter activities (Figure 4D, lower; Table 1 and Supplementary Table 5).




Figure 4 | A good performing HCC diagnosis model was generated using mrAPs. (A) The cross-validation fit curve was calculated by the LASSO regression using promoter activities of all mrAPs, and six mrAPs were filtered to generate a diagnostic model. (B) The boxplot showing the significant different model scores of 19 paired tumors and normal samples based on the diagnostic model of 6mrAPs. **** p-value <0.0001 (Wilcoxon test, p-value = 5.7e-11) (C) t-SNE plot showing normal (blue dots) and HCC (red dots) samples can be significantly distinguished by the promoter activities of six mrAPs. (D) The upper heatmap showing the promoter activities of six mrAPs, the lower heatmap showing the screened CpG methylation status of six mrAPs. Samples are arranged in consistent order in both diagrams. (E) t-SNE plot showing normal (blue dots) and HCC (red dots) samples could also be grouped by the activities of six mrAPs in the independent test dataset of GSE105130. (F) Boxplot showing the significantly different model scores of HCC and normal sample of the test dataset of GSE105130. ****p-value <0.0001 (Wilcoxon test, p-value = 2.8e-11) (G) ROC curve showing the performance and prediction accuracy of the diagnostic model in the test dataset of GSE105130.




Table 1 | Promoter activity and methylation alterations of mrAPs in the HCC diagnosis model.



Two other independent public datasets of GSE105130 (30) and GSE55758 (29) were then further used as test datasets to assess the diagnostic model. The promoter activities of six mrAPs were successful in discriminating tumor from normal using t-SNE (Figure 4E and Supplementary Figure 4A). The classify model yielded significant differences between tumor and normal samples (Figure 4F and Supplementary Figure 4B). The AUC score of 0.97 (GSE105130) and 0.95 (GSE55758) indicated the good performance of our classifier in both test datasets (Figure 4G and Supplementary Figure 4C). In this section, we constructed a tumor diagnostic model based on promoter activities of six mrAPs with significant diagnostic effects, which indicated that the promoter activity of mrAPs could be valuable in tumor diagnosis.



The Methylation Status of APs Could Be Used as a Prognostic Indicator in HCC

It has been reported that promoter activity could be used as prognostic markers in gastric cancer and renal cancer (11). In our study, approximately half of the promoter activity changed, which was likely due to the alteration of methylation status. We next asked whether the methylation status of APs predicts patient survival in HCC. In order to do this, The Cancer Genome Atlas (TCGA) 450K data of HCC patients with the prognostic information were used for survival analysis. We first focused on the methylation status of the above six mrAPs in the LASSO diagnostic model. As shown in Figure 5A, compared with normal samples, the gene expression of CCDC150 in tumor samples was not significantly changed, but the activities of prmtr.36049 were notably increased. By comparing the methylation levels of the paired samples, a lower methylation level in CCDC150 in tumor samples was observed (Figure 5B). Further analysis revealed that the methylation values and promoter activity of CCDC150 were well negatively correlated (R = −0.71, p = 6.4e-7), and the probe with the minimal p-value is cg01265662 (Figure 5C). The methylation values of cg01265662 were then divided into two clusters based on optimal cutoffs and the length of patient survivals was compared (p-value = 0.00035, Figure 5D). The higher the methylation level of cg01265662, the better prognostic result was observed. These results indicated that the CpG methylation status of prmtr.36049 of CCDC150 may be used as a prognostic factor in HCC. We further investigated the other five mrAPs and observed that the CpG methylation status of RASSF1, TACC1, and RABGAP1L could also possess prognostic values (Supplementary Figure 5A).




Figure 5 | The methylation status of APs predicts patient survival in HCC. (A) UCSC genome browser screenshot showing mean read count (top 2 tracks) and 450K methylation beta values (bottom 2 tracks) at the CCDC150 gene locus of HCC (red) and normal tissues (blue or green). The statistical results are shown in the middle (boxplot for promoter activity, ****p-value <0.0001 (ANOVA, p-value = 1.14e-07)) and right (boxplot for gene expression, ns: not significant. p-value > 0.05 (ANOVA, p-value = 0.12)). (B) Methylation beta values of ±500 bps relative to TSS (prmtr.36049). Normal and tumor samples are colored by green and red dots, dots from the same sample were connected by lines. Cg01265662 with the lowest p-value for the correlation test was marked and screened for calculation in (C) and (D). (C) The scatter plot showing the negative correlation between promoter activities of prmtr.36049 and methylation beta values of cg1265662 in HCC (red) and normal (blue) samples (Pearson correlation). (D) The 10-year overall survival curve of methylation levels of cg1265662 in TCGA-LIHC patients in the high and low methylation cohort, showing that methylation of cg1265662 was significantly associated with survival in HCC. (E) The pie plot showing the majority of mrAPs with methylation values available in TCGA-LIHC. (F) The proportion of mrAPs with significant prognostic CpG methylation sites in upregulated and downregulated ones. (G) The proportion of genes with significant prognostic CpG methylation sites in mrAPs grouped by oncogenes (ONG), tumor suppressor genes (TSG), and others. (H–J) The correlations between promoter activity and methylation levels (upper) similar to (C) and corresponding survival curve of CpG sites (bottom) similar to (D) of RARA (H), APC (I), and PDZK1 (J) were shown, respectively.



We next analyzed how many mrAPs have prognostic methylation markers in HCC. Among 189 mrAPs, 171 with available probe methylation values from TCGA were used for further analysis (Figure 5E). The results showed that 83.63% (143/171) of mrAPs had prognostic methylation markers, with 90.11% (82/91) of upregulated mrAPs and 76.25% (61/80) of downregulated mrAPs (Figure 5F and Supplementary Table 6). It contained ten switch-usage AP genes, with the example of ARAP1 exhibited in Supplementary Figures 5B–E. The ONGene and TSGene already had catalogs genes closely associated with tumorigenesis and development. Six of eight oncogenes (ONG) and 10 of 11 tumor suppressor genes (TSG) had methylation markers (Figure 5G). The higher expression of the oncogene RARA might be regulated by the hypomethylation, and the lower methylation status predicted a worse clinical outcome (Figure 5H), while for TSG APC, the lower methylation status predicts a better prognostic result (Figure 5I). Among the genes from the ONG and TSG lists, some may also play a role in cancers. For example, PDZK1 (Figure 5J), which is related to cancer progression, had been reported in different kinds of cancers, such as gastric cancer (46), renal cell carcinoma (47), and breast cancer (48). However, PDZK1 played a different or even opposite role in other tumors. In our study, the lower methylation accompanied by higher expression status had a worse survival trend, which implied that PDZK1 may harbor oncogenic activity in HCC. Taken together, these results demonstrated that CpG methylation status of APs may be used as a prognostic marker by altering the activities of the promoters and provided a new perspective for understanding the underlying mechanisms of cancer development.



Validation of Promoter Activity and Methylation Status by RNA-seq and WGBS

To systematically verify the above results, we collected four samples (two HCC and two paired para-cancer tissues) for RNA-seq and WGBS. Mapping statistical information of RNA-seq and WGBS data are shown in Supplementary Table 7. A total of 54,293 promoters with activities (Figure 6A) were obtained, suggesting that the usage of promoters in cancer may have a sample or subtype heterogeneity (9). We first verified the APs and mrAPs activity changes in our validation data by the criteria of 1.2-fold change between tumor and normal tissues. The results showed that activity changes of 86.6% (554/640) APs and 85.6% (137/160) mrAPs identified by a public dataset could be confirmed in at least one pair of our validation data (Figures 6B, C and Supplementary Figures 6A, B). We next aimed to verify the methylation status of promoters using WGBS. We calculated the genome-wide CpG methylation and the average methylation levels of the TSS region of promoters. The methylation level of the TSS region gradually decreased with the increase of the promoter activity level in both pairs of HCC patients (Supplementary Figure 6C). Then, we focused on verification of the CpG sites selected by the correlation test in the public data previously. A differential methylation ratio over 0.1 with the same alteration trends in both public 450K data and our validation WGBS data would be regarded as confirmed. By WGBS, the average methylation status of the region was more effective for the representativeness of the promoter methylation status and could compensate for the lack of sites and deviations caused by a single methylation site. Then, we further calculated the mean methylation of the promoter regions (−1kb–1kb) and compare it to the methylation status of the selected CpG sites above. So, we next used mean methylation (sequencing reads covered all the samples) of promoter region for the sites without enough methylation information in WGBS for further analysis. About 89.7% (1,769/1973) of the significant methylation changes of the available DRPs CpG sites were verified in our samples (Figure 6D). Among them, the confirmed ratios for APs and mrAPs were 91.4% (117/128) and 92.3% (60/65), respectively (Figures 6E, F). The higher confirmed ratios (90.6% for DRPs, 96.6% for APs, and 95.7% for mrAPs) were achieved when the criteria of significant methylation changes were enhanced to 0.2 (Supplementary Figures 6D–F). The negative correlation between the changes of promoter activity and the regional methylation level in DRPs (R = −0.29, p-value = 2.2e-16; Figure 6G) and APs (R = −0.22, p-value = 0.047; Figure 6H) were also confirmed in our validation. Consistent with our expectation, the correlation coefficient in mrAPs was higher (R = −0.41, p-value = 0.017; Figure 6I). A similar negative correlation was also obtained using selected CpGs sites (Supplementary Figures 6G–I). As shown above, our RNA-seq and WGBS data powerfully verified the negative correlation of promoter activity and methylation status in HCC.




Figure 6 | Validation of promoter activity and methylation status by RNA-seq and WGBS. (A) Venn diagram showing the overlap of promoters with activities in our validation dataset of RNA-seq and public dataset of GSE77276. (B, C) The pie chart showing the percentage of all identified APs (B) and mrAPs (C) in GSE77276 with differential promoter activities being confirmed by our validation dataset of RNA-seq. (D–F) The pie chart showing the percentage of all identified DRPs (D), APs (E), and mrAPs (F) in GSE77276 with differential methylation status being confirmed by our validation dataset of WGBS. Changes of methylation of CpG site (site) with over 0.1 in both public 450K data and our validation WGBS data, and also with the same alteration trends, would be regarded as confirmed. The promoter region (region) mean methylation was adopted for testing if the methylation of a CpG site is not available in the WGBS dataset. (G–I) Scatter plots showing the correlation between differential methylation (HCC – normal) and promoter activity by normalized change fold for DRPs (G), APs (H), and mrAPs (I), similar to Figures 3D, E, G, but in our validation datasets of RNA-seq and WGBS. (J) The t-SNE plot showing the normal (blue dots) and HCC (red dots) samples in our validation dataset could be grouped by the promoter activities of six mrAPs used in the diagnostic model in Figure 4E. (K) Heatmap showing the promoter activities and methylation status of six mrAPs in our validation data. (L) UCSC genome browser screenshot showing the promoter activities and methylation of gene PDZK1 in both public dataset of GSE77276 and our validation datasets. GSE77276 RNA-seq tracks represent mean read counts of 19 samples, and validation dataset RNA-seq tracks represent read counts for HCC or normal samples from GX154044 and GX157272 separately. GSE77276 450K tracks represent the mean methylation value of 19 samples, and validation dataset WGBS tracks represent methylation ratio for samples from GX154044 and GX157272 separately.



In addition, tumor samples could be successfully distinguished from normal samples by the activities of six mrAPs using t-SNE, which confirmed the accuracy of the above diagnostic model (Figure 6J). Heatmap showed the activity trends of the six mrAPs used in the diagnostic model, which were consistent with the above results (Figure 6K). The methylation status of six mrAPs in our validation data showed a similar changing pattern with Figure 4D (Figure 6K). Finally, examples mentioned above such as PDZK1 were examined in the UCSC genome browser (Figure 6L and Supplementary Figures 6J). As shown in Figure 6L, the promoter (prmtr.54498) of the tumor samples was higher than normal, both in the public data and our two samples. The CpG methylation status of prmtr.54498 was lower in the tumor samples, and our WGBS data showed a more pronounced effect. The correlation between the promoter activity and methylation status, including our validation data, is shown in Supplementary Figure 6J. Another example of CCDC150 is shown in Supplementary Figures 6K, L. In addition, these observations were further verified by an independent validation based on public WGBS and RNA-seq datasets (31) of the paired tumor and normal samples from two patients (Supplementary Figures 6M–R). Through the comprehensive analysis of our validation data and independent public datasets of RNA-seq and WGBS, we further confirmed the effects of aberrant DNA methylation on the usage of APs in HCC from a genome-wide perspective, which provides a new insight into the exploration of tumor mechanisms.




Discussion

Promoters are one of the key factors that regulate gene expression. Recent studies showed that the differential activities of promoters had a significant impact on the cancer transcriptome and contribute to the cellular transformation of cancer (11, 12). Genome-wide promoter analysis methods such as H3K4me3 ChIP-seq, CAGE, and RNA long-read sequence had a limitation in the numbers of publicly available datasets. In this study, we applied “proActiv”, an R package quantification promoter activity based on the widely used RNA short-read sequencing. Promoter activity inferred by “proActiv” has been advocated to have high consistency with other technologies (11, 12). So far, this study provides the first systematic study of genome-wide promoters usage in HCC. Compared to the gene expression, promoter activity successfully distinguished the tumor samples from normal by either t-SNE or PCA, which suggested an advantage by promoter activity in identifying the differences between tumor and normal samples. In addition, some cancer-related ontologies enriched only in genes with differentially regulated promoters (DRPGs) implied that promoter analysis may provide more information to the potential mechanism of tumorigenesis and development.

DEGs of HCC have been emphasized in previous studies, but only a few studies focused on the non-differential genes (non-DEGs). In this study, we focused on the promoters that belong to the non-DEGs. DRPs were considered as an AP if they were derived from non-DEGs. We identified 855 APs from 709 genes, among which are several known cancer-associated genes, such as RARA, ARAP1, and MET. MET, a prototypical receptor tyrosine kinase, has been reported in several cancers and regulates many physiological processes including proliferation, morphogenesis, and survival (42). In our study, the promoter activity of the N short-truncated isoform was significantly increased in HCC patients, which may lead to abnormal SEMA domain lacking protein accumulation. The abnormally increased expression of the N short-truncated MET isoform had also been observed in gastric cancer (12). Further studies are required to determine how the abnormal SEMA-lacking protein accumulation plays a role in tumor development.

Few studies have aimed to determine the potential mechanism of regulation in the usage of APs. DNA methylation is one of the most deeply studied epigenetic regulatory potential mechanisms. The canonical mechanisms of transcript silencing caused by hypermethylation include the following: (1) hypermethylation interferes with transcription factor binding, (2) methylated DNA-binding protein (MDBP) prevents the binding of transcription factors to target sequences in the promoter, and (3) hypermethylation changing chromatin structure leads to tighter chromatin structure and transcriptional inactivation (15, 49). This is the first systematic study focusing on the relationship between methylation status and promoter activities in APs. In our study, there are approximately 53% APs activity in cancers likely to be regulated by DNA methylation, among which 62% show canonical negative correlations. A positive correlation had also been reported in a selection of contexts (50). However, its potential mechanism needs further exploration. Taken together, our results indicated that the aberrant methylation states play a critical role in the precision usage of APs in HCC.

We next focused on the diagnostic and prognostic values of methylation-regulated APs (mrAPs). Based on the LASSO regression model, six out of 189 mrAPs were selected to generate a diagnostic model, which works well in both the training and testing datasets. For the six mrAPs in the diagnostic model, five mrAPs (prmtr.53763 of TNFRSF10C, prmtr.32651 of RGS3, prmtr.36049 of CCDC150, prmtr.37640 of TACC1, and prmtr.39585 of RABGAP1L) belong to a multiple isoform mrAP with major significantly differentially expressed isoforms. prmtr.5237 of RASSF1 belongs to promoters regulating one transcript isoform with a significant expression change. All of these observations may highlight the more significant effect of multiple-isoform APs with major significantly differentially expressed isoforms on the development of HCC. TNFRSF10C works as an antagonistic receptor that protects cells from TRAIL-induced apoptosis. The copy number variation of TNFRSF10C and the downregulation of protein TNFRSF10C have been reported to be associated with colorectal cancer metastasis (51, 52). In our work, the activity of prmtr.53763 in TNFRSF10C was significantly upregulated and the role of transcript isoform is regulated by this promoter in tumors and needs to be explored in future studies. RGS3 is a GTPase-activating protein that inhibits G-protein-mediated signal transduction and associated with tumor cell proliferation and migration in glioma (53) and gastric cancer (54). Our study observed that GRS3 promoter activity (prmr.32651) is significantly and steadily upregulated in HCC. RASSF1 plays an important role in the occurrence and process of malignant tumors. It contains two well-studied subtypes, RASSF1A and RASSF1C, due to AP usage. Our research showed that hypermethylation of the RASSF1A promoter (prmr.5239) associated with the downregulation of promoter activity and tended to have poorer cancer survival, which was consistent with previous studies (55–57). In addition, the hypomethylation of RASSF1C promoter (prmtr.5237) was associated with the upregulation of promoter activity, which could serve as an oncogene in both our study and previous research (58). By interacting with a variety of complexes, TACC1 participates in tumorigenesis and development. Abnormal TACC1 regulation plays an important role in the occurrence and development of multiple myeloma including breast cancer (59), gastric cancer (60), and ovarian cancer (61). Our research demonstrated that the methylation status of the TACC1 promoter region is significantly related to promoter activity, which implies the new roles of TACC1 in liver cancer. RABGAP1L is a protein coding gene that is functionally involved in endocytosis and intracellular protein transport by regulating the activity of GTPases (62). CCDC150 is a protein coding gene with multiple transcripts. We reported that the CpG methylation status of CCDC150 and RABGAP1L could have prognostic values in HCC, which linked the functions of these two genes to cancer development.

It has also been reported that promoter activity could be used as a prognostic marker in gastric cancer and renal cancer (11). DNA methylation could potentially function as a tumor biomarker with high stability and high specificity. Traditionally, DNA methylation studies were mainly based on the DEGs, and the gene promoter regions are usually located upstream and downstream of the most distal transcription start site. However, in reality, more than half of the genes have one or more transcription start sites, and a large amount of gene-related methylated regions are being overlooked. In our study, 83.63% (143/171) of mrAPs had at least one associated methylation site that could be used to predict clinical outcomes. Methylation of four promoters in the diagnostic model and several known oncogenes or tumor suppressor genes’ promoters were included.

RARA has been reported to promote tumor progression in breast cancer (63), acute promyeloid leukemia (64), and liver cancer (65). In our study, the methylation level of the promoter (prmtr.27493) of RARA in HCC was significantly decreased, with the increase of promoter activity (65, 66). It is likely that the full-length transcript was overexpressed in HCC, which may promote the development of the tumor. The tumor suppressor gene (TSGene) APC has been most studied in colorectal cancer (67), and its role in liver cancer has also been reported (68–70). In contrast to RARA, hypermethylation of a promoter (prmtr.29535) inhibits the transcription and may contribute to the intensification of tumor progression. The oncogenic activity of RARA and tumor suppressor activity of APC observed in our study supported their roles that were reported in previous research. In addition, there are some cancer-associated genes from the oncogene and TSGene lists. PDZK1 plays a different or even opposite role in different tumors. PDZK1 acts as a tumor suppressor in gastric cancer and renal cancer, but in esophageal adenocarcinoma, breast cancer, and multiple myelomas (MMs), the overexpression of PDZK1 promotes cancer development or drug resistance (71–73). We found that PDZK1 promoter activity was significantly increased in the HCC, and was significantly correlated with methylation status, which showed that the lower methylation group of patients would have a worse prognosis. Our results suggested that PDZK1 may harbor oncogenic activity in HCC.

Finally, we used RNA-seq and WGBS in HCC patients to perform a comprehensive verification of our study. The significant changing of promoter activities of 86.6% (554/640) APs and 85.6% (137/160) mrAPs could be confirmed in our validation dataset. A majority of the selected 450K CpGs with significantly changed methylation sites could be confirmed in our WGBS validation dataset, especially in mrAPs. A negative correlation between the change of promoter activity and the methylation variation implied that methylation may regulate the usage of APs in HCC. In addition, both promoter activity and the methylation status of the six methylation-regulated APs used in the diagnostic model could also be verified in the validation data. We extended our validations to two other independent pairs of liver cancer and matched normal samples from the public dataset (31). Some limitations exist in our study due to the small sample size, and more WGBS samples would be investigated in our future studies. However, the relationship between promoter activities and methylation changing of APs in cancer and normal samples could be validated on a genome-wide scale by paired WGBS and RNA-seq data. All in all, our results suggested that the study of APs and their methylation status can have a general application in liver cancer.



Conclusion

Our study demonstrated that promoter activity was more effective for HCC recognition than gene expression, and the usage of APs has a significant influence on the cancer transcriptome. Furthermore, the precise usage of APs could be regulated by DNA methylation in HCC, which would have a great effect on the comprehensive understanding of the tumorigenesis mechanism. Finally, based on methylation-regulated APs, our study provided an effective potential approach for cancer screening and treatment. Taken together, our study provided a new perspective on transcription regulation and contributed to the cellular transformation of cancer.
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Supplementary Figure 1 | Comparative analysis of promoter activity and gene expression in HCC. Related to Figure 1. (A) The number of promoters with activities in HCC per gene (left); number of differentially regulated promoters (DRPs) with activities in HCC per gene. (B–C) Volcano plot showing the log2 (fold change) in gene expression (B) and promoter activity (C) in HCC and adjust normal tissues. (D) Principal component analysis (PCA) clustering the sequenced samples by FPKM for all genes or DEGs and by promoter activities for all promoters or DRPs. Samples were colored by sample types (dark red: HCC; dark blue: adjacent normal tissue).

Supplementary Figure 2 | Examples of alternative promoters (APs). Related to Figure 2. (A) UCSC genome browser screenshot showing mean read count of prmtr.14925 and prmtr.14927 at the MET gene locus in HCC (red track) and normal tissues (blue track). The boxplot showing the expression of gene RARA in tumor and normal was nearly the same. The boxplot showing promoter activity of prmtr.14927 was significantly higher in HCC samples. ****p-value <0.0001 (ANOVA, p-value = 4.57e-05). (B) The protein domains of isoforms initiated from prmtr.14925 and prmtr.14927. (C) UCSC genome browser screenshot showing mean read count of prmtr.15778 at the MICU1 gene locus in HCC (red track) and normal tissues (blue track). The boxplot showing the expression of gene MICU1 in tumor and normal was nearly the same. The boxplot showing promoter activity of prmtr.15778 was significantly lower in HCC samples. ****p-value <0.0001 (ANOVA, p-value = 1.34e-08). (D) UCSC genome browser screenshot showing mean read count of prmtr.53841, prmtr.53843, and prmtr.53844 at the SLC19A1 gene locus in HCC (red track) and normal tissues (blue track). The boxplot showing the expression of gene SLC19A1 in tumor and normal was nearly the same. The boxplot showing promoter activity of prmtr.53841 was significantly lower in HCC tissues, but prmtr.53843, and prmtr.53844 were significantly higher in HCC samples. ****p-value <0.0001 (ANOVA, prmtr.53841: p-value = 1.16e-04; prmtr.53843: p-value = 7.58e-03; prmtr.53844: p-value = 7.84e-06). (E) PCA plot showing normal (blue dots) and HCC (red dots) samples can be clustered by activities of all APs. (F) The number of transcripts with same TSSs in HCC per APs. (G) Scatter plots showing the correlation between transcript expression (log2FC) and promoter activity (log2FC) of APs. (H) The pie chart showing the percentage of significant differential expressed isoforms (cancer versus normal, p < 0.05), differential expressed isoforms (cancer versus normal, |fold-change| > 1.2) and others in APs with only one transcript isoform. (I) The pie chart showing the percentage of AP with major differential expressed isoforms (contain one or more transcript isoform express significantly different, p-value < 0.05), APs with major diff isoform (contain one or more transcript isoform express different, |fold-change| > 1.2) and multi transcript isoform influenced APs.

Supplementary Figure 3 | Correlation analysis of promoter activity and methylation status. Related to Figure 3. (A) The methylation profile showing mean methylation levels of TSS nearby region (±2k) of the DRPs (Top) and APs (Bottom). Up-regulated and down-regulated promoters were shown separately. The blue line and red line represent normal and HCC samples respectively. Methylation profile was smoothed by 50 bps sliding windows with 25 bps steps. (B) The differential methylation (Tumor - Normal) of each window was calculated and plotted corresponding to (A) (C) The Schematic illustrates the method to screen the CpG sites with the minimal p-value correlation. Correlation tests between each CpG methylation status and the promoter activity were performed, and the CpG site with the minimal p-value was selected. (D) The proportions of correlation categories between  the promoter activities of DRPs and their methylation status are shown in the pie chart. Negative correlation, positive correlation, and none correlation are colored by green, orange, and grey respectively. (E–F) Scatter plots showing the correlation between methylation (HCC – normal) and promoter activity by normalized change fold for DEGs. (G-I) Scatter plots showing the correlation between differential methylation (HCC – normal) and promoter activity by normalized change fold for DRPs (G), APs (H) and mrAPs (I). The representative CpG sites were filtered from the ±1k upstream and downstream of TSS (see also Methods). (J) The number of transcripts with same TSSs in HCC per mrAP. (K) The pie chart showing the percentage of significant differential expressed isoforms (cancer versus normal, p < 0.05), differential expressed isoforms (cancer versus normal, |fold-change| > 1.2) and others in mrAPs with only one transcript isoform. (L) The pie chart showing the percentage of mrAP with major differential expressed isoforms, mrAP with major diff isoform (contain one or more transcript isoform express different, |fold-change| > 1.2) and multi transcript isoform influenced mrAP.

Supplementary Figure 4 | Effectiveness of the diagnostic model based on 6 mrAPs in another independent test dataset. Related to Figure 4. (A) t-SNE plot showing normal (blue dots) and HCC (red dots) samples could also be grouped by the activities of six mrAPs in the independent test dataset of GSE55758. (F) Boxplot showing the significant different model scores of HCC and normal sample of the test dataset of GSE55758. **p-value <0.01 (Wilcoxon test, p-value = 0.0011) (G) ROC curve showing the performance and prediction accuracy of the diagnostic model in the test dataset of GSE55758.

Supplementary Figure 5 | The methylation status of the case with switch promoter activity usage predicts survival of HCC patients. Related to Figure 5. (A) The 10 years overall survival curve of methylation levels of cg06781213 (related to TNFRSF10C), cg16191087 (related to RGS3), cg06117233 (related to RASSF1), cg21708058 (related to TACC1), cg17516247 (related to RABGAP1L) in TCGA-LIHC patients in high and low methylation cohort. (B) UCSC genome browser screenshot showing mean read count (top 2 tracks) and 450 K methylation beta values (bottom 2 tracks) at the ARAP1 gene locus of HCC (red) and normal tissues (blue or green). The boxplot shows the gene expression in tumor and normal was roughly equal. The activity of prmtr.61499 is significantly lower in HCC tissues, but prmtr.61501 is significantly higher in HCC samples **p-value <0.01 (ANOVA, prmtr.61499: p-value = 1.48e-03; prmtr.61501: p-value = 3.24e-04). (C) Methylation beta value of ± 500 bps relative to TSS of prmtr.61499 (upper) and prmtr.61501 (bottom). Normal and tumor samples are colored by green and red dots, dots from the same sample were connected by lines. Cg16695389 and cg07031551 with the lowest p-value for the correlation test were marked and screened for calculation in (D) and (E). (D) The scatter plot showing the negative correlation between promoter activities of prmtr.61499 and methylation beta values of cg16695389 in HCC (red) and normal (blue) samples. A similar negative correlation exhibits between prmtr.61501 and methylation beta values of cg07031551. (E) The 10 years overall survival curve of methylation levels of cg16695389 and cg07031551 in TCGA-LIHC patients in high and low methylation cohort, showing both methylations of cg16695389 and cg07031551 was significantly associated with survival in HCC.

Supplementary Figure 6 | Comprehensive verification using RNA-seq and WGBS in HCC patients. Related to Figure 6. (A–B) The pie chart shows in detail the percentage of all identified APs (A) and mrAPs (B) in GSE77276 with differential promoter activities being confirmed by our validation dataset of RNA-seq. (C) Methylation levels of CpGs within ± 2kbps upstream and downstream relative to TSS were assessed in four groups classified by the quartiles of promoter activities. Green to red represents the promoter activities levels from 0 to 100%. Methylation profile was smoothed by gam (Generalized Additive Models). (D-F) The pie chart showing the percentage of all identified DRPs (D), APs (E) and mrAPs (F) in GSE77276 with differential methylation status being confirmed by our validation dataset of WGBS. Changes of methylation of CpG site (site) with over 0.2 in both public 450K data and our validation WGBS data, and also with the same alteration trends, would be regarded as confirmed. The promoter region (region) mean methylation were adopted for testing if the methylation of a CpG site is not available in WGBS dataset. (G-I) Scatter plots showing the correlation between differential methylation (HCC – normal) and promoter activity by normalized change fold for DRPs (G), APs (H) and mrAPs (I) The available above selected CpG methylation value was used to calculate delta methylation. Only these black dots were used for the Pearson correlation test. (J) The scatter plot shows the correlation test result by GSE77276 and validation RNA-seq dataset between the activity of PDZK1 (prmtr.54498) and methylation levels of its selected CpG (cg19353949) methylation or region mean methylation value, normal and tumor samples are colored by blue and red, validation samples are marked in the plot. (K) UCSC genome browser screenshot showing the promoter activities and methylation of gene CCDC150 in both public dataset of GSE77276 and our validation datasets. GSE77276 RNA-seq tracks represent mean read counts of 19 samples, validation dataset RNA-seq tracks represent read counts for HCC or normal samples from GX154044 and GX157272 separately. GSE77276 450k tracks represent the mean methylation value of 19 samples, validation dataset WGBS tracks represent methylation ratio for samples from GX154044 and GX157272 separately. (L) The scatter plot shows the correlation test result by GSE77276 and validation RNA-seq dataset between the activity of CCDC150 (prmtr.36049) and methylation levels of its selected CpG (cg1265662) methylation or region mean methylation value. (M) Heatmap shows the correlation of three pairs of WGBS data in GSE70091. (N) Heatmap shows the better performance correlation of two pairs of WGBS data in GSE70091 after removing N3 and T3 pairs. (O) The pie chart showing the percentage of all identified DRPs, APs and mrAPs in GSE70091 with differential promoter activities being confirmed by validation dataset of RNA-seq. (P) The pie chart showing the percentage of all identified DRPs, APs and mrAPs in GSE70091 with differential methylation status being confirmed by validation dataset of WGBS. Changes of methylation of CpG site (site) with over 0.1 in both public 450K data and our validation WGBS data, and also with the same alteration trends, would be regarded as confirmed. The promoter region (region) mean methylation were adopted for testing if the methylation of a CpG site is not available in WGBS dataset. (Q) Scatter plots showing the correlation between differential methylation (HCC – normal) and promoter activity by normalized change fold for DRPs, APs and mrAPs in GSE70091 datasets of RNA-seq and WGBS. The available above selected CpG methylation value was used to calculate delta methylation. Only these black dots were used for the Pearson correlation test. (R) Heatmap showing the promoter activities and methylation status of six mrAPs in GSE70091.
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Since its identification, HCV has been considered one of the main causes of hepatitis and liver cancer. Currently, the molecular mechanisms of HCC development induced by HCV infection have not been sufficiently clarified. The recent discovery of novel treatments that inhibit HCV replication gave rise to new questions concerning HCC mechanisms. In particular, the HCV eradication mediated by new direct-acting antiviral (DAAs) drugs does not exclude the possibility of de novo HCC development; this finding opened more questions on the interplay between liver cells and the virus. Different groups have investigated the pathways leading to cancer recurrence in patients treated with DAAs. For this reason, we tried to gain molecular insights into the changes induced by HCV infection in the target liver cells. In particular, we observed an increase in microRNA34a (miR34a) expression following HCV infection of HCC cell line Huh7.5. In addition, Huh7.5 treated with extracellular vesicles (EVs) from the previously HCV-infected Huh7.5 underwent apoptosis. Since miR34 expression was increased in Huh7.5 EVs, we hypothesized a paracrine mechanism of viral infection mediated by miR34a cargo of EVs. The balance between viral infection and cell transformation may raise some questions on the possible use of antiviral drugs in association with antineoplastic treatment.
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Introduction

Liver cancer is the fourth cause of cancer death worldwide (1), among which hepatocellular carcinoma (HCC) accounts for 75%–85%. Chronic infection caused by hepatitis C virus (HCV) is one of the most common HCC risk factors (1). The HCV genome was originally identified in 1989 (2). The virus belongs to the Flaviviridae family and primarily infects hepatocytes (3). After infection, the positive single-stranded (+) RNA viral genome is translated via cellular ribosomal apparatus and copied to a negative strand (–), generating a replicative intermediate (RI). Apart from this, there is no well-defined connection for HCV infection and HCC induction, although various mechanisms have been evaluated (4–6). At present, direct-acting antivirals (DAAs) represent a long-expected solution for HCV treatment (7, 8), and several studies demonstrated the benefit of DAA regimen before HCC diagnosis, with an increased median survival up to 5 years (9). Nevertheless, interferon (IFN)-free DAA treatment is well tolerated and was associated with improved survival (10); recent reports showed that DAA treatment does not completely avoid the occurrence of HCC (11–13), raising a great debate on the consequence of this treatment and the need for screening after viral eradication (14, 15).

This requirement is strictly necessary in liver transplantation, where the use of DAA therapy opened new chances for HCV-positive recipients (16) and for HCV-positive donors into HCV-negative recipients (17, 18).

Zika virus (ZIKV) is another member of the Flaviviridae family: ZIKV infection is usually asymptomatic but during pregnancy induces neural developmental malformation, such as microcephaly. Defects of fetal neurogenesis have been ascribed to the effect of ZIKV on neural stem cells (NSCs), which are specifically targeted, thus resulting in central nervous system (SNC) abnormality (19). An additional target of ZIKV is glioblastoma stem cells (GSCs), which are the transformed counterpart of NSCs. It was observed that the virus displays an oncolytic effect on glioblastoma (20, 21). To dissect the oncolytic mechanism of ZIKV, we previously performed a next-generation sequencing (NGS) analysis of GSCs after viral infection. Our results suggested that ZIKV infection induces a boost in cellular expression of miR34c (21). In addition, the apoptotic effect observed in GSCs following ZIKV infection was associated with the induction of miR34c expression (21). MiR34c belongs to the miR34 family, which includes miR34a and miR34b. Both miRNAs are involved at various levels with senescence (22), stemness (23) and neoplastic progression (24).

To assess whether HCV can act similarly to ZIKV and exert a cytostatic/cytotoxic effect in target cells, we evaluated an HCV-induced miR34 expression in Huh7.5 cell lines. We observed a clear increase of miR34 expression following HCV infection. Moreover, in our work we demonstrated that the effect could act not only on the infected cells but also in a paracrine manner mediated by EVs.



Results

In order to evaluate whether HCV infection can cause an increase of miR34 expression in target cells, as observed for ZIKV, and induce a cytostatic/cytotoxic effect, we addressed molecular changes in Huh7.5 before and after HCV infection. This cell line was selected as the gold-standard model to study HCV infection because it involves the most permissive cells for viral infection and sustained productive replication (25, 26). First, we performed a TaqMan assay to accurately quantify miR34 expression.

For this purpose, we infected Huh7.5 cells with recombinant HCV replicons and studied miR34 expression (acute infection). For comparison, we used a Huh7.5-derived cell line that we generated by long-term culture, stably transfected with HCV DNA (Huh7.5-CI-HCV) mimicking a chronic infection in an in vitro model. This analysis revealed a significant increase in miR34a and miR34c expression in both cell lines infected with HCV, while the miR34b level was almost undetectable (data not shown). In particular, we observed a 4-fold and 8-fold increase in miR34a expression in Huh7.5 HCV and Huh7.5-CI-HCV vs. non-infected Huh7.5 control, respectively (Figure 1). Quantification of miR34-c resulted in an almost 4-fold increase in both acute and chronic cell lines compared to non-infected Huh7.5 cells (Figure 1).




Figure 1 | RT-PCR analysis for miR34a and miR34c in empty Huh7.5 (control), HCV infected and Huh7.5 CI. Values are expressed as fold change vs. the control. Data are representative of experiments performed in triplicate on three different samples (p value * ≤0.05, ** ≤0.005).



In view of this remarkable increase, and considering the miR34a role in tumor growth in different tissues/organs (27) and, in particular, the liver (28), we focused on this member of the miR34 family. We evaluated miR34a overexpression effect by using a third-generation lentiviral vector, as previously described (23). Huh7.5-overexpressing miR34a showed a clear morphological change, assessed by bright field microscope observation (Figure 2). In particular, it is possible to assess a cellular clear-shape modification after HCV infection, where the infection induces swelling of cells and a density reduction with respect to control cells. Next, we evaluated whether miR34a overexpression in Huh7.5 could interfere with cellular replication, as well as morphology. To this purpose, we performed a cell growth assay. Cell titer growth clearly revealed that miR34a affects HCC cell viability (Figure 3A).




Figure 2 | Morphological evaluation of Huh7.5 control and overexpressing miR34a in bright-field microscopy. The cells’ cell morphology after infection appears clearly modified, and the cellular density is lower than control cells.






Figure 3 | Analysis of Huh7.5 control and overexpressing miR34a: (A) Cell growth curve evaluation by CellTiter-Glo (p value **≤0.005); data are representative of experiments performed in triplicate on three different samples. (B) Western blot analysis of proteins that have been described as miR34a target and (C) protein quantification (p value ≤ 0.05); all experiments have been performed in triplicate.



To gain insight into the miR34 mechanism of action in Huh7.5, we analyzed the protein expression for some key genes that have been described as targets for this miRNA. In particular, miR34a overexpression in Huh7.5 induces a downregulation for Notch, Numb, cMyc, and Bcl-2 (Figures 3B, C). While the first three genes are related to hepatocyte proliferation (24, 29–31) and neoplastic progression (21, 32–34), Bcl-2 reduction may suggest an involvement in apoptotic response (35). We evaluated miR34a-induced apoptosis. In particular, we analyzed the cell cycle profile by propidium iodide (PI) incorporation assay in Huh7.5 overexpressing miR34a (Figure 4A). As expected, flow cytometry analysis revealed induction of apoptosis, with an increase of approximately 50% in the sub-G0 population. This result prompted us to evaluate caspase-3/7 activation by ApoTox-Glo Triplex Assay (Figure 4B). The analysis confirmed a significant reduction of cell viability, already seen with the CellTiter-Glo analysis, showing a >2-fold increase cell cytotoxicity as a consequence of the miR34 overexpression. Moreover, a >5-fold increase of caspase-3/7 activity together with Bcl2 reduction, compared to the control, indicates the apoptosis induction by the intrinsic pathway.




Figure 4 | Evaluation of miR34a overexpression effect on Huh7.5: (A) propidium iodide cell cycle analysis and (B) cell viability, cytotoxicity, and caspase activation (the analysis was carried out in triplicate; p value ≤ 0.05).



All these results demonstrated the miR34a overexpression action in HCC cell lines and suggested that HCV infection induces a cytotoxic/cytostatic effect in target cells. However, since HCV infection is not widespread in all liver cells (36), we evaluated whether miR34 cytostatic/cytotoxic action in infected cells could be transferred to the uninfected cells in a paracrine way. In order to evaluate miR34a expression in the vesicular fraction of Huh7.5, secretome from HCV-infected Huh7.5 was collected, and the released EVs were isolated. EVs purified by differential ultracentrifugation (37) were assessed by Nanoparticle Tracking Analysis (NTA) (Figure 5A). Furthermore, a quantitative characterization of miR34a expression in EVs was done through digital PCR analysis. As expected, we found a significant increase of miR34a expression in the secreted fraction (Figure 5B), confirming that HCV infection may act not only on miR34a in the infected cells but also on neighboring cells through EV delivery. Consequently, we tested whether miR34a carried by EVs may act similarly to the miRNA overexpressed by vector transduction. We purified the EVs overexpressing miR34a and evaluated their effect on Huh7.5 growth. We observed that miR34a-loaded EVs have a similar effect on cells as its overexpression is induced by lentiviral transduction (Figure 6). Microscope evaluation revealed an increase in suffering cells (Figure 6A). Similarly, the cell growth curve confirmed that EVs overexpressing miR34 have a cytotoxic effect on Huh7.5 (Figure 6B). Finally, we investigated whether DAA treatment could affect miR34 overexpression in HCV-infected Huh7.5. We tested three distinct drugs currently used in HCV treatment: sofosbuvir, velpatasvir, and grazoprevir. By in vitro assay, we found a decrease of miR34a expression after 3 weeks of DAA treatment of HCV-Huh7.5 indicating that the HCV effect on miR34 induction was not completely abrogated (Figure 7), despite the fact that the virus was totally removed, as assessed by immunoassay (data not shown).




Figure 5 | Characterization of Huh7.5 EVs by nanoparticle tracking analysis (NTA) and digital PCR. (A) Representative NTA graphs of EV samples obtained after differential ultracentrifugation of secretome, showing size diameter (nm) of particle populations. (B) Digital PCR analysis showing the expression of miR34a after HCV infection vs. control The reported data are representative of experiments performed in triplicate on three different samples (**p value ≤ 0.005).






Figure 6 | Evaluation of Huh7.5 control and treated with miR34a-loaded exosomes. (A) Bright field microscopy and (B) cell growth curve by CellTiter-Glo demonstrated that miR34-loaded EVs clearly reduce the cell growth rate (**p value ≤ 0.005). The reported data are representative of experiments performed in triplicate on three different samples.






Figure 7 | RT-PCR analysis for miR34a in empty Huh7.5 (control, Ctrl), HCV infected, and Huh7.5 treated with sofosbuvir, velpatasvir, and grazoprevir for 3 weeks at a concentration of 10 nM; the absence of virus after treatment was evaluated at 15 days of treatment by immunoassay (data not shown). The reported data are representative of experiments performed in triplicate on three different samples (p value * ≤ 0.05, **≤ 0.005).





Discussion

In a previous study, we observed that miR34 was upregulated after ZIKV infection in GSCs (21). Similarly, other authors have described an increase in miR34 expression after HCV infection, particularly in serum of patients with chronic hepatitis C (38). Pairwise, miR34 overexpression has been also correlated with the grade of HCV-dependent cirrhosis, where patients with mild or moderate fibrosis display lower miR34 level expression in the circulating fraction (39). It has been suggested that the Flaviviridae infection can enhance the expression of miRNAs in target cells to counteract the viral replication (40). In particular, one study reported that miR34 inhibits viral replication for dengue virus (DENV), West Nile virus (WNV), and Japanese encephalitis virus (JEV), suggesting that miR34 transfection induces the interferon (IFN)-mediated response (40). Another explanation for miR34 expression enhancement is related to p53 induction after HCV infection (Figure S1A), which can be ascribed to different factors. Indeed, on the one hand, HCV infection can cause double-strand breaks (DSBs) that consequently induce p53 expression (41, 42), and on the other, the HCV core protein stimulates p53-dependent gene expression (43, 44). p53 expression, in turn, acts in a feedback loop with miR34 through Sirt1 (45): p53 induces the miR34 transcription, and miR34 inhibits p53 translation (46, 47). The persistence of miR34a expression observed in vitro after viral eradication (Figure 7) can be ascribed to the downstream signaling that is not completely abolished. Our work shows that HCV infection induces the expression of miR34a through a mechanism that has not been completely clarified. This produces a cytostatic/cytotoxic effect, leading to tumor suppression (48). Moreover, miR34 induction is not limited to the infected cells but also acts in a paracrine way by EV release from infected cells. This result is supported by the observation that miR34 is clearly enhanced in the serum of infected patients (38, 49).

Likely, our results provide insights on the cytostatic/cytotoxic effect of HCV infection in neoplastic cells (Figure S1B). On the other hand, this investigation may open a route for a novel therapeutic intervention based on EVs loaded with miR34, or engineered cells, such as MSCs (50), able to release this miRNA by EV delivery (data not shown) for their tumor tropism (51), thus reducing tumor progression. Further studies are needed to confirm this strategy for HCC prevention after HCV eradication.



Materials and Methods


Cell Culture, Transfection, and Infection

Huh7.5 cells (a kind gift of Prof. R. Bartenschlager, Heidelberg University, Germany, with the authorization of Apath LLC, NY) (52) were cultivated in DMEM high glucose (Gibco) supplemented with 10% calf serum. For the growth assays, cells were seeded in 6–96-well plates (cell culture treated, Corning, New York, USA). After the indicated time, the cells were collected and lysed with CellTiter-Glo Luminescent 3D Cell Viability Assay reagent (Promega, Mannheim, Germany). Caspase activity was evaluated using the ApoTox Triplex Assay (Promega). Luminescence was analyzed by the Spark Microplate Reader (Tecan, Männedorf, Switzerland).

Huh7.5 transduction was carried out with lentiviral vectors, as previously described (34), with third-generation lentiviral vectors to transduce simultaneously both reporter and miR34a.

Sofosbuvir, velpatasvir, and grazoprevir (Selleckchem, Boston, USA) were resuspended as indicated by the vendor and used at the concentration of 10 nM; the absence of the virus was assessed as described below.



HCV Core Ag Quantification

Viremia of HCV-infected Huh7.5 culture media was assessed using the two-step chemiluminescent microparticle immunoassay ARCHITECT HCV Ag on the ARCHITECT-i2000R Immunoassay Analyzer (Abbott Diagnostics, Illinois, USA). Briefly, 300 µl of culture supernatants were transferred into 2-ml sample cups prior to loading. Specimens with HCV-Ag concentrations <3 fmol/l were considered non-reactive, while those with HCV-Ag between 3 and 10 fmol/ml (i.e., the “grey-zone”) were retested per manufacturer recommendations.



Transfection of Huh7.5 Hepatic Cell Line With HCV JFH1 Replicon

Permissive Huh7.5 cells were transfected with HCV RNA by electroporation (3 × 106 cells, 2.5 μg RNA, buffer SE, program CA-138, 4D-Nucleofector, Lonza). Plasmids pFK-Luc-Jc1 and pFK-Venus-Jc1 (GT 2a/2a) were a kind gift of Prof. R. Bartenschlager, Heidelberg University, Germany, with the authorization of Apath LLC, N.Y.) The plasmids were linearized with restriction enzyme Mlu-I and transcribed into HCV RNA with MEGAscript T7 Kit (Ambion), as previously described (3). For pFK-Luc-Jc1, transfection efficiency was monitored with luciferase activity with One-Glo Luciferase Assay System according to the manufacturer’s instructions (Promega). After substrate addition, luminescence was quantified with GloMax 96 Microplate Luminometer (Promega). For pFK-Venus-Jc1, efficiency of transfection was monitored with flow cytometry, as the fluorescent reporter gene Venus emits at a frequency of 527 nm.



Viral Stock Production

HCV viral stocks were prepared as previously described (3). The HCV strain was 2a. Briefly, culture supernatants of HCV-infected Huh7.5 were clarified of cell debris by low-speed centrifugation (1,000 × g, 4°C, 10 min.), and filtration through a 0.45-μm-pore-size filter. The filtered culture supernatant was buffered with HEPES 20 mM to stabilize pH to about 7.0 and then concentrated by the addition of 1/5 volume of ice-cold 40% PEG-8000/2.5 M NaCl. HCV virus was precipitated at 4°C overnight, followed by centrifugation at 13,000 × g at 4°C for 30 min. The precipitated virus was suspended and stored frozen at −70°C.



Viral Stock Titration and Immunostaining

Viral stock was titrated as previously described (3). Briefly, 12 × 103/well Huh7.5 were seeded on a 10-mm-diameter glass coverslip placed in a 24-well plate. A 10-fold serially diluted viral stock was added to Huh7.5 cells in a medium that was changed after 6 h. At 72 h postinfection, immunostaining against the HCV core protein was performed. Briefly, cells were washed five times with PBS and fixed with ice-cold 100% methanol at -20°C for 20 min. Cells were washed for five times with PBS; blocked for 1 h with PBS, 5% normal goat serum (BioGenex, Fremont, CA, USA), and 2% BSA; and incubated with mouse anti-HCV Core (clone [C7-50], Abcam, Cambridge, UK) diluted in blocking buffer 1:500 overnight at 4°C in a humidified chamber. Cells were washed with PBS and incubated for 1 h at room temperature with secondary antibody goat anti-mouse IgG-Alexa Fluor-568 (Invitrogen). Stained cells sections were mounted using SlowFade Gold Antifade reagent (Invitrogen) including DAPI for the nuclear counterstaining and stored in the dark. Images were acquired by a confocal microscope (TCS SP5 II, Leica). The number of foci formed at the highest dilution was used to calculate the virus titer, which was expressed as the number of focus-forming units per milliliter of supernatant (FFU/ml). The titers of our JFH1 viral stock were usually in the range of 104 to 106 FFU/ml.



Propidium Iodide Cell Cycle Analysis

Subconfluent cells were treated as described in the figures. For the analysis, the cells were harvested, washed in PBS, fixed dropwise in 70% cold ethanol (final), incubated 30′ in ice, rewashed in PBS 1% BSA, resuspended in propidium iodide and RNAse (respectively, 50  and 250 µg/ml), and incubated for 60′ RT light protected. DNA content was analyzed with a cytofluorimeter BD FACSCanto II instrument (BD Biosciences, USA).



RNA Extraction and RTPCR

Total RNA was purified by miRNeasy (Qiagen, Germantown, MD, USA) and reverse-transcribed by TaqMan Universal Mix II (Applied Biosystems, Waltham, MA, USA) using miRNA-specific assay reverse transcription. Semiquantitative PCR was performed with TaqMan-validated assays (Applied Biosystems): miR34a (000426), hsa-miR34b (000427), miR34c (000428), and hsa-miR34c-3p (241009_mat). As reference for cDNA, we chose U6 (#001973) for miRNA. All analyses were carried out in triplicate. Real-time data were collected using Microsoft Excel and analyzed with the following formula: expression level = 2-ΔΔCt method. All experiments were done as independent triplicates and analyzed using standard deviation (SD). The p-value was obtained with the Student’s t-test.



Immunoblotting

Cells were lysed with a buffer containing 1% Triton X-100, 50 mM HEPES (pH 7.5), 150 mM NaC1, 10% glycerol, 1.5 mM MgCl2, 5 mM EGTA, protease inhibitors (4 mM phenyl methylsulfonyl fluoride and 100 mg/ml aprotinin, Sigma-Aldrich), and phosphatase inhibitors (10 mM sodium orthovanadate and 20 mM sodium pyrophosphate, Sigma-Aldrich) and processed. For direct immunoblot analysis, we employed 15–30 μg of total cellular proteins, which were resuspended with 25 μl of loading buffer, boiled for 5 min, and loaded on SDS-PAGE for Western blot (WB). The antibodies for WB were used at the condition suggested by the suppliers: rabbit anti-NOTCH-1 (ab27526, 1/500, Abcam, UK), rabbit anti-Bcl2 (Ab185002, 1/500, Abcam), rabbit anti-human NUMB (ab-14140, 1/1000, Abcam), mouse anti-p53 (ab1101, 1/1000, Abcam), mouse anti-Myc (sc-40, 1/200, Santa Cruz Biotechnology, Texas, USA), and mouse anti-beta-actin (sc-81178, 1/1000, Santa Cruz Biotechnology). The WBs were acquired with the ChemiDoc MP Imaging System (Bio-Rad Laboratories Inc., California, USA), and the corresponding bands were quantified with Image Lab 6.1.0 (Bio-Rad Laboratories, Inc.). The p-value for the relative amount was obtained with the Student’s t-test.



Extracellular Vesicle Isolation and Characterization

EVs were isolated by differential ultracentrifugation of CM, according to a protocol (53), and analyzed as previously described (37). In brief, cell culture was centrifuged at 300g for 10′ to remove cells, and the supernatant harvested was subsequently centrifuged at 1,800g for 10′ to remove debris, again at 20,000g for 30′, and then at 160,000g for 90′ in the ultracentrifuge (Optima MAX-XP, Beckman Coulter Inc., Irving, TX, USA). All centrifugation steps were performed at 4°C. The pellets were resuspended in phosphate-buffered saline (PBS) without Ca2+/Mg2+ (Sigma-Aldrich) or subjected to protein or RNA extraction.

Pellet particles resuspended in PBS were analyzed for size and concentration by nanoparticle tracking analysis (NTA) using the NanoSight (NS300, Malvern Instruments, Westborough, MA, USA). Samples were diluted in PBS, 300 μl of samples was loaded into the chamber, and five videos for each sample were recorded. Data analysis was done with the NTA software, and data were presented as mean ± standard deviation (SD) of the five videos.



Digital PCR

The digital PCR (ddPCR) procedure was performed following/according to the manufacturer’s instructions. The PCR reaction mixture was assembled as follows: ddPCR Supermix for Probes 2 × for probe (no dUTP) (Bio-Rad), 20 × Assay (for miRNA or U6), RNase-free water, and cDNA template 5 μl, in a final volume of 22 μl. Then, a QX200 droplet generator (Bio-Rad) was used to convert 20 μl of each reaction mix into droplets; this produces about 20,000 droplets per sample in about 2.5′ for eight samples. The droplet-partitioned samples were transferred, by pipetting gently, to a 96-well plate, sealed, and processed in a GeneAmp PCR System 9700 Thermal Cycler (Applied Biosystems) under the following cycling protocol: enzyme activation at 95°C for 10′; denaturation at 94°C for 30″ s; annealing/extension at 60°C for 60″ for 40 cycles followed by an infinite 4° hold. The amplified samples were then transferred and read in the FAM and HEX channels using the QX200 reader (Bio-Rad). The experiments were performed using a negative control (no template control, NTC) and a positive control (a sample confirmed positive by RT-PCR with other diagnostic testing). The reactions with less than 10,000 droplets and discordant results were repeated. Data were analyzed using the QuantaSoft™ Software (Bio-Rad). The p-value among the different samples quantification was obtained with the Student’s t-test.




Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

EB conducted HCV experiments and performed overall research, data analysis, and manuscript writing. CC performed molecular biology experiments and data analysis. CMC contributed to manuscript editing and discussion. RT contributed to manuscript editing and discussion. PC provided funding support and study design. GI conceived and designed the study, conducted cell biology and biochemistry experiments, and supervised the study and manuscript writing. Data collection and interpretation were performed by all authors. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors thank Warren Blumberg and Danilo Romeres for manuscript language editing.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.803278/full#supplementary-material

Supplementary Figure 1 | Analysis of Huh7.5 control and HCV infected: (A) Western blot analysis on/off p53 before and after infection, with a clear increase of protein expression after HCV infection. (B) Cell growth curve evaluation by Cell Titer Glo on Huh7.5 control and HCV CI, the viral infection reduces the cell growth rate, the reported data are representative of experiments performed in triplicate on three different samples (p value * ≤ 0.05, **≤ 0.005). (C) protein quantification, the analysis was carried out in triplicate (p value ≤ 0.05).

Supplementary Figure 2 | Viral expression from the supernatant of Huh7.5 HCV infected and Huh7.5 CI HCV. HCV was quantified as described in material and methods by immunoassay. The analysis has been performed on three different samples (p value ****≤ 0.0001).

Supplementary Figure 3 | Digital PCR analysis showing the expression of miR34a after miR34 overexpression vs. control The reported data are representative of experiments performed in triplicate (*p value ≤ 0.05).
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Our previous study has demonstrated that Uttroside B (Utt-B), a saponin isolated from the leaves of Solanum nigrum Linn induces apoptosis in hepatic cancer cells and exhibits a remarkable growth inhibition of Hepatocellular Carcinoma (HCC). Our innovation has been granted a patent from the US (US 2019/0160088A1), Canada (3,026,426.), Japan (JP2019520425) and South Korea (KR1020190008323) and the technology have been transferred commercially to Q Biomed, a leading US-based Biotech company. Recently, the compound received approval as ‘Orphan Drug’ against HCC from US FDA, which reveals the clinical relevance of evaluating its antitumor efficacy against HCC. In the present study, we report that Utt-B promotes pro-survival autophagy in hepatic cancer cells as evidenced by the increased expression of autophagy-related proteins, including LC3-II, Beclin1, ATG 5, and ATG 7, as well as a rise in the autophagic flux. Hence, we investigated whether Utt-B-induced autophagic response is complementing or contradicting its apoptotic program in HCC. Inhibition of autophagy using the pharmacological inhibitors, Bafilomycin A1(Baf A1), and 3-methyl adenine (3-MA), and the biological inhibitor, Beclin1 siRNA, significantly enhances the apoptosis of hepatic cancer cells and hence the cytotoxicity induced by Utt-B. We also found increased expression of autophagy markers in Utt-B-treated xenografts derived from HCC. We further analyzed whether the antimalarial drug, Chloroquine (Cqn), a well-known autophagy inhibitor, can enhance the anticancer effect of Utt-B against HCC. We found that inhibition of autophagy using Cqn significantly enhances the antitumor efficacy of Utt-B in vitro and in vivo, in NOD SCID mice bearing HCC xenografts. Taken together, our results suggest that the antitumor effect of Utt-B against HCC can be further enhanced by blocking autophagy. Furthermore, Utt-B in combination with Cqn, a clinically approved drug, if repurposed and used in a combinatorial regimen with Utt-B, can further improve the therapeutic efficacy of Utt-B against HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a malignant tumor with limited therapeutic options, about 700,000 people being diagnosed each year (1, 2). Sorafenib, a multitargeted tyrosine kinase inhibitor, which provides only a marginal survival advantage for patients is the major chemotherapeutic option approved by the FDA, against HCC (3–5). We are the first to demonstrate that Utt-B, a saponin isolated in our laboratory from Solanum nigrum, induces apoptosis in HCC cells and is ten times more cytotoxic to these cells than sorafenib. The compound inhibits the growth of HCC xenografts developed in NOD/SCID mice and does not induce any pharmacological toxicity (6). This invention has been granted a patent from several countries and the technology has been transferred commercially (https://qbiomed.com/index.php/pipeline/uttroside). Recently, Utt-B received ‘Orphan Drug’ designation against HCC from US FDA (http://prn.to/39oORUp). Since Utt-B exhibits promising antitumor potential against HCC, a comprehensive understanding of its pro-death mechanism is essential to develop new therapeutic approaches against HCC.

Recent reports have demonstrated that autophagy, induced in response to chemotherapeutic agents, has a crucial influence on the clinical outcome of HCC patients (7–9). Autophagy is a catabolic mechanism by which cellular material is delivered to lysosomes for degradation, helping cancer cells to maintain homeostasis by recycling the worn-out cellular components (10). Autophagy, activated in response to chemotherapeutic stress, could manifest as a pro-death mechanism by digesting the cellular contents, consequently aiding in cellular disassembly during cell death. On the contrary, it could act as a crucial factor for delaying cell death, by removing apoptosis-inducing factors such as damaged mitochondria, from the cytosol (11, 12). The role of autophagy, induced in response to chemotherapeutic agents has been reported either as a pro-survival strategy or as a pro-death mechanism in HCC, depending upon the nature of chemotherapeutic insults (13). Therefore, modulating autophagy is an attractive strategy for enhancing the chemotherapeutic potential of antitumor agents against HCC.

In the current study, we demonstrate that, apart from apoptosis, Utt-B induces autophagy also in HCC cells and inhibition of autophagy enhances the anti-HCC activity of Utt-B, revealing the pro-survival role of Utt-B-induced autophagy. These results suggest blockade of autophagy as an attractive strategy for enhancing the chemotherapeutic potential of Utt-B against HCC.



Materials and Methods


Collection and Authentication of Plant Materials

Solanum nigrum Linn., plants were collected from local areas of Thiruvananthapuram, Kerala and were identified by Dr. G. Valsaladevi, Curator, Department of Botany, University of Kerala, and a voucher specimen has been deposited in the Division of Cancer Research, Rajiv Gandhi Centre for Biotechnology (RGCB) [VOUCHER NO: crp04&crp05]. Fresh plants required for the study were grown in RGCB Garden and collected and shade dried on a monthly basis.



Isolation and Purification of Utt-B

Isolation and purification of Utt-B is done as previously reported (6).



Cell Lines

The liver cancer cell line HepG2 was purchased from ATCC (CRL-11997) and Hep3B from NCCS, Pune. Mycoplasma tests were performed on parent cell lines and stable cell lines every 6 months.



Chemicals and Molecular Biologicals

Important cell culture reagents such as Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO,12800-017) and streptomycin sulfate (GIBCO, 11860-038) were obtained from Invitrogen Corporation (Grand Island, USA). Poly Excel HRP/DAB detection system universal kit (PathnSitu Biotechnologies Pvt. Ltd, India, OSH001) was used for immunohistochemistry experiments. MTT reagent purchased from TCI Chemicals (India) Pvt. Ltd (D0801) and Amersham ECL Plus™ Western blotting reagents (PRPN 2132) were purchased from GE Healthcare Life Sciences (Piscataway, USA). 3-Methyl adenine (M9281), Chloroquine (C6628), Bafilomycin A1 (B1793), DAPI (D9542), Propidium Iodide (P 4170), RNase A (10109142001), Antibodies against Vinculin (V9131), and LC3 (L8918) were procured from Sigma-Aldrich (St. Louis, USA). Antibodies against, β- actin (12620S), LC3 (4599P), p-AMPK α (2531S), AMPK α (2532S), p-mTOR (S2448) (5536S) p-mTOR (S2481) (2974S), mTOR (2972S), Atg5 (8540P), Atg7 (2613P), Beclin-1(3495P), phospho-p70S6Kinase (9205S), p70S6Kinase (2708S), p-4E-BP-1(2855S), 4E-BP-1(9452S), GAPDH (8884S), Akt (9272S) and Beclin siRNA (6222S), Caspase 9 (9508S), Caspase 8 (4790S), PARP (9532S), Cleaved PARP (5625S) were obtained from Cell Signaling Technologies (Beverly, MA, USA) and the antibody against PARP (sc4470), PCNA (sc25280), p-Akt (sc7985-R), Ki67 (sc23900) and Annexin V apoptosis detection kit (sc4252AK) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). DeadEnd™ Colorimetric TUNEL System from Promega (G7132), PtfLC3 plasmid (21074) was procured from Addgene (Cambridge, MA, USA). All other chemicals were purchased from Sigma Chemicals (St. Louis, MO, USA) unless otherwise mentioned.



MTT Assay

HepG2 cells were seeded in 96-well plates (2000 cells/well). After overnight incubation, cells were treated with different concentrations of Utt-B and Cqn for 72 h, and cytotoxicity was measured. Fresh media containing 25 μL of MTT solution (5 mg/mL in PBS) was added to the wells and incubated for 2h. At the end of incubation, lysis buffer (20% sodium dodecyl sulfate in 50% dimethyl formamide) was added to the wells (0.1 mL/well) and incubated for another 1h at 37°C. At the end of incubation, the optical density was measured at 570 nm using an ELISA plate reader (Bio-Rad). The relative cell viability in percentage was calculated as (A570 of treated samples/A570 of untreated samples) X 100. The IC50 values were extrapolated from polynomial regression analysis of experimental data.



Clonogenic Assay

500-1000 cells/well were seeded in 6 well plates and were treated with different concentrations of the compounds (Utt-B &Cqn) for 72h. Then the media was aspirated and fresh media was added and incubated for 1 week. The colonies developed were fixed with glutaraldehyde and stained using crystal violet. The colonies were then viewed under the microscope, photographed and the colonies were counted and the graph was plotted.



Wound-Healing Assay

A monolayer of confluent HepG2 cells were scratched using a sterile tip to create a wound. Cell debris was gently removed by washing the cells with 1X PBS. Wells were treated with different concentrations of Utt-B and Cqn. Images were taken at different time intervals under a phase contrast microscope.



Acridine Orange Staining for Acidic Vesicular Organelles (AVOs)

HepG2 cells (2x103 cells) were seeded in 96 well plates and treated with the indicated concentration of Utt-B and incubated for 24h. The cells were rinsed with 1x PBS twice. The treated cells were then stained with acridine orange, which was added at a final concentration of 1µg/mL and incubated for 15 min, washed with PBS, and immediately photographed using a fluorescent microscope (14).



Beclin siRNA Transfection

HepG2 was transiently transfected with Beclin siRNA and control siRNA using Lipofectamine LTX Plus reagent kit according to manufacturer’s protocol (Invitrogen, USA). 0.35 x 106cells per well were seeded in a six-well tissue culture plate containing 2ml antibiotic-free normal growth medium supplemented with FBS and the cells were incubated to attain 60% confluency and transfected using the Lipofectamine LTX and Plus Reagent Kit (Invitrogen, USA) according to manufacturer’s protocol. The silencing of Beclin expression was confirmed by Western blotting with anti-beclin-1 and the transfection efficiency was standardized at 50-60h before the drug treatment and Utt-B was treated for 8-12h.



Confocal Microscopy

The pGFP-mRFP-LC3B (ptf-LC3) vector was purchased from Addgene (21074). Briefly, the plasmid present in the bacterial pellet was isolated according to the manufacturer’s instruction (GenElute™ Plasmid Miniprep Kit- Sigma-Aldrich). HepG2 cells were transfected transiently with tandem repeats of GFP-RFP tagged LC3 (ptfLC3) using the Lipofectamine LTX and Plus Reagent Kit (Invitrogen, USA) according to the manufacturer’s protocol. HepG2 cells were seeded at a density of 0.25x 106 in a coverslip and were treated with Utt-B for 24h after transfection, examined, and photographed. DAPI staining was performed by 10 min incubation with 1µg/ml DAPI in HepG2 cells treated with mentioned concentrations of Utt-B and Cqn and viewed under the confocal microscope.



Detection of Apoptosis by Annexin V Fluorescence Microscopy

Apoptotic cells were detected with the help of a fluorescent microscope by Annexin V FITC kit (sc4252AK) using manufacturer’s protocol (Santa Cruz, CA, USA). Briefly, the cells were seeded in 96-well plates and treated with Utt-B and Cqn as in MTT assay, but for 16h. The cells were then washed with PBS, followed by 1X assay buffer, after which, 0.5-5 μL (0.1-1 μg) of Annexin V FITC per 100 μL assay buffer was added. After incubating for 15 min at room temperature in the dark, the cells were washed with PBS and immediately photographed using a fluorescent microscope, Nikon inverted fluorescent microscope (TE-Eclipse 300).



Estimation of Apoptosis by FACS

The extent of apoptosis induced by Utt- B and Cqn was estimated by FACS using the Annexin V apoptosis kit (sc4252AK, Santa Cruz, CA, USA). HepG2 cells were seeded in 60 mm culture plates, incubated with different concentrations of drugs. After 16h, cells were trypsinized and pelleted down by low-speed centrifugation, washed with PBS, and were suspended in 1X assay buffer. To the buffer, 5 µL of FITC conjugated Annexin V and 10 µL of propidium iodide were added and incubated for 15 min in dark at room temperature. The cells were then analyzed immediately by flow cytometry to get the percentage of apoptotic cells (FACS Aria™, BD Bioscience).



Cell Cycle Analysis

HepG2 cells were seeded in 60 mm culture dishes and incubated overnight following which they were treated with different concentrations of Utt-B and Cqn and incubated for 48 h. after incubation, cells were trypsinized, pelleted, and fixed using 70% ethanol. The cells were then treated with 5 µl (10mg/ml) RNase A and incubated for 30 min at 37°C after which 10 µl propidium iodide (10mg/ml) was added and the contents were filtered and analyzed using FACS Aria™ flow cytometer (BD Bioscience).



Western Blotting Analysis

Cells were treated with the indicated concentration of Utt-B and Cqn for different time points. The cell lysates were then taken and electrophoresed by SDS/PAGE. After this, the proteins from SDS/PAGE were electrotransferred to a membrane, which was then blocked with 5% dried milk for 60 min. The membrane was then washed three times for 5 min each with TBST wash buffer and immunoblotted with the appropriate antibodies overnight at 40C. The membrane was then incubated with HRP-conjugated secondary antibodies for 60 min. The bands were visualized using an enhanced chemiluminescence kit following the manufacturer’s protocol.



Animal Experiments


In Vivo Xenograft Model

Tumor xenograft experiments were conducted according to the protocol IAEC/538/RUBY/2016, under the approval from Institutional Animal Ethics Committee, Rajiv Gandhi Centre for Biotechnology. Six-week-old NOD-SCID (NOD.CB17-Prkdcscid/J) male mice is used for the study. Tumors are generated by subcutaneous injection into the right lower flank with 5×106 HepG2 in matrigel. Two weeks after cell injection, the mice will be separated into 4 groups of 6 each. Group, I was treated with vehicle alone, Group II received an intraperitoneal injection of Utt-B in PBS at 5 mg/kg body weight on alternate days, Group III received an intraperitoneal injection of Cqn in PBS at a dose of 60 mg/kg body weight on alternate weekly and Group IV received both Cqn and Utt-B. Drug treatment was continued up to 1 month, animals were euthanized and the tissue samples were collected for further analyses. Tumor dimensions will be recorded three times per week with a digital caliper starting with the first day of treatment (15, 16).




Group Drug Regimen

	IP injection of the vehicle alone (on alternate days).

	IP injection of Utt-B 5 mg/kg body weight dissolved in PBS (on alternate days).

	IP injection of Cqn 60 mg/kg body weight dissolved in PBS (on alternate days).

	IP injection of Cqn 60 mg/kg & Utt-B 5 mg/kg body weight (on alternate days).





Toxicological Analyses

The toxicological analysis of the Cqn alone and the combination was performed in 6-8 weeks old female Swiss albino mice as per protocol (IAEC/537/RUBY/2016) approved by the Institutional Animal Ethics Committee, Rajiv Gandhi Centre for Biotechnology.

Acute toxicity: The test group will be administered with Cqn (0, 30, 60 &120, mg/kg body weight) and a combination of Utt-B and chloroquine (10/30,10/60, 5/60, and 5/120 mg/kg body weight) as a single dose to groups of six mice each. Animals were euthanized on day 15. The liver tissue was analyzed by histopathology using H&E staining and the serum was used to perform Liver Function Test and Renal Function Test.

Sub-chronic Toxicity: Doses of Cqn (0, 30, 60 &120 mg/kg body weight) and a combination of Utt-B and Cqn (10/30, 10/60, 5/60, and 5/120 mg/kg body weight) were given to groups of six mice each. Animals were euthanized after 90 days and toxicity was measured as described above.



Histology and Immunohistochemistry

The tumor and liver tissues from mice were fixed and sectioned and stained using Hematoxylin and eosin. Immunolocalization of specific proteins in the tissue sections was done using Poly Excel HRP/DAB detection system universal kit for mouse and rabbit primary antibodies (OSH001, PathnSitu Biotechnologies Pvt. Ltd, India) as per manufacturer’s protocol. All the immunohistochemistry images were taken in DMi8 Inverted Fluorescence Research Microscope with DMC 2900 Digital Camera.



TUNEL Assay

TUNEL assay was performed to detect apoptosis in formalin fixed, paraffin-embedded xenograft tumor tissue sections using Dead End Colorimetric TUNEL System (G7132, Promega) following the manufacturer’s instructions.



Statistical Analysis

For the flow cytometry, data analysis was performed using the BD FACS Diva software version 5.0.2. H-scoring for Immunohistochemistry and the quantification of western blot were carried out using ImageJ software. The statistical analysis was performed using Graph Pad Prism software (Graph Pad Software Inc., San Diego, CA, USA). Statistical significance was defined as p < 0.05. The error bars represent ± SD, taken from the three independent experiments.




Results


Uttroside B Induces Autophagy in Hepatic Cancer Cells

Our previous study had demonstrated that Utt-B, a saponin isolated from the leaves of Solanum nigrum Linn exhibits exceptional antitumor efficacy against hepatic cancer cells (6). We noticed that the IC50 concentration of Utt-B induces vacuolated structures in HepG2 cells (Figure 1A) and when stained with acridine orange, exhibit a bright red fluorescence, indicating an increase in the formation of acidic vesicles (Figure 1B). Both were preliminary evidence for the induction of autophagy, a controlled self-digestive process capable of influencing the death of tumor cells. To confirm Utt-B -induced autophagy in liver cancer cells, the expression pattern of the autophagosome marker, LC3II, was studied in two hepatic cancer cell lines, HepG2 and Hep3B having different HBV statuses. While LC3II expression is induced in HepG2 cells from 12 h onwards and remains elevated up to 24 h (Figure 1C) on Utt- B treatment, the increased expression starts from 6 h and remains elevated up to 48 h, in Hep3B cells (Figure 1D). An increase in autophagosome formation is a strong indication of autophagy. However, blockage of autophagosome processing in any step leading from autophagosome maturation to its fusion with lysosomes (i.e., Autophagy blockage) could also lead to autophagosome accumulation and increased LC3II formation. Hence, to see whether Utt-B -induced LC3II over-expression is due to induction of autophagy or blockage of autophagosome processing, we co-treated Utt-B with Baf A1, a tool for correctly deciphering the reason for LCII increase (17, 18). Baf A1 itself causes the accumulation of LC3II by blocking the fusion of autophagosome and lysosome. If Utt-B is an inducer of autophagy, then the co-treatment of Utt-B and Baf A1 should cause a surplus accumulation of LC3II in HepG2 cells, compared to the cells treated with either of the compounds, alone. Analysis of LC3 II expression in HepG2 cells in response to different concentrations of Baf A1 revealed that 10nM Baf A1 is enough for completely blocking autophagosome-lysosome fusion in HepG2 cells (Figure 1E). Interestingly, the co-treatment of Baf A1 with Utt-B caused a surplus accumulation of LC3II in HepG2 cells compared to treatment with either of the compounds alone, confirming that over-expression of LC3II in Utt-B-treated cells is not because of autophagic blockage, but due to enhanced autophagosome synthesis, demonstrating that Utt-B is a strong inducer of autophagy (Figure 1F).




Figure 1 | Utt-B induces autophagy, in vitro. (A) Utt-B treatment induces the formation of vacuolated structures in HepG2 cells. (B) Acidic vacuoles are stained with Acridine Orange (C) Western blot results indicate that LC3II expression is induced in HepG2 cells from 6h to 12h in HepG2 cells. (D) Western blot results indicate that LC3II expression is induced in HepG2 cells from 12h to 24h in Hep3B cells. (E) 10 nM Baf A1 is enough to block autophagy in HepG2 cells, as inferred from LC3-II accumulation. (F) Co-treatment of Utt-B and Baf A1 increases LC3-II accumulation. (G, H) Accumulation of LC3-II by Utt-B was quantitated by RFP-GFP-LC3 tagged protein assay. *** level of significance 3.



To generate further proof for autophagy induction by Utt-B, we used Tf-LC3, an LC3 reporter construct tagged with red (mRFP) and green (GFP) fluorescence proteins, which can keep track of the autophagosome maturation process (19). These protein construct, in autophagosomes, emits both red and green fluorescence (mRFP+-GFP+), thus presenting yellow fluorescence in merged confocal images. However, when the autophagosomes mature to autophagolysosomes, the reporter protein emits only red fluorescence (mRFP+-GFP-) because of the quenching of GFP fluorescence in the acidic lysosomal environment of autophagolysosomes. We transiently transfected PtfLC3 to HepG2 cells, treated with Utt-B, and examined the fluorescence by confocal imaging. The number of autophagosomes and their maturation to autophagolysosomes were quantified by counting and comparing mRFP+-GFP+ and mRFP+-GFP- punctae in control and Utt-B-treated wells. The data demonstrate that Utt-B-treated cells exhibit a significant increase in mRFP+-GFP+ (autophagosomes) along with mRFP+-GFP- (autophagolysosomes), which implies Utt-B-induced formation of autophagosomes and their progression to autophagolysosomes (Figures 1G, H). Taken together, these results attest that Utt- B is an efficient inducer of autophagy.



Uttroside B Induces ATG Proteins and Modulates Autophagy Regulating the AMPK-mTOR Signaling Axis

Next, we evaluated the expression status of Beclin1, Atg5, and Atg7, the major proteins regulating the machinery of autophagy, in both Hep3B and HepG2 cells, in response to Utt-B. Beclin1 is a protein functioning in the initial assembly of the autophagosome, whereas Atg5 and Atg7 are proteins involved in the ubiquitin-like conjugative systems required for the proper development of autophagosomes. We found that Utt-B induces Beclin 1 in both HepG2 and Hep3B cells. In HepG2 cells, induction of Beclin1 starts from 12 h onwards and remains elevated up to 48 h, whereas the expression of Beclin1 in Hep3B cells was found to be increased at 24 h. Moreover, in both the cells, it tremendously escalates the expression of Atg7 and Atg5 from 12 h onwards. While Atg7 remains elevated up to 48 h after Utt-B treatment, the expression of Atg5 peaks at 24 h and declines at 48 h (Figures 2A, B). These data suggest that Utt-B induces a general increase in the expression of crucial proteins of autophagy machinery in liver cancer cells, independent of their HBV status. Transcriptional level alterations of the key autophagy related genes like LC3 and Beclin have been reported in different cancer cell lines, including HepG2, in response to various stimuli (20, 21). Hence post translational changes induced in liver cancer in response to Utt-B needs to be further evaluated.




Figure 2 | Utt-B activates autophagy-related proteins and modulates autophagy by regulating the AMPK-mTOR signaling axis. (A) Immunoblot analysis shows that Autophagy markers Beclin1, Atg7 and Atg5 are elevated up to 24h upon Utt-B treatment (500nM) and declines at 48h in HepG2 cells. (B) Beclin1, Atg7, Atg5 elevates up to 24h upon Utt-B treatment(500nM) and decline at 48h in Hep3B cells. (C) Utt-B treatment inhibits both p-mTOR (S2448) and p-mTOR (S2481). (D) Utt-B treatment significantly down-regulates p-70S6 Kinase and p-4EBP1, the downstream targets of mTOR. (E) Utt-B completely abolishes PMA-induced activation of Akt. (F) Utt-B phosphorylates AMPK alpha. (G, H) Utt-B significantly inhibits the growth of HepG2 xenografts in NOD-SCID mice. (I) Change in Body weight of mice in control and Utt-B treatment is non-significant throughout the period of experiment (J–M) Immunohistochemical analysis shows that Utt-B administration down-regulates the activation of p-mTOR (S2448), p-mTOR (S2481), p-70S6 Kinase, and p-4EBP1, with no change in p-Akt status and up-regulates the expression of p-AMPK-alpha and the autophagy markers, Beclin 1 and LC3. ** level of significance 2, *** level of significance 3.



Further, we analyzed the expression status of various signals involved in the regulation of autophagy in liver cancer cells, in response to Utt-B. mTOR plays a pivotal role in cell growth and metabolism of HCC and is up-regulated in 40-50% of HCC. Moreover, an up-regulation of mTOR is frequently observed in cholangiocarcinoma, the second most common primary cancer of the liver (22). It has been shown that Akt and AMPK pathways have a very strong role in regulating mTOR signaling. While the Akt pathway up-regulates mTOR signaling, the AMPK pathway does the reverse (23). The negative regulation of AMPK is known to block mTOR activation, thus relieving the suppression of autophagy exerted by mTOR, leading to the activation of autophagy (24). Hence, it is important to evaluate the expression status of mTOR, and downstream signaling along with Akt and AMPK pathways, in response to Utt-B treatment, as all these pathways are interrelated and play crucial roles in regulating liver cancer progression.

Hence, we studied the phosphorylation status of mTOR and mTOR target proteins, p70S6 Kinase and p4E-BP1 followed by that of Akt and AMPK, in Utt-B-treated HepG2 cells. Results demonstrated a time-dependent decrease in the phosphorylation of mTOR and its substrates p70S6 Kinase and p4E-BP1, whose phosphorylation can be considered as the readout of mTOR activity, which reached a minimum at 6 h and remained down-regulated up to 24 h following Utt-B treatment (Figures 2C, D). Concomitantly, AMPK phosphorylation was strongly up-regulated from 6h onwards and remained elevated up to 24 h following Utt-B treatment (Figure 2F), indicating a strong correlation between mTOR down-regulation and AMPK up-regulation. We have previously noted that Utt-B does not induce Akt phosphorylation in HepG2 cells (6). Now we checked whether it can down-regulate Akt phosphorylation induced by external stimuli such as Phorbol 12-Myristate 13-Acetate (PMA). It was very interesting to see that Utt-B completely abolished the PMA-induced activation of Akt (Figure 2E). These results strongly indicate that Utt-B induces autophagy in hepatic cancer cells, by modulating AMPK-mTOR signaling. We verified these results in vivo, in NOD-SCID mice bearing liver cancer xenografts, which manifested significant tumor reduction on Utt-B treatment (Figures 2G, H). Figure 2I clearly indicates that there is no significant change in the body weight of the control as well as Utt-B treated animals, throughout the period of experiment.

The tumor tissues were analyzed for the activation status of mTOR-AMPK-Akt signaling. Attesting the results of our in vitro study, we observed a significant down-regulation in the phosphorylation status of mTOR, p70S6 Kinase, p4E-BP-1 (Figures 2J, L). As observed in our in vitro studies we did not find Akt phosphorylation, either in the control or Utt-B treated tumors Similarly, attesting our in vitro observations, strong phosphorylation of AMPK α (Figure 2K) was noted in the xenografts, treated with Utt- B. Increased expression of autophagy markers Beclin 1 and LC3-II also observed in the Utt-B treated tumors (Figure 2M).



Inhibition of Autophagy Enhances Uttroside B-Induced Apoptosis and Cell Death in Hepatic Cancer Cells

The interrelation between autophagy and apoptosis in response to chemotherapeutic stress has a crucial role in determining tumor cell death. Hence, we attempted to analyze the extent of the influence of autophagy on Utt-B-induced apoptosis in HepG2 cells. First, we analyzed the timings at which Utt-B induces apoptosis and autophagy, by studying the activation status of the initiator caspase 9 and the expression of LC3II at different time points of Utt-B treatment. The cleavage of caspase 9 (p17) begins at 24 h and increases further up to 48 h, whereas the accumulation of LC3-II peaks at 12 h and is maintained up to 24 h, followed by its degradation by 48 h (Figures 3A, B). To further confirm the dynamics of autophagy induction due to Utt-B treatment, Tf-LC3 transfected HepG2 cells were treated with Utt-B and quantified the fluorescent punctae in the cells at different time points. It was very interesting to see that Utt-B treatment escalates the number of total GFP punctae, mRFP+-GFP+ punctae, and mRFP+-GFP punctae in HepG2 cells, up to 24 h and, there is a significant reduction in the number of all the three at 48 h (Figures 3C, D). Both these experiments reveal that there is an autophagy-activated phase, up to 24 h, prior to apoptosis, in Utt-B -induced cell death program in HepG2 cells. So, we inhibited autophagy with the pharmacological inhibitors of autophagy, 3-methyladenine (3-MA), and Baf A1 and asked whether Utt-B induced autophagy is complementing or contradicting the apoptosis and cell death program induced by the compound in HepG2 cells. Interestingly, inhibition of autophagy by both 3-MA and Baf A1 significantly enhanced Utt-B-induced cytotoxicity (p values;0.005) indicating that Utt-B-induced autophagy is blocking its apoptotic program. (Figures 3E, F). Co-treatment of 3-MA and Baf A1enhance the cytotoxicity of 250 nM Utt-B in HepG2 cells from 25% to 51% and from 31% to 52% respectively, which is equivalent to the cytotoxicity induced by 500 nM Utt-B, indicating that Utt-B-induced autophagy is blocking its apoptotic program. This observation was confirmed by studying the activation status of caspase 9 and PARP, the key players of the Utt-B-induced apoptotic program, in presence of 3-MA and Baf A1. Co-treatment with both the inhibitors enhances Utt-B -induced cleavage of PARP (Figures 3G, H) confirming that Utt-B -induced autophagic flux contradicts its efficacy in inducing apoptosis and inhibition of these autophagic signals by an external agent can enhance the therapeutic potential of the compound. (Figure 3I). We re-confirmed these postulations, by genetically inhibiting autophagy by silencing Beclin1 (Figure 3J). As expected, Utt-B induced a strong enhancement in PARP cleavage in Beclin1-silenced HepG2 cells, compared to the control HepG2 cells (Figure 3K) underscoring that autophagy induced by Utt-B is pro-survival in nature and inhibition of this autophagy could be utilized as a strategy to enhance the anti-tumor efficacy of Utt-B.




Figure 3 | Inhibition of autophagy enhances Utt-B-mediated apoptotic program (A, B) Utt-B treatment induces the cleavage of caspase 9 at 24 h and increases further up to 48 h, and accumulation of LC3-II at 12 h and is maintained up to 24 h, followed by its degradation by 48 h. (C, D) RFP-GFP-LC3 tagged assay shows more mRFP+-GFP punctae in HepG2 cells, up to 24 h followed by a significant reduction in the number of punctae at 48 h. (E, F) Co-treatment with both the inhibitors 3-MA and Baf A1enhances Utt-B-mediated cytotoxicity in HepG2 cells. (G–I) Co-treatment of autophagy inhibitors with Utt-B induces the Cleavage of Caspase 9 and PARP. (J, K) Beclin SiRNA silenced-HepG2 cells exhibit increased expression of cleaved PARP. The error bars represent the Standard Deviation. One-way ANOVA followed by Tukey’s post hoc t test analysis was used for statistical comparison between different groups. ***P ≤ 0.001; **P ≤ 0.01. Symbol asterisk (*) represents statistical significance between control and treatment groups (E, F).





Co-Treatment of Chloroquine With Uttroside B Enhances The Anti-Cancer Efficacy of Uttroside B Against Hepatic Cancer Cells

Next, we investigated whether co-treatment of the antimalarial drug, Cqn, which is a well-known inhibitor of autophagy. We can enhance the anticancer efficacy of Utt-B against hepatic cancer cells. Cqn inhibits autophagy by blocking the fusion of autophagosomes with lysosomes and hence, cause the accumulation of autophagosomes and an increase in LC3II. The concentration of Cqn required to fully block autophagosome-lysosome fusion was determined by analyzing the accumulation of LC3II in HepG2 cells treated with different concentrations of chloroquine. LC3-II formation peaked at 10 µM Cqn, without further concentration-dependent change, suggesting that 10 µM Cqn is enough to completely block autophagosome-lysosome fusion. (Figure 4A). Hence, we used this concentration for blocking autophagy induced by Utt- B. IC 50 of Cqn in HepG2 was estimated as 20 µM (Figure S1A). It was interesting to see that while 10 µM Cqn and 250 nM Utt-B induced 26.34% and 29.96% cytotoxicity, respectively, in HepG2 cells, a combination of these two induced 52.23% cytotoxicity, which is equivalent to that induced by 500 nM Utt-B alone, in MTT assay (Figure 4B). Moreover, co-treatment of both the compounds caused an enhanced accumulation of LC3II in HepG2 cells compared to the cells treated with either of them alone; again proving that Utt-B is an autophagy inducer (Figure 4C). In wound healing assay, the wound closure was much slower in the wells treated with the combination compared to that treated with either of the compounds (Figure S1B). The results from the clonogenic assay were also in concordance with that of the MTT assay. While the combination induces a 76.56% reduction in the clonogenicity of HepG2 cells, 10 μM Cqn and 250 nM Utt-B could individually induce only 42% and 51% reduction respectively (Figures S1C, D). DAPI staining for assessing nuclear condensation shows an increase in the number of condensed nuclei (Figure 4D and Figure S1F) and Annexin V FITC staining for apoptosis shows a greater number of annexin/PI-stained cells (Figure 4E) in the wells treated with the combination and also by the FACS analysis (Figures 4F, G). Efficacy of the combination in enhancing Utt-B induced apoptotic program is confirmed by the cleavage of caspase 8 (Figure 4H) caspase 9 (Figure 4I) and PARP (Figure 4J). However, neither Utt-B nor Cqn produced significant cell cycle arrest either alone or in combination (Figure S1E). Taken together, these results demonstrate that chloroquine can strongly enhance the anticancer efficacy of Utt-B by inhibiting the survival autophagic flux induced by the compound.




Figure 4 | Co-treatment of Cqn with Utt-B enhances the anti-cancer efficacy of Utt-B, in vitro. (A) 10 µM Cqn blocks autophagy in HepG2 cells as shown by the accumulation of LC3-II. (B) Co-treatment of sub-toxic concentration of Cqn with Utt-B enhances the cytotoxicity of Utt-B, in HepG2 cells. (C) Co-treatment of a sub-toxic concentration of Cqn with Utt-B enhances the accumulation of LC3-II. (D) DAPI staining reveals that co-treatment of Cqn and Utt-B enhances the nuclear condensation of HepG2 cells. (E) Annexin-PI staining indicates an enhancement in apoptosis in the wells treated with the combination. (F, G) Annexin-PI flow cytometric analysis shows an increase in apoptotic cells in the co-treated cells. (H–J) Western blot analysis shows an enhancement in cleavage of caspase 8, caspase 9, and PARP in HepG2 cells treated with the combination of Cqn and Utt-B. ** level of significance 2, **** level of significance 4. The error bars represent the Standard Deviation. One-way ANOVA followed by Tukey’s post hoc t test analysis was used for statistical comparison between different groups. ****P ≤ 0.0001; **P ≤ 0.01, Symbol asterisk (*) represents statistical significance between control and treatment groups (B, G).





The Combination of Chloroquine and Uttroside B Is Pharmacologically Safe in Mice

As our in vitro studies demonstrate that co-treatment of sub-toxic concentrations of Cqn and Utt-B can tremendously improve its anticancer potential against HCC, we evaluated the biological safety of different combinations of Cqn and Utt-B, by conducting acute and sub-chronic toxicity studies in Swiss albino mice, before going for a preclinical evaluation of the combination. For acute toxicity studies, the test groups were treated with different doses of Cqn (0, 30, 60 &120, mg/kg body weight, n=6 for each dose) and different combinations of Utt-B and Cqn (10 + 30, 10 + 60, 5 + 60, and 5 + 120 mg/kg body weight, n=6 for each combination). The biological safety of Utt-B has already been confirmed in our previous study (6). Similarly, for sub-chronic toxicity studies also, the test groups were treated with the same doses of Cqn and the combinations (Figure S2A). At the end of the experiment, the mice in the acute and sub-chronic study schedules were euthanized after 14 days and 90 days, respectively. The liver, kidney, and spleen tissues were analyzed for histopathology using H&E staining and the serum samples were used to perform Liver Function Test (LFT) and Renal Function Test (RFT). Up to 120 mg/kg of Cqn treatment was safe, both in acute and sub chronic toxicity studies (Figures S2B–G). Histopathological analysis reveals that the doses, 5 + 60 mg/kg, corresponding to the combination in the in vitro study, i.e., (250 nM Utt-B+10µM Cqn), are biologically safe. In the 120 mg/kg Cqn group, the liver shows mild regeneration, though there was no hepatitis/necrosis/fatty change. In 10 + 60 and 5 + 120 combinations liver shows mild degenerative changes in hepatocytes. (Figures 5C, F). Though some of the biochemical parameters used in LFT and RFT are altered in groups that received the combination (5/120 mg/kg & 10/120 mg/kg), none of them exceeds the normal range, and all the values are non-significant among groups suggesting the pharmacological safety of the combination (Figures 5A, B, D, E). Taken together, both acute and chronic toxicity studies confirm that combined use of subtoxic doses of Cqn and Utt- B is safe for in vivo treatments.




Figure 5 | Combination of Cqn and Utt-B is pharmacologically safe in Swiss Albino mice. (A, B) Acute toxicity analysis of Bilirubin and liver enzymes such as AST, ALT, and ALP values show all the combinations are within the range. (C) Hematoxylin and eosin staining in liver tissues of control and treatment groups of acute toxicity study (D, E) Liver and renal function parameters of Sub-chronic toxicity analysis of the combination (F) Histopathology of liver tissues from sub-chronic toxicity analysis.





Co-Treatment of Chloroquine Enhances the Antitumor Efficacy of Uttroside B Against HCC

Cqn is known to block the pro-survival autophagy induced by different chemotherapeutic agents, thereby enhancing their antitumor potential (25). As our in vitro studies revealed that co-treatment of subtoxic concentration of Cqn doubles the anti-tumor efficacy of sub-optimal dose of Utt-B, we examined the efficacy of the combination, in vivo, in NOD-SCID mice bearing HepG2 xenografts. The control group received vehicle (PBS) and the other groups received Utt-B (5 mg/kg), Cqn (60 mg/kg), or the combination of Cqn (60 mg/kg) and Utt-B (5 mg/kg), intraperitoneally (Figure S3A) We found that the mice that received the combination exhibit statistically significant tumor regression (3.3fold, p value=0.005) compared to those received either Cqn (1.4-Fold) or Utt-B (1.6-Fold) alone (Figures 6A, B and Figure S3C).




Figure 6 | Co-treatment of Cqn enhances the antitumor efficacy of Utt-B against HCC, in NOD-SCID mice bearing HepG2 xenografts. (A, B) Tumor images and Graphical representation of final tumor volume of different groups. (C, D) Western blot analysis demonstrating enhanced cleavage of caspase 9 motherband and PARP in the group co-treated with Cqn and Utt-B, compared to control and individual treatments. (E) Increase in TUNEL-positive cells in the group co-treated with Cqn and Utt-B, confirming enhancement in apoptosis (F, G) Immunohistochemical analysis of nuclear proliferation markers PCNA, ki67 and the autophagy marker LC3-II and Apoptotic marker Cleaved PARP. ** level of significance 2, **** level of significance 4. Data represent three independent sets of experiments. The error bars represent the Standard Deviation. Statistical significance was analysed by Student’s t test. ****P ≤ 0.0001; **P ≤ 0.01. Symbol asterisk (*) represents statistical significance between control and treatment groups (B).



The tumor tissues collected from mice that received the combination of Cqn and Utt-B exhibited strong cleavage of caspase 9 mother band and PARP (Figures 6C, D). Histopathological investigation of the tumor samples showed significantly higher necrosis in the group treated with the combination, compared to other groups (Figure S3B). TUNEL staining performed in tumor tissues collected from the different groups demonstrates a significant increase in the number of apoptotic cells in the tumor tissues of mice treated with the combination. However, we did not observe significant apoptotic cells in the tumor tissues collected from mice that received either Cqn or Utt-B alone (Figure 6E). Immunohistochemical analysis shows significant down-regulation of the proliferative marker, ki67, and up-regulation of cleaved PARP, indicative of apoptosis, in the group treated with the combination Expression status of the Autophagy marker, Beclin 1 was high in Utt-B treated group, and significantly less in all other groups. The tumor sections from the Cqn-treated group and the combination group displayed over-expression of LC3 II, confirming the accumulation of autophagosome caused by the blockage of autophagosome-lysosome fusion by Cqn (Figures 6F, G). Taken together, these results suggest that the antimalarial drug, Cqn, when repurposed as an autophagy inhibitor, enhances Utt-B-induced apoptotic program, thereby improving its chemotherapeutic efficacy against HCC.




Discussion

The present study demonstrates that Utt-B, a saponin recently patented from our lab as a potent anti-HCC drug, and is on the track of clinical trials for hepatic cancer treatment, based on our findings, induces autophagy, in addition to apoptosis, in hepatic cancer cells. Autophagy induced in response to chemotherapeutic agents is mainly considered as a factor capable of influencing cell death in a wide range of tumors, including hepatic cancer (26, 27). Depending upon the nature of the chemotherapeutic strategy, autophagy can either act as a pro-death mechanism by hyper digesting the cellular components or as a pro-survival factor resisting cell death (28). The efficacy of chemotherapeutic drugs capable of inducing pro-survival autophagy in hepatic cancer cells can be enhanced by blocking autophagy. For example, the chemotherapeutic potential of sorafenib in hepatic cancer cells, both in vivo and in vitro, can be enhanced by inhibiting autophagy (29, 30). Similarly, the chemotherapeutic potential of bevacizumab against hepatic cancer cells has also been increased by blocking autophagy (31). Our results demonstrate that inhibition of autophagy either through inhibiting Beclin1 expression or through pharmacological agents has enhanced Utt-B-induced cell death and apoptosis in hepatic cancer cells.

Our attempt to study the role of autophagy in cell death not only reveals the pro-survival facet of Utt-B-induced autophagy but also disclose the interesting dynamics involved in the autophagy-apoptosis interplay in hepatic cancer cells during Utt-B-induced cell death. We found that there was an initial autophagy dominant phase in Utt-B-treated hepatic cancer cells with no apoptosis initiation, and this phase was followed by a late apoptosis activating phase, where autophagic signals were found diminishing. The initial autophagy in response to Utt-B treatment is likely to be a futile survival attempt of hepatic cancer cells, which delay the apoptotic events induced by Utt-B treatment. There are widely known general strategies utilized by tumor cells through autophagy for delaying apoptosis in tumor cells. For instance, selective degradation of damaged mitochondria in the cytosol, due to autophagy, delays the release of cytochrome c from it, thereby delaying the initiation of apoptosis. Moreover, autophagy is capable of selective degradation of components such as caspase 8, which are involved in the apoptosis mechanism, leading to the delay in apoptosis (32).

We have shown that Utt-B blocks mTOR signaling and activate AMPK signaling in hepatic cancer cells. Both mTOR inhibition and AMPK activation are prominent signaling mechanisms regulating autophagy in tumor cells (33). The mTOR complex 1 (mTORC1), a functional component of mTOR, negatively modulates autophagy by phosphorylating and inhibiting ULK 1, a protein involved in autophagy initiating machinery (34). Inhibition of mTOR blocks the inhibitory phosphorylation of ULK1 and thus activates autophagy. Similarly, AMPK signaling acts antagonistic to mTOR in modulating autophagy. Activated AMPK could positively regulate autophagy through enhancing pro-autophagic functions of ULK 1 or indirectly by activating TSC1, a modulator protein complex that inhibits mTOR (35, 36). Since Utt-B activates AMPK and blocks mTOR signaling reciprocally, it may be assumed that Utt-B-induced autophagy is regulated by either of these pathways; ie, AMPK activation or blockage of mTOR.

Our study also reveals that co-treatment with a subtoxic concentration of Cqn, a well-known inhibitor of autophagy, significantly enhances the anti-tumor potential of Utt-B against HCC-xenografts developed in NOD/SCID mice. We found that the combination of Cqn and Utt-B is pharmacologically safe in vivo. Cqn is considered a pharmacologically safe and clinically useful option for autophagic inhibition. It has been used in a range of clinical trials for blocking autophagy in tumors, including human trials designed to enhance the chemotherapeutic potential of sunitinib in HCC (37). Our results demonstrating the enhancement of chemotherapeutic potential of Utt-B in combination with the autophagic inhibitor, Cqn, reveal that the easiest option for enhancing the chemotherapeutic impact of Utt-B is to negatively modulate autophagy. However, the present study was conducted in NOD/SCID mice, which lack mature B and T cells, but possess residual NK cells and lymphocytes (38). Studies conducted in DBA2J mice have demonstrated that autophagy plays a differential role in T-cell functions (39). Hence we have initiated further in vivo studies in DBA/2J mice to assess the efficacy of Utt-B, using an environmental carcinogenesis model.

In summary, our study demonstrates that Utt-B induces pro-survival autophagy, which is capable of delaying its apoptosis program in hepatic cancer cells. Moreover, our results clearly depict that Cqn, a drug already being used in the clinics against malaria, if repurposed as an autophagy inhibitor and used in a combinatorial regimen with Utt-B, can improve the therapeutic efficacy of Utt-B against HCC. Our results have been summarized in (Figure 7) and we hope these findings will help to design future strategies based on regimens for inhibiting Utt-B-induced autophagic response for improving its chemotherapeutic efficacy against HCC.




Figure 7 | Inhibition of Utt-B-induced autophagy improves the therapeutic efficacy of Utt-B against HCC. Utt-B, a furostanol glycoside, isolated from the methanolic extract of Solanum nigrum L, is found to be an inducer of autophagy as evidenced by the up-regulation of autophagy markers such as LC3 II, Beclin 1, atg5, and atg7, both in vitro and in vivo. At in vitro conditions, autophagy peaks from 6-24h, followed by apoptosis. Inhibition of Utt-B induced autophagy, by pharmacological autophagy inhibitors such as Baf A1, 3-MA, Cqn, and biological inhibitor, Beclin siRNA enhances Utt-B mediated apoptosis, in vitro. Inhibition of Utt-B-induced autophagy by sub-toxic concentrations of Cqn enhances the chemotherapeutic potential of Utt-B, in vivo.
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Hepatocellular carcinoma (HCC) is a common malignant tumor with high mortality and poor prognosis in the world. The low rate of early diagnosis, as well as the high risk of postoperative metastasis and recurrence, led to the poor clinical prognosis of HCC patients. Currently, it mainly depends on serum markers, imaging examination, and tissue biopsy to diagnose and determine the recurrence and metastasis of HCC after treatments. Nevertheless, the accuracy and sensitivity of serum markers and imaging for early HCC diagnosis are suboptimal. Tissue biopsy, containing limited tissue samples, is insufficient to reveal comprehensive tumor biology information and is inappropriate to monitor dynamic tumor progression due to its invasiveness. Thus, low invasive diagnostic methods and novel biomarkers with high sensitivity and reliability must be found to improve HCC detection and prediction. As a non-invasive, dynamic, and repeatable detection method, “liquid biopsy”, has attracted much attention to early diagnosis and monitoring of treatment response, which promotes the progress of precision medicine. This review summarizes the clinical applications of liquid biopsy in HCC, including circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), and exosome in early diagnosis, prognostic evaluation, disease monitoring, and guiding personalized treatment.
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Introduction

Hepatocellular carcinoma (HCC) is the main pathological type of primary malignant tumor of the liver, ranking as the sixth common cancer and the fourth leading cause of cancer-related death in the world (1). It mainly develops in the background of cirrhosis, resulting from hepatitis B and C virus infection, excessive drinking, or non-alcoholic fatty liver disease (2). There will be more than 1 million people to die in HCC by 2030 from the prediction of World Health Organization (WHO) (3). Surgical intervention including surgical resection and liver transplantation is the primary therapy to obtain satisfactory long-term results for HCC patients. However, due to the insidious onset and rapid progression of HCC, most patients have already reached the advanced stage of HCC during the first diagnosis and lost the opportunity to access surgical treatment (4). Currently, it mainly depends on serum markers, like alpha-fetoprotein (AFP), imaging examination as well as tissue biopsy to diagnose and determine recurrence and metastasis of HCC after treatments. Although clinical practice guidelines recommend that high-risk individuals undergo ultrasound (US) and serum AFP monitoring every 6 months (5), the sensitivity of this method for the detection of early-stage HCC is only 63% (6). Besides, elevated AFP may also be detected in some other diseases, for example, cirrhosis, hepatitis, intrahepatic cholangiocarcinoma, and metastatic colon cancer (7). AFP is no longer recommended as a part of the diagnostic evaluation by the latest American Association for the Study of Liver Disease (AASLD) guidelines (5). Therefore, low invasive diagnostic methods and novel biomarkers with high sensitivity and reliability must be found to detect the early-stage HCC and monitor the tumor recurrence.

Liquid biopsy is a noninvasive, dynamic, and repeatable approach, which has emerged and shown significant prospects for HCC. Liquid biopsy obtains tumor-related information by collecting samples of body fluids such as blood and detecting circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), and exosomes (8, 9) (Figure 1). Liquid biopsy has shown promising clinical application in several tumors, for instance, colorectal cancer (10), prostate cancer (11), lung cancer, and breast cancer (12). The increased studies of liquid biopsy in HCC have also emerged in recent years. Owing to HCC heterogeneity, only depend on a single biopsy might not be sufficient to reveal comprehensive tumor biology. Meanwhile, tissue biopsy is also inappropriate to monitor dynamic tumor progression as a routine practice due to its invasiveness. Fortunately, liquid biopsy can overcome these disadvantages to provide a real-time sample for the disease in a non-invasive and convenient way. As novel biomarkers, CTCs, ctDNA, and exosomes have made excellent progress in liquid biopsy of HCC (13–15). Analysis of specific gene mutations in ctDNA will help to better select treatment options and deal with drug resistance (14). This review summarizes the clinical applications of liquid biopsy in HCC, including CTCs, ctDNA, and exosomes in early diagnosis, prognostic evaluation, disease monitoring, and guiding personalized treatment.




Figure 1 | Clinical application pattern of liquid biopsy in patients with hepatocellular carcinoma. Tumor composition analyses, such as circulating tumor cells, circulating tumor DNA, and exosomes, are released by tumors to the bloodstream. During the various treatments such as surgery, transcatheter arterial chemoembolization (TACE), radiofrequency ablation (RFA), and targeting molecular treatment, liquid biopsy can be used for diagnosis, prognosis, and progress monitoring of HCC patients. NGS, next-generation sequencing; MRD, minimal/molecular residual disease. Figure 1 created in BioRender (https://biorender.com/).





Circulating Tumor Cells (CTCS)

Thomas R. Ashworth first found CTCs from the peripheral blood in the 1860s (16). CTC is released into the blood circulation from primitive or metastatic tumor cells (17). Tumor cells migrate into the bloodstream becoming CTCs by secreting matrix metalloproteinase to break the basement membrane (18). Then they can invade different parts of the body through blood circulation, thus being vividly described as “seeds” of the tumors (14). A crowd of tumor cells is released into circulation every day. However, less than 0.01% of CTCs could eventually survive and lead to a fatal metastasis (19). The half-life of CTCs is 1-2.4h, most CTCs introduced into the circulation are eliminated by shear stress, immune attack, and anoikis (20, 21). At present, the CTC defined by the CellSearch™ system is an accepted standard: CTC is a kind of epithelial cell with an intact nucleus, which is positive for EpCAM and/or cytokeratin 8, 18, and 19, but do not express CD45 (13). Meanwhile, CTCs gain the mesenchymal features by downregulating epithelial cell adhesion molecule EpCAM expression (22), thus enhancing the ability to enter the lymph vascular system (23), this process is called the epithelial-to-mesenchymal transition (EMT). In the process of tumor metastasis, EMT is triggered as a consequence of the interaction between various cellular signaling pathways, like Notch, Wnt, PDGF, TGF-β, Akt, and NF-κB (24). There are three subtypes of CTC in the process of EMT, including epithelial CTCs, mesenchymal CTCs, and mixed CTCs, which have both epithelial and mesenchymal CTCs (25). Also, CTCs may aggregate to form CTC clusters with or without leukocytes, platelets fibroblasts, or endothelial cells and move together in the bloodstream. CTC clusters are rare compared to individual CTC, but they tend to have increased survival ability and metastatic potential (26). Because of its short half-life and limited detection methods, the importance of CTC clusters may be underestimated.

Several detection and isolation techniques of CTCs have been produced, which are mainly divided into biological and physical methods. CTCs can be separated from other nucleated cells or normal epithelial cells by utilizing their distinct physical properties, and molecular characteristics, such as density, measurement, electric charge, deformation ability, and transfer capacity, as well as biological parameters, including cell surface markers, or combining both characteristics (13). The widely used technologies for CTCs detection are fluorescence in situ hybridization (FISH), reverse transcriptase-polymerase chain reaction (RT-PCR), immunofluorescence (IF), next-generation sequencing (NGS), and microfluidic-based techniques (14). CellSearch™ system that targets EpCAM to quantify CTCs remains the first and only clinically verified technology for enrichening and counting CTCs approved by the Food and Drug Administration (FDA). However, there is only a small portion of the HCC patients with EpCAM positive, and this method may underestimate the number of CTCs due to the existence of EMT. Hence, it is imperative to explore novel technologies with high accuracy to improve the capture rate of CTCs and expand the clinical application.



Clinical Applications of CTCS IN HCC

CTC has a strong prognostic effect, especially after resection, it also shows potential in monitoring the progress of HCC and guiding treatment (14). Decades of CTCs research have made great progress in the clinical application of HCC (Table 1).


Table 1 | Clinical applications of CTC in HCC.




Prognostic Evaluation

Current data do not provide clear evidence to support CTCs as an early-stage HCC diagnostic tool (14, 49). But as for prognosis, a great deal of research supports its prospect in predicting therapeutic outcome and monitoring disease progression, particularly after resection (3). Sun et al. (27) applied CellSearch™, for the first time, to capture and analyze EpCAM+ CTCs in 123 patients before the resection of HCC and 1 month thereafter. They found that EpCAM+ CTCs≥2 per 7.5 ml of blood were proved to be the strongest prognosticator, especially in the subgroup of patients whose AFP level was lower than that of 400ng/ml. Additional similar studies proved that the expression of EpCAM+ CTCs in HCC patients showed a significant positive correlation to the serum AFP level (35), BCLC stage (38) and was associated with vascular invasion (40), disease progression (35), higher recurrence rate (33), and shorter disease-free survival (DFS) and overall survival (OS) (31). Prospective research on 135 HCC patients demonstrated that surgical resection of tumors reduced the quantity of CTC. They suggest that the postoperative CTC continued to be at a higher level (≥5), which has a better predictive validity for prognosis than AFP>400cmg/L and tumor diameter>5cm (43).

However, EpCAM was positive in less than 20% of HCC cases (50), and some of them also develop into EMT. This will reduce the detection rate of EpCAM+CTCs and limit its clinical application. The Canpatrol™ CTC analysis platform was developed for EMT, which uses microfiltration and various markers to characterize CTCs. This technology not only uses epithelial markers (EpCAM, CK8/9/19) but also adds mesenchymal markers (Vimentin and Twist) (51). Qi et al. (32) used the CanPatrol™ CTC-enrichment technique in 112 HCC patients with a positive rate of more than 90%, even for early-stage diseases. Before resection, the number of CTCs≥16 and the percentage of mesenchymal CTCs≥2% were greatly correlated with intrahepatic recurrence and distant lung metastasis. Some negative enrichment methods and combinations of different markers or technologies of CTCs have also been established to optimize the platform (29, 46, 52).

Except for the number of preoperative CTCs, the forms of CTCs also influenced the prognosis of HCC patients. Mesenchymal CTCs have more invasion and metastatic potential. Bai et al. (53) showed that high expression of CXCR4 protein in mixed CTCs was more common, which might be associated with the progression and metastasis. Another study found that the proportion of mixed and mesenchymal CTCs was also a prognostic indicator of HCC (37). In a prospective study, Sun et al (40). examined CTCs at five important sites of blood vessels in HCC patients, and showed that the presence of multi-vascular CTC cluster could prognosticate recurrence and metastasis. The CTC clusters are also been reported in some studies. Gkountela et al. (54) showed that the specific hypermethylation of the binding sites for transcription factors related to stemness and proliferation in the CTC cluster promoted metastasis. The CTC-associated white blood cell clusters of peripheral blood in patients with HCC were also related to DFS and OS (44).



Tumor Monitoring And Guiding Personalized Therapy

CTCs may serve as an index for long-term monitoring of HCC, and its dynamic changes reflected the therapeutic response treated with locoregional therapies, such as transcatheter arterial chemoembolization (TACE), radiotherapy, and radiofrequency ablation (55–57). Rau et al. (46) used a negative selection method for the enrichment of CTCs and found that the analyzes of CTCs at a different time during the treatment is helpful to dynamically monitor the progression of HCC patients, especially those without elevated serum AFP levels. Fan et al. (58) investigated a new technique which was combined flow cytometry in vivo with orthotopic tumor models and showed that the number of CTCs decreased significantly after resection and early metastases were also reduced. The tumor size and the number of distant metastases of HCC were in accord with the dynamic change of CTCs. Moreover, Zhang et al. (59) used microfluidic chip technology to obtain CTCs and discovered that the number of spheroids formed by CTCs substantially reduced after treated with sorafenib or oxaliplatin. This reflects the potential of CTCs in the analysis of sensitivity and drug resistance of chemotherapeutic drugs.

Identifying CTCs that express specific tumor markers and drug targets enable doctors to better guide personalized therapy. In 2016, Li et al. (47) indicated that CTCs can replace tumor tissue to characterize the expression of pERK/pAkt. The pERK+/pAkt- CTCs were most sensitive to sorafenib, which is helpful to choose the appropriate treatment scheme. In recent years, immunotherapy is a research hotspot, and immune checkpoint inhibitors, including Programmed cell death protein-1 (PD-1) and programmed death-ligand 1 (PD-L1), are promising in the treatment of advanced HCC (60). Winograd et al. (61) firstly evaluated PD-L1+ CTCs in HCC. They reported that PD-L1+ CTCs could serve as a predictor of immunotherapy. Because 3 of all 6 patients who received anti-PD1 therapy showed responses to treatment and had PD-L1+ CTCs (61). In 2020, the same team conducted a larger, prospective cohort to enumerate/phenotype CTCs. They showed that PD-L1+ CTCs mainly present in advanced HCC, and related to beneficial therapeutic responses of patients with HCC who received anti-PD-1 therapy (62). The expression of PD-L1 varies with immune statuses, treatment response, and disease progression. Precise assessment of PD-L1 expression in CTCs could be used to evaluate and monitor the immune status of tumor cells in real-time.




Circulating Tumor DNA (ctDNA)

When it comes to ctDNA, it is inevitable to mention circulating cell-free DNA(cfDNA), that derives from lymphocytes or dying benign host cells (63). It is generally believed that ctDNA is the fragmented DNA shedding from necrotic and apoptotic tumor cells, occupying only a small portion of total cfDNA (14, 64). The mechanism of how ctDNA is released into the bloodstream is still unclear. It might be associated with apoptosis and necrosis (65), and exposure to intermittent hypoxia is likely to promote ctDNA fall off into the circulation (66). At present, there are still some difficulties in separating ctDNA from cfDNA using the existing technology. Methylation of ctDNA and cfDNA is research hotspots (14). DNA methylation is involved in the epigenetic regulation of gene expression and often leads to gene silencing. The ctDNA has the molecular characteristics of methylation changes, and it has been found that the tumor DNA methylation profiles of HCC are highly correlated with the paired plasma ctDNA (67). Methylation changes in ctDNA usually occur early in carcinogenesis (14), therefore, the detection of methylation genes in ctDNA has a certain clinical potential in HCC (67–69). Moreover, ctDNA comprises a complete tumor genome, including variants derived from a plurality of independent tumors, so ctDNA has a greater advantage in overcoming tumor heterogeneity than single tissue biopsy.

Since only 10 ng cfDNA can be extracted per milliliter of blood (70), the detection method of ctDNA should be highly sensitive and specific. Various methods can be selected according to different detection purposes. The ctDNA carries tumor-specific information in terms of genetic or epigenetic alterations, like methylation changes, single-nucleotide variants (SNVs), and copy number variations (CNVs). There are two types of analytical techniques based on ctDNA: quantitative detection (measure the number of ctDNA) and qualitative detection (detect tumor-specific genetic aberration). The length of ctDNA fragments is less than 167 base pairs, approximately the size of 1 nucleosome (71). Moreover, the half-life of ctDNA is short, usually, no more than 2 hours, which can relatively accurately reflect the real-time change of the tumor burden during cancer therapy. The ctDNA carries the same genetic mutation as the primitive tumor cell, thus the qualitative and quantitative analysis of ctDNA is mainly based on detecting the aberrations in cfDNA. Digital PCR (dPCR) and NGS are two popular methods nowadays techniques to detect ctDNA.



Clinical Application OF ctDNA IN HCC

The ctDNA contains genomes derived from multiple independent tumors (72), thus, detecting ctDNA is expected to overcome temporal and spatial heterogeneity of tumor tissues. We summarized the clinical application of ctDNA in patients with HCC (Table 2).


Table 2 | Clinical applications of ctDNA in HCC.




Early Diagnosis And Prognostic Evaluation

Epigenetic changes induced by DNA methylation and DNA methylation are involved in the process of tumor occurrence and development (90). The methylation pattern of ctDNA has tremendous potential in the early diagnosis of HCC patients. Changes in methylation of multiple genes in plasma/serum, such as p15, p16, GSTP1, INK4A, RASSF1A, and so on, have been confirmed in many studies to distinguish HCC from controls. The methylation characteristics of tumor DNA in HCC are highly correlated with paired plasma ctDNA (67), so some biomarkers of DNA methylation in HCC may also be used in ctDNA. Kotoh et al. (91) developed a methylated SEPT9 assay in HCC, with 63.2% sensitivity and 90.0% specificity. They pointed out that combined diagnosis with AFP can improve the diagnosis rate of early-stage HCC. Yan et al. (92) proposed the HCC index, which was a combined diagnostic model of cfDNA, age, and AFP. The HCC index was more accurate in HCC diagnosis than cfDNA or AFP, alone. Currently, Chen et al. (81) conducted large-scale, multi-center research and constructed a diagnostic model based on HIFI (5-Hydroxymethylcytosine/motIf/Fragmentation/nucleosome footprInt) method, playing a key role in differentiating HCC from non-HCC. Both the test set and the verification set had a sensitivity and specificity of more than 95%.

In addition to the role of diagnosis, ctDNA methylation can also be served as a prognostic indicator. The study of Kotoh et al. also showed that the copy number of methylated SEPT9 was related to BCLC stage, macrovascular invasion, tumor number, and size (91). Li et al. (93) indicated that IGFBP7 promoter methylation was significantly related to OS and early tumor recurrence after hepatectomy. In a large-scale study involving 1098 HCC patients, a diagnostic prediction model was constructed by screening 10 overlapping markers of cfDNA methylation using Random Forest and Least Absolute Shrinkage and Selection Operator (LASSO) methods. The diagnostic sensitivity and specificity of this model were 85.7% and 94.3%, respectively (67). Kisiel et al. (69) identified 6 best-methylated DNA markers (MDMs) in HCC, that include ECE1, HOXA1, CLEC11A, AK055957, PFKP and EMX1, and combined Phase I Pilot, and Phase II Clinical Validation. In the diagnosis of HCC, the area-under-the-receiver-operating-curve (AUC) of this 6-marker MDM panel was 0.96, the sensitivity was 95%, and the specificity was 92%. Moreover, elevated levels of cfDNA are a positive correlation with poor prognosis. The existence and quantity of ctDNA are usually determined by detecting the mutation of cfDNA. Some hot mutants, such as TP53, CTNNB1, and TERT, are usually selected to detect ctDNA aberrations (14). Ren N et al. (94) found that allelic imbalance at D8S258 in circulating plasma DNA was also related to the poor prognosis of HCC. A recent study focused on SNVs of ctDNA and showed that the existence of MLH1 SNV, coupled with elevated ctDNA levels, can predict poor OS of HCC patients (95). In short, the different mutants and epigenetic modifications in ctDNA have significance in early diagnosis and prognostic outcomes of HCC.



Tumor Monitoring and Guiding Personalized Therapy

Considering that liver biopsy is invasive and unnecessary in advanced HCC, ctDNA can be a reliable biomarker for dynamically monitoring tumor progression and assessing the treatment efficacy. These include identifying new mutations that drive acquired drug resistance and capturing heterogeneity between tumors. According to the study of Park et al. (96), the high level of cfDNA after radiotherapy was related to the poor outcome of treatment. Thus, ctDNA can be used as an indicator to evaluate the curative effect after radiotherapy. Recently, Zhao et al. (97) prospectively enrolled 42 patients with unresectable liver cancer. They found that TP53 mutation was related to disease progression and interventional treatment was more effective in patients without TP53 mutation. The follow-up study showed that plasma levels of CNVs and SNVs in ctDNA dynamically correlated with patients’ tumor burden in HCC (80). They decreased after surgery and increased in cases with tumor recurrence, showing that ctDNA was a feasible biomarker to monitor treatment response (80). Cai et al. (87) collected the information of postoperative ctDNA and protein biomarkers which included AFP, AFP-L3, and des-gamma-carboxy prothrombin (DCP), then evaluated the results with corresponding MRI scan images during follow-up. They confirmed that both SNVs and CNVs of ctDNA could dynamically monitor the tumor load of HCC. The combination of ctDNA and DCP could improve the detection rate of minimal/molecular residual disease (MRD) in patients undergoing hepatectomy (87).

On other hand, the detection of ctDNA mutations can guide the choice of treatment. Ikeda et al. (98) used digital ctDNA sequencing to evaluate the mutant associated with wild-type allele fraction in 14 advanced HCC patients. The level of DCP and AFP decreased with the treatment of palbociclib (CDK4/6 inhibitor) and celecoxib (COX-2/Wnt inhibitor) after two months in a patient with CDKN2A-inactivating and CTNNB1-activating mutation. And AFP declined by 63% in another patient treated with sirolimus (mechanistic target of rapamycin inhibitor) and cabozantinib (MET inhibitor). This patient had PTEN-inactivating and MET-activating mutations of ctDNA (98). Compared with tissue biopsies, cfDNA identified clinically related drug resistance changes more frequently in a prospective cohort study of patients with gastrointestinal tumors. In 78% of cases, cfDNA could detect drug resistance gene mutations that were not found in matched tumor biopsies (99). A recent study reported that the sequential mutation profiling of ctDNA can be used for molecular detection of drug resistance in HCC (100). The gene mutation of PI3K/MTOR pathway was associated with the worse PFS in HCC patients receiving tyrosine kinase inhibitors but was not associated with immunosuppression therapy (100). It shows that monitoring the mutation of the drug target gene or drug resistance gene in advanced patients can better guide the choice of personalized treatment. All in all, genomic profiles of patients with HCC can be obtained from ctDNA, which can guide the treatment to some extent.



Extracellular Vesicles (EVs): Exosomes

Exosomes were thought to originate from mature sheep reticulocytes (101). Exosome belongs to extracellular vesicles (EVs), which is a nano-sized phospholipid bilayer membrane vesicle and responsible for intercell communication (102). It is secreted by living cells and formed by the separation of intracellular poly vesicles with cell membranes in the process of being released out of the cell (103). The component transported in exosomes contains several molecular biomarkers including proteins, RNA, DNA, which range in size from 50 to 140 nm (88, 104). Currently studies suggest that the cargos carried by exosomes associated with HCC, including non-coding RNAs(ncRNAs), messenger RNAs (mRNAs), and proteins, can serve as potential biomarkers for the clinical application of HCC (105). They transferred to target cells by exosomes, affecting drug resistance, tumor angiogenesis and metastasis (106–108). Exosomes show significant superiority in liquid biopsy. Exosomal substances are hard to be degraded due to the protection of phospholipid bilayer membrane (15). Its high biological stability improves the clinical applicability of exosomes, which can not only cut down the cost of short-term sample preservation but also reduce the challenges of transportation (109). Moreover, exosomes carry biological information from parental cells, so they are more typically than cfDNA (110). Exosomes are bound up with the growth and metastasis of HCC (108), tumor angiogenesis (111), and immune regulation (112).

The capture and enrichment of exosomes require the identification of their markers, such as heat shock protein 70 (HSP 70), CD9, CD63, CD81, and ALIX (113). There are some common technologies used for exosomes isolation according to their composition or physical properties, such as ultracentrifugation (UC), transmission electron microscopy (TEM), magnetic associated cell sorting (MACS), filtration, polymer-based precipitation, nanoparticle tracking analysis, fluorescence, colorimetric ELISA assays, and size exclusion chromatography (SEC). However, the eventual clinical utility of exosomes is still in its preliminary stages and needs more validation.




Clinical Application OF Exosome IN HCC

Exosomes are related to the establishment of the tumor microenvironment and participate in the occurrence, development of HCC (114). Substantial researches have demonstrated that exosomes play a part in clinical applications of HCC over the years (Table 3).


Table 3 | Clinical applications of exosomes in HCC.




Early Diagnosis and Prognostic Evaluation

Exosomes contain bioactive compounds, such as RNA, DNA, proteins, and cholesterol (15), some of which can be expressed uniquely by tumor cells. MicroRNAs (miRNAs), lncRNA and circular RNAs (circRNA) have been described in many reports as noninvasive biomarker for better prediction and prognosis of HCC progression. The miRNAs, a class of conserved RNAs (usually 22-25 nucleotides), can inhibit the translation of mRNA or promote the degradation of mRNA by combining with their response element on the 3-untranslated region of the target mRNA (107). Exosomes can actively secrete miRNAs to regulate the progress of HCC (15, 131). Sohn et al (115) found that serum exosomal miR-222, miR-221, and miR-18a in patients with chronic hepatitis or cirrhosis were significantly lower than that in HCC patients. Wang et al. (132) showed that the serum exosomal miR-21 also elevated in HCC patients, which could be used to distinguish HCC from people and chronic hepatitis B patients. Ghosh et al. (130) found that the combination of four miRNAs (miR-221-3p, miR-223-3p, miR-10b-5p and miR-21-5p) showed good diagnostic ability in patients with low expression of AFP. Currently, Cho et al (116) showed that serum exo-miR-10b-5p had great potential for early diagnosis of HCC with a sensitivity of 90.7%, specificity of 75.0%, and the AUC was 0.934. The same team developed a panel that included exo-miR-4746-5p and exo-miR-4661-5p for the early diagnosis of HCC. The sensitivity, specificity, and AUC were 81.8%, 91.7%, and 0.947 respectively (118). Along with the miRNA, lncRNA and cirRNA in exosomes have also shown potential in the early detection of HCC. The expression of LINC00853, lnc85, ENSG00000248932.1, ENST00000440688.1 and ENST00000457302.2, have shown promise for the tumorigenesis prediction (128, 129, 133). Xu et al. (121) suggested that AFP combined with serum exosomal LINC00635 and ENSG00000258332.1 could discriminate HCC from chronic hepatitis B, gaining an AUC of 0.894. By comparing the level of exosomal Trna-derived small RNA (tsRNA) between the healthy and patients with liver cancer, Zhu et al. (134)found a significant increase of tsRNAs in plasma exosomes of liver cancer patients, which provided new insight into the HCC diagnostic potential of the exosome. Currently, a study suggested that the combination of three circRNAs, including circ_0004001, circ_0004123 and circ_0075792, has been served as a valuable diagnostic biomarker for HCC (127).

In addition to ncRNA, proteins are also used as biomarkers of HCC. Compared with miRNA, the study of protein in exosomes is a relatively less explored direction to detect HCC. According to a study that the proteomes of HCC, cirrhosis and healthy people have different compositions (135). Arbelaiz et al. (119) suggested that the differentially expressed exosomal proteins might be a kind of potential biomarkers for differential diagnosis. Mass spectrometry was used to detect the proteomes of exosomes in patients with HCC, primary sclerosing cholangitis, and cholangiocarcinoma. Some of these proteins including LG3BP and FIBG demonstrated superior diagnostic ability to AFP. The AUC of LG3BP for identifying HCC patients from the healthy was 0.904, and the AUC of FIBG for distinguishing intrahepatic cholangiocarcinoma from HCC was 0.894 (119). Interestingly, LG3BP and PIGR can promote the transformation, invasion, and proliferation of tumor cells, which are associated with poor prognosis (136). Fu et al. (122) found that patients with advanced HCC had higher levels of Smad3 in exosomes and suggested that combined AFP and detection of exosomes containing SMAD3 can improve the diagnosis of HCC.

Exosomes also have great potential in terms of the prognosis of HCC. Lee et al. (124) demonstrated that circulating exosomal miRNA-21 and lncRNA-ATB were associated with the T stage, the TNM stage, and portal vein thrombosis. The HCC patients who had the level of exosomal miRNA-21≥0.09 and lncRNA-ATB ≥0.0016 tend to have significantly lower OS and PFS (P<0.05). The high level of LINC00635 and ENSG00000258332.1 in HCC was related to lymph node metastasis, TNM stage, and OS (121). Some studies showed that the lower levels of exosomal miR-125b (137) and miR-638 (138) predicted poor prognosis of HCC patients. The abundance of exosomes containing SMAD3 was negatively correlated with DFS in postoperative patients of HCC (122). Moreover, circUHRF1 might be associated with resistance to anti-PD1 immunotherapy in HCC patients (126). Luo et al. (139) measured the level of exosomal circular RNA (circAKT3) from 124 patients with HCC and 100 healthy controls and found that patients with high exosomal circAKT3 tend to have a higher risk of recurrence and death.




Conclusion and Perspective

With the continuous enrichment of molecular tumor information and the frequent breakthroughs of molecular technology, precision oncology has revolutionized the field of medicine. Noninvasive liquid biopsy has competitive advantages for accurate diagnosis and individualized management (140). The detection and analysis of CTCs, ctDNA, and exosomes provide a promising strategy for early diagnosis, prognostic evaluation, the guidance of treatment, and monitoring of MRD and recurrence (Figure 1). DNA methylation is a widely used epigenetic biomarker, and the analysis of ctDNA methylation has the potential of early diagnosis of high-risk patients with HCC. This may soon become an alternative method for long-term monitoring of HCC, and be a supplement to the existing clinical detection methods. The molecular characterization of ctDNA and CTCs are, at least in part, dependent on tumor burden, so they may be more useful in intermediate or advanced settings in prognosis or predicting treatment response. In general, the increase of CTCs level after treatment indicates tumor recurrence and reduced survival. Further studies of CTC and ctDNA will better understand the emergence of resistance to sorafenib or TACE. It also provides new insights into the development of more personalized diagnosis and treatment programs for HCC. The substances in exosomes, especially miRNAs, provide a new direction for improving the early diagnosis of HCC. Thus, liquid biopsies can provide researchers with more detailed and personalized information from cancer diagnosis to tumor monitoring by collecting samples continuously. However, there still stands challenges in the way that translates liquid biopsy from bench to bedside. The clinical application of liquid biopsy requires accurate biomarkers and standardized detection methods. In summary, liquid biopsy seems a convenient, noninvasive, and potential method for HCC.
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Background and Aims

With changes in dietary patterns and modern lifestyles, the prevalence of metabolic syndrome (MetS) in hepatitis B virus (HBV)-associated hepatocellular carcinoma (HCC) patients is increasing. The purpose of our study is to explore the impact of MetS on the prognosis of HBV-associated HCC patients following radical hepatectomy.



Methods

Data on consecutive HCC patients who underwent radical hepatectomy were prospectively obtained and retrospectively analyzed from seven medical centers in west areas of China. Propensity score matching (PSM) analysis was conducted to balance the heterogeneity between MetS-HBV-HCC group and HBV-HCC group. Surgical outcomes have been contrasted between the two groups.



Results

In 984 patients, 179 (18.19%) were diagnosed with MetS. Patients in the MetS-HBV-HCC group had higher CCI score (8.7 [0.0, 12.2] vs. 0.0 [0.0, 8.7], p = 0.048) and a higher rate of severe complications (Clavien–Dindo ≥3, 7.82% vs. 4.10%, p = 0.035), to be more precise: postoperative liver failure, hydrothorax, and hyperglycemia. Patients in the MetS-HBV-HCC group tended to have worse 5-year overall survival (OS) rate (61.45% vs. 69.94%, p = 0.027) and recurrence-free survival (RFS) rate (62.57% vs. 53.66%, p = 0.030), consistent with the results of the competing risk models. Last, MetS was identified to be an independent unfavorable prognostic factor in the multivariate analysis.



Conclusion

The involvement of MetS increased the risk of postoperative complications and worsens the overall survival and recurrence-free survival time, reminding us to be more prudent to face metabolic disorder among tumor patients.
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Introduction

Metabolic syndrome (MetS) is becoming increasingly prevalent with high socioeconomic cost that has been considered a worldwide epidemic (1). MetS is a complex disorder defined by a cluster of interconnected factors including central obesity, dyslipidemia (increased triglycerides (TG) and/or reduced high-density lipoprotein cholesterol), increased fasting glucose, and increased blood pressure (2). In 1988, Reaven was the first to put forward the concept of “Syndrome X” which was later renamed as MetS (3). The International Diabetes Federation (IDF) introduced the first global standardized concept of interdisciplinary approach in 2005 (4). According to data from the China National Health and Nutrition Surveillance (2010–2012), the overall prevalence rate of MetS among Chinese adults was over 11.0%, along with an increasing incidence. Alarmingly, mounting evidence indicated that MetS was associated tightly with increased risk of cancer development and prognosis (5, 6).

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death worldwide (7). Chronic hepatitis B virus (HBV) infection is the most common risk factor for HCC, especially in China (8). From the etiological perspective, owing to the widespread use of effective antiviral therapy, predominantly nucleos(t)ide analogs (NAs), most HCC patients with chronic HBV have achieved sustained viral control. The role of nonviral factors, such as MetS, is anticipated to be reinforced in the future.

A large number of studies had reported the discrepancy between MetS-associated HCC and hepatitis virus-associated HCC (9). However, as two independent diseases, they are not mutually exclusive, which means the coexistence would lead to a more complex clinical situation. Unfortunately, there is no study discussing that in depth. A recent epidemiological large sample size study of our team identified MetS as an independent factor associated with a 2-fold increased risk of HCC development in a population with HBV infection, suggesting a synergistic role between HBV infections and MetS (10). Considering the background of HBV-related cirrhosis, the presence of MetS could cause an inflamed liver to experience a second hit. There is an increasing strain of MetS in Asia-Pacific regions with a high prevalence of HBV-associated HCC, and the effect of superimposed MetS on HCC linked to hepatitis B accepts a growing concern.



Patients and Methods


Patient Selection and Study Design

To ensure the quality of the study, researchers (JD, JS, YWW, WLQ, and YFC) completed data collection together and assessment independently. A total of 1,810 patients in 7 high-quality medical centers in west China were included in the candidate study population. The inclusion criteria were as follows: (1) patients who underwent primary hepatectomy; (2) patients with pathologically proven HCC; and (3) patients positive for the hepatitis B surface antibody. The exclusion criteria were as follows: (1) patients in Barcelona-Clinic Liver Cancer (BCLC) C stage; (2) patients who underwent ablation, percutaneous ethanol ablation (PEI), microwave ablation, or combined therapy; (3) patients with a bile duct tumor thrombus, lymph node involvement, or extrahepatic invasion; (4) patients with positive surgical margins; (5) patients who received other antitumor treatment preoperatively; (6) patients with other malignant tumors; (7) patients with hepatitis C, schistosomiasis, or autoimmune liver diseases; (8) patients with ruptured tumors; and (9) patients with incomplete clinicopathological information or follow-up data. Propensity score matching (PSM) was performed to adjust for other nonmetabolic factors on prognosis. The study process (in sequence) is shown in detail (Figure 1).




Figure 1 | Inclusion and exclusion criteria and research design.



The presence of pathological features was recorded and confirmed through macroscopic and histological examinations by two professional hepatic pathologists. Importantly, metabolism-related indicators were obtained before surgery and assisted by endocrinologists. The management of their metabolic syndrome was also investigated and verified by follow-up.

This study conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the ethics committee of West China Hospital, Sichuan University. The requirement for informed consent was waived due to the retrospective nature of the study.



Preoperative Assessment and Hepatectomy

All patients were diagnosed with HCC before the operation according to the American Association for the Study of Liver Diseases (AASLD) guidelines (11). Intraoperative ultrasonography (IOUS) was routinely used to confirm the status of tumors. Liver parenchyma dissection was mainly performed with an ultrasonic scalpel, a Cavitron ultrasonic aspirator (CUSA; Valleylab, Boulder, Colorado), or a water dissector (JET2; ERBE, Tübingen, Germany). All surgeries were performed by experienced liver surgeons.



Definitions

The diagnosis of MetS was considered when at least three of the following criteria were met: (1) increased waist circumference (Chinese population, a man/woman >90/80 cm); (2) TG ≥150 mg/dl (1.7 mmol/L) or received drug treatment for elevated TG; (3) high-density lipoprotein (HDL) cholesterol <40 mg/dl (1.0 mmol/L) in men and <50 mg/dl (1.3 mmol/L) in women or received drug treatment for reduced HDL cholesterol levels or elevated TG; (4) systolic blood pressure ≥130 and/or diastolic blood pressure ≥85 mmHg or receive drug treatment (antihypertensive drug treatment in a patient with a history of hypertension); and (5) fasting glucose >100 mg/dl (5·6 mmol/L) or received drug treatment for increased glucose levels or had been diagnosed with type 2 diabetes (Figure 2A).




Figure 2 | Criteria for the clinical diagnosis of metabolic syndrome: (A) (1) increased waist circumference (Chinese population, a man/woman >90/80 cm); (2) TG ≥150 mg/dl (1.7 mmol/L) or received drug treatment for elevated TG; (3) high-density lipoprotein (HDL) cholesterol <40 mg/dl (1.0 mmol/L) in men and <50 mg/dl (1.3 mmol/L) in women or received drug treatment for reduced HDL cholesterol levels or elevated TG; (4) systolic blood pressure ≥130 and/or diastolic blood pressure ≥85 mmHg or received drug treatment (antihypertensive drug treatment in a patient with a history of hypertension; and (5) fasting glucose >100 mg/dl (5·6 mmol/L) or received drug treatment for increased glucose levels or had been diagnosed with type 2 diabetes. (B) Diagnostic factors of metabolic syndrome of study population. (C) Number of diagnostic factors of study population.





Follow-Up

All HCC patients were regularly followed up at the first postoperative month and then every 3 months during the first postoperative 3 years and every 6 months during the subsequent years. Antiviral drugs such as entecavir or tenofovir were administered according to guidelines. Multidisciplinary teams discussed retreatment strategies upon tumor relapse. The primary endpoints were overall survival (OS) and recurrence-free survival (RFS). The survival time was defined as the interval between the date of surgery and death or the last follow-up. For patients who received liver transplantation, the date of the transplanting surgery was considered to trigger the endpoint event. The final follow-up evaluation was conducted on May 1, 2020. Recurrence and dearth situation is mentioned in Supplementary Table S1.



Management

All patients with metabolic disorder were requested to the endocrine specialist clinic. Endocrinologists formulated personalized treatment plans for those patients. The therapeutic lifestyle intervention was the precondition to conducted treatment which included dietary adjustment, limiting the intake of sodium salt, increasing daily exercise, and so on. Drug therapy was conducted in patients with poor control situation. Drug using situation for metabolic disorder is mentioned in Supplementary Table S2.



Statistical Analysis

Continuous variables were presented as the means ± standard deviations (M ± SD) and were compared using the Mann–Whitney U test. Categorical data were shown as frequencies and were compared using the χ2 test or Fisher’s exact test. Univariate and multivariate analyses were performed using the Cox proportional hazards model. Potential risk factors with p < 0.05 in the univariate analysis were included in the Cox model by the step forward method. Survival was analyzed using the Kaplan–Meier method and was compared between the two groups before and after PSM using the log-rank test. The competing risk model (CRM) was used to address deaths related to tumors and deaths related to other causes, and the cumulative incidence function (CIF) was used to evaluate the true relationship between MetS and tumor-related outcomes.

PSM was adopted to overcome potential selection bias. The propensity score represents the probability of each patient being assigned to a particular condition in a study given a set of known covariables and was calculated by a logistic regression model between the two groups. The following variables possibly affected outcomes after surgery: sex, age, alpha fetoprotein (AFP) (>400 ng/ml), antivirus drugs, HBV-DNA (>103 IU/ml), BCLC stage, tumor differentiation degree, microvascular invasion (MVI), satellite lesion, and albumin-bilirubin (ALBI) classification. Nearest-neighbor matching selects variables by matching a subject from the MetS-HBV-HCC group whose propensity score is closest to that of a subject from the HBV-HCC group (12). A two-sided p-value <0.05 was considered statistically significant. All statistical tests were performed using R version 3.5.3 (R Foundation for Statistical Computing, Vienna, Austria).




Results


Patient Characteristics

A total of 984 HCC patients were included in this study. Overall, 179 of the 984 patients (18.2%) had MetS (Figures 2B, C). There were fewer male patients in the MetS-HBV-HCC group (74.9% vs. 86.1%, p < 0.001), and the mean age of patients in the MetS-HBV-HCC group was higher (55.0 [46.0, 62.0] vs. 51.0 [44.0, 60.0], p < 0.001). As expected, the value of body mass index (BMI) (25.0 ± 3.1 vs. 22.5 ± 3.3, p < 0.001) in the MetS-HBV-HCC group was significantly higher than those in the HBV-HCC group. It should be noted that there are variations between the two groups in leukocytes (5.60 [4.4, 7.3] vs. 5.21 [4.2, 6.6], p = 0.032) and neutrophils (3.4 [2.5, 4.8] vs. 3.0 [2.3, 4.1], p = 0.009).

Regarding pathological characteristics, patients in the MetS-HBV-HCC group had a higher incidence rate of steatohepatitis (27.5% vs. 15.8%, p = 0.001). However, the proportion of cirrhotic patients was opposite (58.5% vs. 61.3%, p < 0.001). Detailed baseline information is listed in Table 1.


Table 1 | Patient clinical characteristics.





Surgical Type and Short-Term Outcomes

The similar surgical strategy resulted in a variable length of hospital stay (LOS) (13.0 [10.0, 19.0] vs. 11.0 [9.0, 15.0] days, p < 0.001). With respect to complications postsurgery, the incidence of the residual complications was generally higher in the MetS-HBV-HCC group than the HBV-HCC group. Similarly, patients in the MetS-HBV-HCC group had higher CCI score (8.7 [0.0, 12.2] vs. 0.0 [0.0, 8.7], p = 0.048) and a higher rate of severe complications (Clavien–Dindo ≥3, 7.8% vs. 4.1%, p = 0.035). Such disparity derived major from 3 complications in the MetS-HBV-HCC group: postoperative liver failure (3.9% vs. 1.5%, p = 0.034), hydrothorax (5.6% vs. 2.6%, p = 0.039), and hyperglycemia (27.4% vs. 10.8%, p < 0.001). The surgical information and short-term outcomes are reported in Table 2.


Table 2 | Surgical details and short-term outcomes.





Survival Analysis

The median follow-up duration was 42.0 months (range of 4–60 months). In total, 311 (31.6%) patients died at the last follow-up: 69 (38.6%) in the MetS-HBV-HCC group and 217 (30.1%) in the HBV-HCC group. The component ratio of death was identical while a total of 544 (55.3%) patients with cancer recurrence have been confirmed: 112 (62.6%) in the MetS-HBV-HCC group and 432 (53.7%) in the HBV-HCC group. Remarkedly, lower rate of re-resection (12.5% vs. 24.3%, p = 0.007) was found in the MetS-HBV-HCC group.

For the whole cohort, the 1-, 3-, and 5-year overall survival rates were 88.8%, 73.8%, and 68.4%, respectively. The 1-, 3-, and 5-year recurrence rates were 28.0%, 49.6%, and 55.3%, respectively. Patients without MetS had a longer OS (p = 0.0037, Figure 3A) and RFS (p = 0.0018, Figure 3B).




Figure 3 | Overall survival and recurrence-free survival duration in the MetS-HBV-HCC and HBV-HCC groups: (A) overall survival before PSM (p = 0.0037) and (B) recurrence-free survival before PSM (p = 0.0018). The recurrence-free survival analysis included (C) overall survival after PSM at 1:2 (p = 0.0017) and (D) recurrence-free survival after PSM at 1:2 (p = 0.0015).



PSM analysis was used between the two groups in order to better monitor the confounding variables and give prominence to potential interassociation. After 1:2 PSM, 358 patients were selected to the HBV-HCC group. The patients’ baseline characteristics after PSM are also listed in Table 1.

After adjusting by PSM, the 5-year survival rate was 61.5% in the MetS-HBV-HCC group and 71.5% in the HBV-HCC group while the 5-year recurrence rates were 62.6% and 53.4%. In comparison, patients in the MetS-HBV-HCC group had shorter OS (p = 0.0017, Figure 3C) and RFS (p = 0.0015, Figure 3D). To verify this conclusion, PSM was also applied to investigate the impact of MetS on outcome of HBV-related HCC with match ratio, namely, 1:1 or 1:3 (Figure 4). The correlation between the cause of death and tumors shown by competitive risk model was linked tightly for these patients (p = 0.01, Figure 5).




Figure 4 | Overall survival and recurrence-free survival duration after PSM at 1:1 and 1:3 in the MetS-HBV-HCC and HBV-HCC groups: (A) overall survival after PSM at 1:1 (p = 0.0032); (B) recurrence-free survival after PSM at 1:2 (p = 0.026); (C) overall survival after PSM at 1:3 (p = 0.000002); and (D) recurrence-free survival after PSM at 1:3 (p = 0.00017).






Figure 5 | The cumulative competitive risk event incidence rate: tumor-related death (p = 0.01); nontumor-related death (p = 0.50).





Factors Associated With Prognosis

In the univariate analysis, the presence of MetS, AFP >400 ng/ml, HBV-DNA >103 IU/ml, tumor size, multiple nodules, differentiation degree, cirrhosis, MVI, satellite nodules, laparoscope, major hepatectomy, ALBI class, NLR, PLR, Clavien–Dindo class >3, and CCI were entered into the multivariate Cox model. Ultimately, the presence of MetS (p = 0.026), AFP >400 ng/ml (p = 0.008), tumor size (p = 0.012), multiple nodules (p = 0.012), MVI (p = 0.030), and CCI (p = 0.030) were considered to be independent risk factors for OS.

Next, RFS, the presence of MetS, BMI, age, HBV-DNA >103 IU/ml, tumor size, multiple nodules, differentiation degree, MVI, satellite nodules, and ALBI class were entered into the multivariate Cox model. Finally, the presence of MetS (p = 0.025), tumor size (p = 0.013), multiple nodules (p = 0.011) MVI (p = 0.010), and satellite nodules (p = 0.008) were confirmed as independent risk factors for RFS. Independent risk factors affecting OS and RFS are listed in Table 3.


Table 3 | Univariate and multivariate analyses of prognosis.






Discussion

MetS has become a global epidemic due to improvements in lifestyle and dietary patterns (13). In addition to increasing the risk of cardiovascular and cerebrovascular accidents, MetS is also closely linked to the development of malignant solid tumors such as liver cancer, colorectal cancer, prostate cancer, and breast cancer as a systemic metabolic disorder (10, 14, 15). Considering that the prevalence of MetS in HBV patients is increasing, it is rational to hypothesize the growth, especially in Asia. In patients with HBV-associated HCC who received curative hepatectomy, the downside of MetS, a possible and dangerous disease, needs to be estimated. Based on the results of our study, the presence of MetS has a negative impact on short-term and long-term survival. Previous studies indicated that MetS-HCC is associated with better long-term outcomes than viral-related HCC. It is worth noting that MetS-related patients commonly developed HCC with mild underlying liver disease or low serum AFP levels (16, 17). These conclusions, however, are the research outcome of a single factor and are not capable of representing the comprehensive situation in clinical practice. Based on the “second hit” theory, we aim to investigate the superimposed role of both adverse factors. Using different models (the CRM model, PSM model, and Cox model), we provided more convincing evidence that HBV-related HCC patients experienced worse prognosis when accompanied by MetS.

Given the effect of MetS, the major postoperative complications were higher in the MetS-HBV-HCC group. The liver is vulnerable to hepatocellular injury after resection, particularly when cirrhosis presented (18). The group of patients with viral hepatitis complicated with MetS had two types of liver disease backgrounds, which may be responsible for the high incidence of liver failure. A recent study by Wang et al. showed that MetS may accelerate the progression of liver disease in patients with chronic HBV infection and synergistically induce cirrhosis or even HCC development, demonstrating the mutually reinforcing role of MetS and viral hepatitis (19). Moreover, a more complex background of liver disease could also lead to an increased incidence of hypoproteinemia, which provides the necessary conditions for hydrothorax. Hyperglycemia is a common phenomenon resulting from postoperative stress. For the effect of metabolic abnormalities, MetS impaired the glycemic regulation after surgery (20). From another, the prolonged LOS in patients with MetS was associated with prolonged postoperative recovery, reflecting the high rates of liver infectious complications. Therefore, for patients with MetS, the preoperative assessment should be performed more strictly: the residual liver function criteria should be appraise more accurately and the perioperative management should receive more attention.

In terms of long-term survival, the presence of MetS had a negative impact on patients. This might be associated with higher levels of inflammation, insulin resistance, and specific tumor biological behaviors.

We found that patients with MetS had higher serum leukocyte and neutrophil counts, suggesting higher systemic inflammation levels, consisting with previous reports (21). A high level of systemic immune inflammation often presents a negative correlation with the prognosis of HCC (22). Windt et al. reported that neutrophil extracellular traps (NETs) formed after neutrophil apoptosis promoted the inflammatory process of NAFLD and the development of HCC, which revealed a potential association between neutrophils, MetS, and HCC (23). Increased inflammation leads to tumor recurrence and metastasis. In support of this notion, the inflammatory response is consistent with the pathophysiology of NAFLD, and when combined with viral hepatitis, it can form an inflamed tumor environment and ultimately worsen the prognosis (19).

Insulin resistance (IR), as a core mechanism of MetS, also plays an important role in HCC (2). Kim et al. demonstrated that HBV-related HCC was related to the dysregulation of insulin-IGF-1/IGFBP function and that the overexpression of IGF2 accelerated the formation of liver tumors with the hepatic expression of MYC and AKT1. In addition to the occurrence, IR also affects HCC recurrence. HCC patients with IR experience an aggressive tumor biology, worsening the prognosis of HCC patients with MetS (24, 25). Moreover, IR is also related to drug resistance in HCC (26). In summary, IR from MetS complicated with hepatitis B poses a complicated inflamed liver environment for HCC and leads to a relatively poor treatment outcome.

Patients with MetS presented a higher recurrence rate, indicating worse biological behavior. The proportion of patients with MetS who underwent re-resection was also lower, demonstrating the worse systemic or liver conditions during tumor recurrence. Active tumor cell lipid synthesis is a characteristic of high invasiveness (27). Highly active glycolysis and glutamine metabolism could also promote tumor metastasis and might provide a theoretical basis for an aggressive tumor biology in patients with MetS (28). Besides the presence of MetS, tumor size, AFP, ALBI, and CCI were well-established prognostic factors of HBV-related HCC. Therefore, our results were consistent with those from numerous previous studies.

However, there are also two diseases at the same time which could give rise to the death of such patients. To elucidate that the MetS propel the development of HCC, risk competing model was applied. From the result of the risk analysis, tumor was the major factor driving the occurrence of death instead of the nontumor factor, which means metabolic complications, like cardiovascular disease, diabetic nephropathy, or apoplexy. It strengthened reliability of the conclusion and clarified that the negative impact of MetS mainly focus on the tumor and liver for patients with HCC rather than other organs or systems (29).


Limitations

Our study has several limitations. First, this was a retrospective study, selection bias cannot be ruled out. However, we adopted several models to achieve a consistent conclusion. Second, we did not consider the possible change in the MetS status. The effect of MetS might have been underestimated. The sample size was relatively large, and patient data were obtained from multiple centers. Thus, the results still provide some insight into the effect of MetS on HCC. Third, there may have been some inconsistency given that all patients might not have chosen the same hospital for continuous follow-up. Lastly, the treatment of MetS and hepatitis B was not fully considered; therefore, the effect of treatment regimen on prognosis was less discussed.




Conclusion

In the HBV endemic, we provided convincing evidence that HBV-related HCC patients with MetS had worse prognosis after hepatectomy. Liver surgeons should consider the challenge of MetS when formatting surgical strategy.
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Supplementary Table 1 | Information on death and recurrence. HCC, hepatocellular carcinoma; MetS, metabolic syndrome; TACE, transcatheter arterial chemoembolization; Ablation therapy: radiofrequency ablation or microwave ablation. The recurrence information included 1033 patients, and patients with an unknown recurrence status (n=105) were excluded.


Supplementary Table 2 | Management of metabolic syndrome. HCC, hepatocellular carcinoma; MetS, metabolic syndrome.
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Study design ClinicalTrials.gov Identifier Phase Line Primary end point Study status
SHR-1210 + Apatinib NCT04014101 Il First ORR Recruiting
SHR-1210 + Apatinib NCT03463876 ] Second ORR Active, not recruiting
AK104 + Lenvatinib NCT04444167 b/l First ORR Recruiting
Nivolumab + Bevacizumab vs. Nivolumab vs. Bevacizumab NCT04393220 [} First PFS/OS Recruiting
Pembrolizumab + Regorafenib NCT04696055 I Second ORR Recruiting
Nivolumab + Galunisertib NCT02423343 I Second MTD Completed
Toripalimab + ATG-008 NCT04337463 | Second MTD/RP2D/ORR Recruiting
HLX10 + HLX04 NCT03973112 I Second ORR Recruiting
HX008+Bevacizumab vs. HX008 + Lenvatinib NCT04741165 Il First ORR Recruiting
Sintilimab + Lenvatinib NCT04042805 I First ORR Recruiting
Toripalimab + Lenvatinib NCT04368078 I Second ORR Recruiting
Toripalimab + Bevacizumab NCT04605796 [} First ORR/Safety Recruiting
Camrelizumab + Lenvatinib NCT04443309 I First ORR Recruiting
Camrelizumab + Apatinib NCT04701060 I First ORR Recruiting
Tislelizumab + regorafenib vs. regorafenib NCT04183088 I First ORR/PFS Recruiting
MK-1308A + Lenvatinib NCT04740307 I First ORR Recruiting
Pembrolizumab + Lenvatinib vs. Lenvatinib + placeco NCT03713593 i First PFS/OS Active, not recruiting
Nivolumab + Lenvatinib NCT03841201 I First ORR/Safety Recruiting
PDR001 + Sorafenib NCT02988440 | First AE/DLT Completed
Atezolizumab + Bevacizumab NCT04102098 n First RFS Recruiting
Avelumab + Axitinib NCT03289533 | First AE Completed
Atezolizumab + Cabozantinib vs. sorafenib NCT03755791 n First PFS/OS Recruiting
Durvalumab + Tivozanib NCT03970616 I First AE Recruiting
Durvalumab + Bevacizumab vs. Durvalumab NCT03847428 I First RFS Recruiting

[Cls, immune checkpoint inhibitors; HCC, hepatocellular carcinoma; ORR, objective response rate; PFS, progression-free survival; OS, overall survival; MTD, maximum tolerated dose;
RP2D, recommended phase Il dose; AE, adverse event; DLT, dose limited toxicity; RFS, recurrence-free survival.
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Drugs Main targets Treatment Pivotal study Study design Results Approval
line time
Sorafenib VEGFRs, PDGFR-B, c-Kit, First-line NCT00105443 Phase lll, sorafenib vs. 08S: 10.7 vs. 7.9 months (HR 0.69; 95% 2007
FLT3, RET placebo Cl: 0.55-0.87, p<0.001)
Time to radiologic progression: 5.5 vs. 2.8 months
(HR 0.58; 95%Cl: 0.45-0.74, p<0.001)
ORR:2% vs. 1%
Lenvatinib VEGFR1-3, FGFR1-4, First-line NCT01761266 Phase lll, lenvatinib vs. 08: 13.6 vs. 12.3 months (HR 0.92; 95% 2018
PDGFR-o, RET, c-Kit sorafenib Cl: 0.79-1.06)
PFS: 7.4 vs. 3.7 months (HR 0.66; 95%
Cl: 0.57-0.77, p<0.0001)
TTP: 8.9 vs. 3.7 months (HR 0.63; 95%
Cl: 0.53-0.73, p<0.0001)
ORR: 40.6% vs. 12.4%
Atezolizumab ~ PD-L1 VEGF First-line NCT03434379 Phase Ib, atezolizumab  Survival rates at 12 months: 67.2% vs. 54.6% 2020
plus plus bevacizumab vs. PFS: 6.8 vs. 4.3 months (HR 0.59; 95%
Bevacizumab sorafenib Cl: 0.47-0.76, p<0.001)
ORR: 33.2% vs. 13.3%
Regorafenib VEGFR1-3, PDGFR-B, Second-line  NCT01774344 Phase lll, regorafenib vs.  OS: 10.6 vs. 7.8 months (HR 0.63; 95% 2017
FGFR1, Tie-2, c-Kit, RET, placebo Cl: 0.50-0.79, p<0.0001)
B-RAF PFS: 3.1 vs. 1.5 months (HR 0.46; 95%
Cl: 0.37-0.56, p<0.0001)
ORR: 11% vs. 4%
Cabozantinib ~ VEGFR2, c-Met, RET, c-  Second-line  NCT01908426 Phase Ill, cabozantinib 0S: 10.2 vs. 8.0 months (HR 0.76; 95% 2019
Kit, AXL, FLT3 vs. placebo Cl: 0.63-0.92, p=0.005)
PFS: 5.2 vs. 1.9 months (HR 0.44; 95%
Cl: 0.36-0.52, p<0.001)
ORR: 4% vs. <1%
Ramucirumab  VEGFR2 Second-line  NCT02435433 Phase lll, ramucirumab 0S: 8.5 vs. 7.3 months (HR 0.71; 95% 2019
vs. placebo Cl: 0.531-0.949, p=0.0199)
PFS: 2.8 vs. 1.6 months (HR 0.452; 95%
Cl: 0.339-0.6083, p<0.0001)
ORR: 5% vs. 1%
Nivolumab PD-1 Second-line  NCT01658878 Phase l/Il, nivolumab ORR: The dose-expansion phase 20% (95% 2017
Cl: 15-26)
The dose-escalation phase 15% (95% Cl: 6-28)
Pembrolizumab PD-1 Second-line  NCT02702414 Phase II, pembrolizumab  ORR: 17% 2018
1 (1%) complete and 17 (16%) partial responses
Nivolumab plus PD-1 CTLA-4 Second-line  NCT01658878 Phase I/Il, Nivolumab ORR: arm A: 32% arm B: 27% arm C: 29% OS: 2020

Ipilimumab

Ipilimumab

arm A: 22.8 months arm B: 12.5 months arm
C: 12.7 months

HCC, hepatocellular carcinoma; VEGFR, vascular endothelial growth factor receptor; PDGFR, platelet-derived growth factor receptor; c-Kit, stem cell factor receptor; FLT3, FMS-like
tyrosine kinase-3; RET, rearranged during transfection; OS, overall survival; ORR, objective response rate; FGFR, fibroblast growth factor receptor; PFS, progression-free survival; TTP,
time to progression; PD-L1, programmed cell death ligand 1; VEGF, vascular endothelial growth factor; Tie-2, tyrosine kinase with immunoglobulin-like and epidermal growth factor

homology domains; c-Met, hepatocyte growth factor receptor; PD-1, programmed cell death protein 1; CTLA-4, cytotoxic T-lymphocyte-associated antigen 4.
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Univariate Analysis

Multivariate Analysis

P HR 95% Cl P HR 95% Cl

Age > 65 0.420 1.324 0.669-2.620

Gender - male 0.183 0.629 0.318-1.244

HBV infection (+) 0.556 1.434 0.432-4.754

AFP > 400 0.002 3.331 1.541-7.198 0.133 1.979 0.812-4.823
Tumor diameter > 4.5 cm 0.031 1.241 1.020-1.509 0.200 1.174 0.919-1.499
TNM classification(lll and IV) <0.001 3.547 1.968-6.394 <0.001 3.097 1.636-5.863
PVTT (+) 0.009 2.489 1.258-4.924 0.004 3.336 1.456-7.639
Lymphatic invasion (+) <0.001 4.796 2.201-10.453 0.018 3.063 1.268-7.402
WAC-AS1 - high expression 0.004 1.620 1.165-2.252 0.007 1.613 1.140-2.283

HR, Hazard ratio; Cl, confidence interval: +, patients with HBV infection, PVTT or lymphatic invasion.





OPS/images/fonc.2021.733595/table1.jpg
Characteristics

Agely)
<65
=65
Gender
Male
Female
HBYV infection
Yes
No
AFP
<400
>400
Tumor diameter (cm)
TNM classification
|
I
1]
\%
PVTT
Yes
No
Lymphatic invasion
Yes
No

Expression of WAC-AS1

Low

18
13

20
1"

27
4

17

14
3,629 = 1.6209

"

10
21

13
18

High

20
1"

21
10

23
8

12
19
5.074 + 1.8672

0
6
14
"

17
14

22
9

P/x? value

0.602

0.788

0.199

0.203

0.001

0.124

0.073

0.021

PVTT, Portal vein tumor thrombosis; HBV, hepatitis B virus; AFP, Alpha-fetoprotein.





OPS/images/fonc.2021.733595/fonc-11-733595-g008.jpg





OPS/images/fonc.2021.733595/fonc-11-733595-g007.jpg
Pl ]

PSS IS S &S

-k

- vector

LK WACASTNG T WACAS! SRNA

- ONAMAC-AST

c

o & g"}"‘

- -

BAc





OPS/images/fonc.2021.733595/fonc-11-733595-g006.jpg





OPS/images/fonc.2021.733595/fonc-11-733595-g005.jpg
"

Relatvssxpresion of WAC-AS1

Rl expression ol WACAS1

ErErry

WACAS! Expression

WACAS! Expression

Ralative exprossi
oI WAC AST

Collsviabilty  ©
(o0 40)






OPS/images/fonc.2021.733595/fonc-11-733595-g004.jpg
! I 4 Wr w W

‘yf // ,,/ e il/y//li/ ez

B‘ﬁm“%% mm
//M?f* 7

S

§ 1y %H%t&% 5.






OPS/images/fonc.2021.713721/fonc-11-713721-g002.jpg





OPS/images/cover.jpg
DO i SN g D RS
PUBLISHED I in Oncology

@ frontiers Research Topics





OPS/images/fonc.2021.742630/table4.jpg
Variables Training cohort Validation cohort
c-index 95% Cl c-index 95% Cl

Nomogram 0.702 0.699-0.705 0.721 0.718-0.724
AFP 0.571 0.568-0.574 0.563 0.560-0.566
Tumor size 0.563 0.560-0.566 0573 0.570-0.576
Differentiation 0.544 0.541-0.547 0.5538 0.550-0.556
Tumor number 0.587 0.584-0.590 0.612 0.609-0.615
MVI 0.589 0.586-0.592 0.596 0.593-0.599
CHIP 0.582 0.579-0.585 0.607 0.604-0.610
HAP 0.564 0.561-0.567 0.5673 0.570-0.576
SNA 0.613 0.610-0.616 0.587 0.584-0.590
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Characters

Gender, male/female
Age, <60/>60
HBsAg
Negative/positive
AFP

<400/2400 ng/ml
TBIL

<20/220 pmol/L
GGT, <45/>45 U/L
ALT, <50/>50 U/L
ALB, <35/>35g/L
Cirrhosis, no/yes
Tumor number
<3/>3

Tumor capsule
No/yes

Tumor size

<5/>5 cm

MVI, no/yes
Times of PA-TACE
<3/>3
Differentiation
=/n-v

n=184

160/24
151/33

27/157
102/82
148/36
94/90
126/58
8176
144/40
112/72
86/98

100/84
113/71

82/102

124/60

NA, non analysis; NS, non significant.

Training cohort RFS

Univariate
p-value

0.903
0.039

0.138
0.008
0.868
0.024
0.895
0.076
0.259
0.004
0.166

0.011
0.001

0.733

0.048

p-value

NA
NS

NA
0.024
NA
NS
NA
NA
NA
0.002
NA

0.028
0.013

NA

0.028

Multivariate

HR (95%Cl)

1.689 1.072-2.661)

2.021 (1.301-3.138)

1.627 (1.027-2.576)
1.751 (1.127-2.721)

1.657 (1.065-2.600)

n =147

60/87
99/48

16/131
57/90
119/28
79/68
111/36
14/133
95/52
110/37
43/147

69/78
66/81

67/80

82/65

Validation cohort RFS

Univariate

p-value

0.181
0.502

0.983
0.035
0.121
0.032
0.314
0.909
0.045
0.001
0.842

0.002
0.014

0.973

0.011

Multivariate

p-value

NA
NA

NA
0.031
NA
NS
NA
NA
NS
0.007
NA

0.036
0.04

NA

0.028

HR (95% CI)

1.667 (1.048-2.652)

1.883 (1.185-2.995)

1.639 (1.083-2.599)
1.641 (1.023-2.631)

1.634 (1.064-2.534)
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Characters

Gender, male/female
Age, <60/>60
HBsAg,
Negative/positive
AFP

<400/2400 ng/ml
TBIL

<20/>20 pmol/L
GGT, <45/>45 U/L
ALT, <50/250 U/L
ALB, <35/>35g/L
Cirrhosis, no/yes
Tumor number
<3/>3

Tumor capsule
No/yes

Tumor size
<5/>5cm

MV, no/yes
Differentiation
AV

P-TACE, no/yes

Total patients

n =502

418/84
397/105

74/428
261/241

432/70
264/238
351/151

31/471
372/130
297/205
338/264

380/222
302/200

343/159
318/184

Univariate Multivariate
os RFS os RFS
p-value p-value p-value HR (95% CI) p-value HR (95% CI)
0.153 0.795 NA NA
0.134 0.02 NA NS
0.045 0.016 NS NS
0.001 0.027 NS NS
0.696 0.63 NA NA
0.007 0.033 NS NS
0.128 0.582 NA NA
0.033 0.127 NS NA
0.003 0.002 NS NS
<0.001 <0.001 0.001 1.731 (1.271-2.357) 0.011 1.467 (1.093-1.968)
0.191 0.34 NA NA
<0.001 0.003 <0.001 1.748 (1.304-2.342) 0.04 1.313 (1.013-1.703)
0.001 <0.001 0.023 1.373 (1.044-1.807) 0.005 1.436 (1.118-1.843)
0.045 0.03 0.037 1.349 (1.018-1.787) NS
<0.001 0.001 <0.001 0.508 (0.375-0.689) 0.002 0.670 (0.517-0.868)

APF, alpha fetal protein; MVI, microvascular invasion; TACE, Transhepatic arterial chemotherapy and embolization; P-TACE, postoperative TACE; HR, hazard ratio; Cl, confidence interval;
NA, non analysis; NS, non significant.
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Characters Total patients P-TACE
n =502 No Yes p-value

Gender, male/female 418/84 258/60 160/24 0.092
Age, <60/>60 397/105 244/74 153/31 0.088
HBsAg,

negative/positive 74/428 47/271 271157 0.974
AFP

<400/>400 ng/ml 261/241 161/157 100/84 0.422
TBIL

<20/>20 pmol/L 432/70 287/34 148/36 0.006
GGT, <45/245 U/L 264/238 170/148 94/90 0.608
ALT, <50/=50 U/L 351/151 225/93 126/58 0.592
ALB, <35/>35 g/L. 31/471 23/295 8/176 0.196
Cirrhosis, no/yes 372/130 228/90 144/40 0.106
Tumor number

<3/>3 297/205 278/154 40/30 0.246
Tumor capsule

No/yes 338/264 152/166 86/98 0.819
Tumor size

<b6/=6cm 380/222 179/101 139/83 0.761
MVI, no/yes 302/200 189/129 113/71 0.663
Differentiation

HIA-V 343/159 219/99 124/60 0.732
P-TACE, nofyes 318/184

APF, alpha fetal protein; MVI, microvascular invasion; TACE, transhepatic arterial chemotherapy and embolization; P-TACE, postoperative TACE.
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HCC patients with BCLC B stage underwent
radical resection from 2014 to 2015

Patients excluded
1. patients underwent RFA, immunotherapy or other
adjuvant therapy before or aferter surgery.

2. with portal tumor cell embolus.
3. extrahepatic metastasis
4. with primary cancers on other organs
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2020 ATEZOLIZUMAB AND <1

BEVACIZUMAB
2017 REGORAFENIB
2019 RAMUCIRUMAB
2019 CABOZANTINIB

CHILD-PUGH
GRADE

>> >

>>>

OVERALL SURVIVAL
(hazard ratio)

0.69 (vs.. placebo)
0.92 (vs. sorafenib)
0.58 (vs. sorafenib)

0.63 (vs. placebo)
0.71 (vs. placebo)
0.76 (vs. placebo)

MONTHS OF SURVIVAL
(median)

10.7vs. 7.9
186vs. 12.3
19.2vs. 13.4

106vs. 7.8
85vs. 7.3
10.2 vs. 8.0

LINE OF
THERAPY

1
1
1

[N}






OPS/images/fonc.2021.756672/fonc-11-756672-g003.jpg
FAK
Inhibitors

VEGFR2





OPS/images/fonc.2021.756672/fonc-11-756672-g002.jpg
CABOZANTINIB CABOZANTINIB

—I—

FLT3 c-KIT c-RET AXL c-MET VEGF R2 MDR1

OO
1Y ”]‘:'Z‘”,’,lfiul
Recd/yse
$275e
17
2,
7,

Angiogenesis
Proliferation
Survival

0!
°=3

X

) “\\"“‘?“\f’ﬁ‘!‘htl{‘i'ﬂ‘ﬂvi‘i‘i U‘H‘U‘i‘K‘i‘i‘l‘u(l"‘l“
IR
A\
)
S
3

Proliferation
Survival
Invasion
Metastasis

XOOCOOOOEX YOOOOOCOOOOC

L L AL LA T T TAT

Q8
N
&
N
4?
Ay

OO AT
Vg \\
“iwun‘f”u“m“

TUMOR CELL ENDOTHELIAL CELL





OPS/images/fonc.2021.756672/fonc-11-756672-g001.jpg
Advanced HCC

l |

Child A/ ECOG 0-1
Contraindication to ICI

or VEGF inhibitors
(Primary or acquired)

Progressmn Progressmn






OPS/images/fonc.2021.756672/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.738841/table2.jpg
GO Term Term p- Gene Gene GO Levels Associated genes found
Value* Count ratio
G0:2000816 negative regulation of mitotic sister chromatid ~ 5.55928E-07 4 0.33 5,6,7,8,9, 10 [CCNB1, CDC20, CENPF, PTTG1]
separation
GO:0051304 chromosome separation 1.03679E-07 5 0.42 [3, 4] [CCNB1, CDC20, CENPF, PTTG1,
TOP2A]
G0:0007094 mitotic spindle assembly checkpoint 2.09111E-05 4 0.33 [5,6,7,8,9, 10, 11,12, [CCNB1, CDC20, CENPF, PTTG1]
13)
KEGG:04115 p53 signaling pathway 2.87859E-05 4 0.33 1] CCNB1, CDK1, RRM2, TOP2A]
G0:0030261 chromosome condensation 2.00749E-05 3 0.25 ] (CCNB1, CDK1, TOP2A]
GO:0051985 negative regulation of chromosome 1.10394E-06 4 0.33 [3,4,5] [CCNB1, CDC20, CENPF, PTTG1]
segregation
GO:19056819 negative regulation of chromosome separation ~ 6.03072E-07 3 0.25 [4,5,6,7] [CCNB1, CDC20, CENPF]
GO:0051306 mitotic sister chromatid separation 1.60737E-06 3 0.25 [4,5,6,7,8] [CCNB1, CDC20, CENPF]
GO:0051784 negative regulation of nuclear division 2.06113E-06 3 0.25 [6,6,7] [CCNB1, CDC20, CENPF]

*Corrected with Bonferroni step down.
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Parameter Untreated HCC Treated HCC with active tumor cells Treated HCC without active tumor cells Healthy control p-value
(n=30) n=8) (n=12) (n=15)
Male, n (%) 27 (90%) 7 (87.5%) 8 (66%) 6 (60%) 0.112
Age, years 66.33 + 9.11 62.88 + 10.43 66.17 £ 9.54 35 (19-65) 0.645
Cirrhosis 0.145
Y 18 6 4 N/A
N 12 2 8 N/A
Hepatitis 0.820
HBV 4 2 2 N/A
HCV 8 1 4 N/A
None 18 5 6 N/A
TNM stage 0.023
Tla-b 10 2 5 N/A
T2 6 4 0 N/A
T3-T4 6 2 0 N/A
™ 8 0 7 N/A
Tumor size, mm 46.29 + 42.89 36.88 + 20.83 35.75 + 26.63 N/A 0.644
Tumor number 0.0016
Solitary 21 2 12 NA
Multiple 9 6 0 NA
Albumin, g/L. 41.50 + 6.93 42.25 + 6.16 44,08 £ 3.13 NA 0.473
Platelets, 10%/L 1945 + 81.88 149.1 + 62.80 208.1 + 54.27 NA 0.203
INR 1.083 + 0.166 1.053 + 0.067 1.026 +0.127 NA 0.539
TB, umol/L. 12.17 £ 7.90 11.63 + 10.67 9.00 + 4.11 NA 0.254
AST, IU/L 50.33 + 31.84 58.57 + 54.22 33.92 + 24.95 NA 0.786
Creatinine, g/d! 86.00 + 28.07 78.88 + 21.48 88.58 + 42.47 NA 0.896
TP, mg/dl 74.33 + 4.57 73.00 + 7.67 73.83 + 4.47 NA 0.644
ALP, IU/L 1306 + 73.90 1413 £ 51.17 144.8 + 151.9 NA 0.473
MELD 8.32+2.74 7.75+1.39 7.72 +3.47 NA 0.777

Numbers are presented as mean value + standard deviation. ALP, alkaline phosphatase; AST, aspartate aminotransferase; HBV, hepatitis B virus; HCV, hepatitis C virus; INR, international
normalized ratio; MELD, model for end-stage liver disease; TB, total bilirubin; TNM, tumor (T), nodes (N), and metastases (M); TP, total protein; NA, not available.
Bold values mean lower than 0.05, significant difference.
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Parameter Day AUC (95%ClI) Youden index Sensitivity Specificity Critical value

BF (mL/100mL/min) ! 0.643 (0.293 - 0.992) 0.52 85.71 66.67 92.45
3 0.571(0.227 - 0.915) 0.38 71.43 66.67 101.10
7 0.762 (0.463 - 1.000) 0.67 100.00 66.67 99.26
14 0.833 (0.535 - 1.000) 0.83 100.00 83.33 60.60
BV (mL/100mL) 1 0.548 (0.202 - 0.894) 0.33 100.00 33.33 24.98
3 0.619 (0.284 - 0.954) 0.38 71.43 66.67 17.25
7 0.714 (0.376 - 1.000) 0.67 100.00 66.67 16.58
14 0.767 (0.453 - 1.000) 0.67 100.00 66.67 15.66
TTP (s) 1 0.667 (0.345 - 0.989) 0.52 85.71 66.67 11.27
3 0.548 (0.191 - 0.904) 0.38 71.43 66.67 10.60
7 0.714 (0.413 - 1.000) 0.52 85.71 66.67 10.41
14 0.700 (0.377 - 1.000) 0.46 80.00 66.67 11.94
P (mL/100mL/min) 1 0.571 (0.227 - 0.916) 0.36 85.71 50.00 4.03
3 0.548 (0.207 - 0.889) 0.23 57.14 66.67 6.87
7 0.643 (0.304 - 0.982) 0.50 100.00 50.00 4.31
14 0.700 (0.348 - 1.000) 0.67 100.00 66.67 717
ALP (mL/100mL/min) 1 0.714 (0.394 - 1.000) 0.55 71.43 83.33 64.02
3 0.571 (0.239 - 0.904) 0.26 42.86 83.33 63.71
7 0.833 (0.591 - 1.000) 0.67 100.00 66.67 87.37
14 0.867 (0.615 - 1.000) 0.83 100.00 83.33 54.82
PVP (mL/100mL/min) 1 1.000 (1.000 - 1.000) 1.00 100.00 100.00 21.39
3 1.000 (1.000 - 1.000) 1.00 100.00 100.00 16.83
7 1.000 (1.000 - 1.000) 1.00 100.00 100.00 17.76
14 1.000 (1.000 - 1.000) 1.00 100.00 100.00 15.88
HPI (%) 1 0.976 (0.904 - 1.000) 0.86 85.71 100.00 72.37
3 0.952 (0.839 - 1.000) 0.83 100.00 83.33 86.34
i 0.929 (0.776 - 1.000) 0.83 100.00 83.33 81.14
14 1.000 (1.000 - 1.000) 1.00 100.00 100.00 66.93

AUC, area under the curve; Cl, confidence interval; BPE, benign periablational enhancement; BF, blood flow; BV, blood volume; TTP, time to peak; P, permeability; ALP, arterial liver
perfusion; PVP, portal vein perfusion; HPI, hepatic perfusion index.
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BF (mL/100mL/min) BV (mL/100mL) TTP (5) P (ML/100mL/min)  ALP (mL/100mL/min)  PVP (mL/100mL/min) HPI (%)

BPE Day 1 7561 +19.84 16.75 + 5.33 12.82 +3.12 10.10 + 10.65 60.57 + 22.37 56.13 + 29.24* 56.59 = 16.86"
Day 3 90.63 + 30.63 16.42 + 5.48 11.09 + 1.03 7.33+5.39 82.24 + 36.39 54.32 + 40.69" 62.90 + 16.24*
Day 7 60.73 + 26.13 11.66 + 3.64 13.64 +2.97 10.63 + 5.89 49.20 + 26.09 35.74 + 19.64" 58.09 + 15.24"
Day 14 54.88 + 5,09 11.04 +1.55 13.44 +1.99 15.96 + 10.13 35.46 £ 9.86 48.55 + 23.62" 46.29 + 11.98"

Viable Tumors 111.86 + 68.30 18.17 £ 9.07 11.57 +2.34 10.66 + 12.94 93.81 + 50.57 523 +6.23 9220 + 10.57

BPE, Benign periablational enhancement; BF, blood flow; BV, blood volume; TTP, time to peak; P, permeability; ALP, arterial liver perfusion; PVP, portal vein perfusion; HPI, hepatic
perfusion index.

Data are presented as mean + SD.

*P < 0.05, compare with Viable Tumors.
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AP, alternative promoter; mrAPs, methylation-requlated APs; Dist., distance; Diff., Difference (Tumor-Normal).
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Parameter Overall survival Recurrence-free survival

Univariate p-value Multivariate analysis Univariate p-value Multivariate analysis
p-value RR (95% CI) p-value RR (95% CI)

Study group
MetS-HCC 0.002 0.026 1.557 (1.054, 2.300) 0.002 0.025 1.383 (1.024, 1.836)
BMI (kg/m?) 0317 0.024 0.155 1.026 (0.990, 1.062)
Demographic data
Age 0.280 0.045 0.214 0.992 (0.980, 1.005)
Male 0.134 0.191
Tumor marker
AFP > 400 ng/ml <0.001 0.008 1.687 (1.143, 2.488) 0.254
Virological indicator
HBV-DNA > 10% IU/ml 0.009 0.134 1.335 (0.915 1.947) 0.054 0.110 1.242 (0.952, 1.620)
Antiviral drug 0.280 0.417
Pathology details
Tumor size (cm) <0.001 0012 1.080 (1.017, 1.147) <0.001 0013 1.053 (1.011, 1.096)
Number of nodules > 1 0.014 0.012 2.064 (1.175, 3.624) 0.008 0.011 1.730 (1.136, 2.635)
Differentiated degree low 0.002 0.132 1.370 (0.909, 2.064) 0.020 0.331 1.162 (0.866, 1.532)
Cirrhosis 0.035 0.678 0.901 (0.487, 1.667) 0.544
MVI 0.001 0.080 2.660 (1.099, 6.441) 0.002 0.010 2.518 (1.246, 5.088
Satellite nodules 0.012 0.542 1.268 (0.591, 2.721) <0.001 0.008 1.964 (1.197, 3.222)
Steatohepatitis 0.359 0.248
Surgical procedures
Laparoscope 0.037 0207  0.670 (0.360, 1.247) 0.320
Anatomical resection 0.842 0.174
Major hepatectomy 0.001 0.556 1.132 (0.749, 1.710) 0.137
Personal history
Smoking 0.651 0.220
Alcohol 0.580 0.155
Liver function
Child-Pugh A/B 0.976 0.5625
MELD score 0.558 0.939
ALBI /I <0.001 0.094 1.441 (0.939, 2.211) 0.055 0.713 1.451 (0.200, 10.530)
Hematological index
NLR 0.007 0.681 1.008 (0.972, 1.044) 0.990
PLR 0.002 0.862 1.000 (0.996, 1.004) 0.181
Surgical complications
Severe complications (Clavien-Dindo > 3) 0.002 0.733 1.179 (0.458, 3.034) 0.533
CcCl <0.001 0.030 1.020 (1.002, 1.039) 0.106

Cl, confidence interval; HCC, hepatocellular carcinoma; MetS, metabolic syndrome; RR, relative risk; CCl, comprehensive complication index; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; INR, international normalized ratio; AFP, alpha-fetoprotein; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; CA125, carbohydrate
antigen 125; BCLC: Barcelona-Clinic Liver Cancer stage; MVI, microvascular invasion.
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MetS-HCC (n = 179) Non-MetS-HCC (n = 805) p-value
Surgical procedures
Anatomical resection 66 (36.9%) 331 (41.1%) 0.295
Major hepatectomy 59 (33.0%) 237 (29.1%) 0.353
Laparoscopic liver resection 32 (17.9%) 126 (15.7%) 0.463
Hospitalization information
LOS 13.0[10.0, 19.0] 11.0[9.0, 15.0] <0.001
Surgical complication
Liver failure 7 (3.9%) 2 (1.5%) 0.034
Fever 38 (21.2%) 186 (23.1%) 0.588
Hydrothorax 10 (5.6%) 1(2.6%) 0.039
Bile leakage 14 (7.8%) 59 (7.3%) 0.820
Ascites 1(6.2%) 26 (3.2%) 0.064
Hemorrhage 22 (12.3%) 64 (8.0%) 0.063
Parenteral nutrition 1 (0.6%) 1(0.1%) 0.243
Hypokalemia 8 (4.5%) 31 (3.9%) 0.701
Hyperkalemia 0(0.0%) 3(0.4%) 0.413
Hypoglycemia 4 (2.2%) 8 (1.0%) 0.171
Hyperglycemia 49 (27.4%) 87 (10.8%) <0.001
Wound infection 11 (6.1%) 32 (4.0%) 0.199
Pneumonia 3(1.7%) 0(1.2%) 0.646
Infection 4 (2.2%) 2 (1.5%) 0.477
Arrhythmia 10 (5.6%) 47 (5.8%) 0.896
Shock 5(2.8%) 5 (1.9%) 0.425
Nausea/vomiting 8 (4.5%) 38 (4.7%) 0.885
Diarrhea 2(1.1%) 0 (1.2%) 0.888
Constipation 7 (3.9%) 30 (3.7%) 0.907
Perioperative rescue (3 4%) 4 (1.7%) 0.167
Icu 2.2%) 2 (1.5%) 0.478
Mortality
Mortality in 30 days 0 (0.0%) 7 (0.9%) 0.211
Perioperative complication
Clavien-Dindo class IV 139/26/8/6/0 687/85/15/12/6 0.022
Postoperative severe complication 14 (7.8%) 33 (4.1%) 0.035
cal 8.7 0.0, 12.2] 0.0[0.0,8.7] 0.048

Liver failure was defined as PT > 50% and SB >50 ml/L. on POD 5 (the 50-50 criteria). The Postoperative severe complication was defined as Clavein-Dindo classification >3. The remaining

complications were defined as typical symptoms accompanied by medical intervention or invasive procedures.
HCC, hepatocellular carcinoma; MetS, metabolic syndrome; LOS, length of hospital stay; ICU, intensive care unit; CCl, comprehensive complication index.
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Demographic data
Men

Age (year)

BMI (kg/m2)

Smoking

Alcohol

Liver function
Child-Pugh A/B
MELD score

ALBI /Il
Biochemical indexes
Total bilirubin (wmol/L)
Albumin (g/dl)

ALT > 50 IU/L

AST > 40 UL
Tumor marker

AFP > 400 ng/ml
Virological indicator
HBV-DNA > 103 IU/ml
Antivirus drug
Tumor staging

BCLC 0/A/B
Hematological index
Erythrocyte (x1012/L)
Hemoglobin (g/L)
Leukocyte (x109/L)
Platelet (x109/L)
Prothrombin time (s)
INR

Neutrophil (x109/L)
Lymphocyte (x109/L)
NLR

PLR

Creatinine (umol/L)
Pathology details
Tumor size (cm)
Number of nodules >1

Low degree of differentiation

Cirrhosis

MVI

Sateliite nodules
Steatohepatitis

MetS-HCC (n = 179)

134 (74.9%)
55.0 [46.0, 62.0]
25.0+3.1
76 (42.5%)
77 (43.0%)

176/3
7.27 (6.6, 82]
135/44

14.2[106, 183]
423+46
51 (28.5%)
69 (38.6%)

57 (31.8%)

73 (48.7%)
86 (67.7%)

22/145/12

461[4.2 51
144.0 [128.0, 154.0]
5.6[4.4,7.3]
122.0 [90.5, 168.5]
122+13
1.1+01
3.4 (2.5, 4.8]
1.5[1.1, 1.9]
2.3[1.6, 3.3]
80.6 [55.6, 110.8]
71.0[60.0, 81.0]

45[3.0, 6.0
15 (8.4%)
51 (28.5%)
79 (58.5%)
25 (15.3%)
10 (5.6%)
49 (27.5%)

Non-MetS-HCC

Before PSM

n =805

693 (86.1%)
51.0 [44.0, 60.0]
225+33
395 (49.1%)
310 (38.5%)

792/13
7.36 6.6, 8.3]
580/225

14.1 [10.9, 182]
M747
203 (27.7%)
331 (41.1%)

283 (35.2%)

4083 (54.2%)
507 (76.0%)

78/684/43

4.6 [4.2,5.0
142.0[130.0, 154.0]
5.2[4.2,6.6]
121.0[81.0, 162.0]
122+1.4
1.1+£01
3.0[23,4.1
1.5[1.1,1.9]
2.1[1.5,2.0]
85.1[59.7, 119.1]
69.0 [60.4, 79.0]

4, 4 3.0,6.7
67 (8.3%)
286 (35.5%)
430 (61.3%)
169 (22.4%)
67 (8.3%)
127 (15.8%)

p-value

<0.001
<0.001
<0.001
0.109
0.264

0.953
0.607
0.416

0.846
0.846
0.831
0.527

0.399

0.212
0.049

0.420

0.706
0.889
0.032
0.508
0.489
0.566
0.009
0.886
0.051
0.281
0.416

0.869
0.980
0.073
<0.001
0.063
0.218
0.001

After PSM

n =358

276 (77.1%)
55.0 [47.0, 63.0]
225+ 36
155 (43.3%)
134 (37.4%)

353/5
7.26 (6.5, 8.1]
279/79

14.1 [10.8,17.7]
420445
96 (26.8%)
139 (38.8%)

124 (34.6%)

153 (42.7%)
218 (60.9%)

29/313/16

4.5[4.2,4.9
140.0 [128.0, 152.0]
5.1[4.2,6.3
118.0 [90.0, 162.5)
124+1.4
1.1+01
3.0[2.3,39
1.43[1.1,1.8]
2.0[1.5,29
83.7 [60.8, 118.1]
68.0 [69.0, 78.2)

45(3.0, 6.0
29 (8.1%)
113 (31.6%)
184 (51.4%)
57 (15.9%)
21 (5.9%)
56 (15.6%)

p-value

0.566
0.878
<0.001
0.853
0.211

0.801
0.575
0.450

0.763
0.502
0.681
0.950

0.519

0.098
0.129

0.140

0.327
0.186
0.004
0.993
0.089
0.351
0.004
0.649
0.032
0.468
0.114

0.872
0911
0.466
0.009
0.444
0.896
0.005

Shapiro-Wilk (SW) test was used to identify the normal distribution. Continuous variables satisfying normal distribution were presented as the means and standard deviations. Continuous
variables not satisfying normal distribution were presented as the median and interquartile range.
HCC, hepatocellular carcinoma; MetS, metabolic syndrome; PSM, Propensity Score Match; BMI, Body Mass Index; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
AFP, alpha-fetoprotein; MELD, Model for End-Stage Liver Disease; BCLC, Barcelona-Clinic Liver Cancer; NLR, neutrophil to leukocyte ratio; PLR, platelet to leukocyte ratio; INR,
international normalized ratio; MVI, microvascular invasion.
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Region
Korea
Korea
Korea
Spain
China
China

China

China
Korea
China
China
China
Korea
China

India

Patients

20 HCC 20 CH 20
cirrhosis

84 HCC 26 CH 32
cirrhosis 26 healthy
90 HCC 60 CLD 28
healthy

29 HCC 32 healthy 43
CCA 30 PSC

74 HCC 26 Cirrhosis
34 CHB 72 healthy
115 HCC 156 CHB
85 LC 120 healthy
29 HCC 37 healthy
and benign
hepatomas

50 HCC 40 cirrhosis

79 HCC
82 HCC 47 healthy
240 HCC

71 HCC 40 HD

32 HCC 28CH 35
cirrhosis
122 HCC 43 cirrhosis

38 HCC 35 CH 25
cirrhosis

Method
Uttracentrifugation
ExoQuick ™ Exosome Precipitation Solution
Ultracentrifugation
Filtration, Ultracentrifugation,
ExoQuick ™ Exosome Precipitation Solution
Total Exosome Isolation Kit
ExoQuick™ Exosome Precipitation Solution
Ultracentrifugation, filtration, and
precipitation
ExoQuick ™ Exosome Precipitation Solution
ExoQuick-TC exosome precipitation
solution
ExoQuick ™ Exosome Precipitation Solution
Ultracentrifugation
ExoQuick™ Exosome Precipitation Solution

Ribo™ Exosome Isolation Reagent

ExoEnrich™ instant exosome isolation kit
and immunoaffinity capture (anti-ASGR2)

Target
miR-18a, miR-101, miR-106b, miR-122,
miR-195, miR-221, miR-222, miR-224
The panel based on miR-4661-5p
miR-10b-5p, miR-215-5p
FIBG
IncRNAs X-inactive-specific transcript
ENSG00000258332.1, LINC00635, AFP
SMAD3
A panel combining miR-122, miR-148a,
and AFP
miRNA-21 IncRNA-ATB
circPTGR1
circUHRF1
A panel combining circ_0004001,
circ_0004123, and circ_0075792
LINC00853

Lncg5

A panel combining miR-10b-5p, miR-
221-3p, miR-223-3p, and miR-21-5p

Function of the Cargo

Immune escape

Invasion and metastasis of
HCC
unknow

Regulate proliferation and
metastasis of HCC
Regulate proliferation and
metastasis of HCC
Promoted cell adhesion

Inhibit proliferation and
multidrug resistance

Regulate proliferation, invasion
and metastasis of HCC
Promote metastasis of HCC

Immune escape

Regulate the proliferation,
migration, and invasion of
HCC

unknow

Inhibit proliferation and
migration of HCC
/

Reference
(115)
(116, 117)
(118)
(119)
(120)
(121)

(122)

(123)
(124)
(125)
(126)
({127)
(128)
(129)

(130)

CCA, Cholangiocarcinoma; PSC, primary sclerosing cholangitis; CHB, chronic hepatitis B; LC, liver cirrhosis.
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Region Patient Target site Methods Function of the gene Ref.
Early detection and prognosis
China 37 HCC 33 healthy  DBX2, THY1 Targeted bisulfite  Hypermethylation of DBX2, THY1 may result in HCC ~ (73)
sequencing development
Hong Kong 26 HCC 32 healthy  Hypomethylation, CNAs Massively parallel  / (74)
bisulfite
sequencing
United States 66 HCC 43 benign  INK4A Pyrosequencing  Promoter hypermethylation of INK4A leads to loss of ~ (75)
chronic liver and MSP p16 expression
diseases
China 121 HCC 37 MT1M, MT1G promoter MSP Methylation of MT1M and MT1G promoters is (76)
chronic hepatitis B associated with vascular invasion or metastasis
31 healthy
China 100 HCC 29 healthy HOXA9 MSP, bisulfite Hypermethylation of HOXA9 may be present in (77)
sequencing, and  precancerous lesion during carcinogenesis
Q-MsP
China 1098 HCC 835 BMPR1A, PSD, ARHGAP25, KLF3, PLACS, Targeted bisulfite  / 67)
healthy ATXN1, Chr 6:170, Chr 6:3, ATAD2, Chr 8:20  sequencing
Taiwan 180 HCC APC, COX2, RASSF1A miRNA qMSP Hypermethylation of RASSF1A suggests the early (78)
stage of HCC. Hypermethylation of APC and COX2 is
associated with liver carcinogenesis
Taiwan 237 HCC 257 TBX2 Pyrosequencing  Hypermethylation of TBX2 is associated with (79)
controls assay, Real-time  increased HCC risk
PCR
France and 98 HCC 191 SEPT9 MSP Hypermethylation of SEPT9 is associated with liver (68)
Germany cirrhosis carcinogenesis
United States 116 HCC HOXA1, EMX1, AK0556957, ECE1, PFKP, qMsP / (69)
81cirrhosis 98 CLEC11A
healthy
China 1204 HCC 392 CH/  5hmC modifications 5hmC-Seal Serve as ideal markers for specific gene/locus (80)
cirrhosis 958 healthy technique activation in chromatin
China 508 HCC 2250 5-hme, NF, 5’end motif, fragmentation NGS / 81)
cirrhosis 476 healthy
CtDNA mutation
United States 66 HCC 35 cirrhosis  hTERT real-time PCR The amount of hTERT gene in plasma served as (82)
41HCV-related serves as a surrogate of cfDNA
chronic hepatitis
China 48 HCC TP53, CTNNB1, TERT Droplet digital Mutation of TP53 and CTNNB1 suggests the (83)
PCR occurrence of HCC; TERT promoter mutation is an
early event in liver carcinogenesis;
China 41 HCC TERT, CTNNB1, TP53 MiSeq Mutation of TP53 and CTNNB1 suggests the (84)
sequencing occurrence of HCC; TERT promoter mutation is an
early event in liver carcinogenesis;
China 65 HCC 70 non- TP53, CTNNB1, AXIN1, the TERT promoter, HCCscreen AXIN1 mutation is associated with HCC (85)
HCC 331 at risk HBV insertion site, AFP, DCP
patients
China 384 HCC SCNA WGS / (86)
Monitoring and guide therapy
China 34 HCC SNVs, CNVs Target / (87)
sequencing
Whole exome
sequencing
United States 14 HCC TP53, CTNNB1, PTEN, CDKN2A, ARID1A, NGS / (88)
MET; CDK6, EGFR, MYC, BRAF, RAF1,
FGFR1, CCNE1, PIK3CA, ERBB2/HER2
United States 26 HCC TP53, CTNNB1, ARID1A NGS Mutations of TP53, CTNNB1 and ARID1A are (89)

associated with treatment response

Q-MSP, Quantitative methylation-specific PCR; MSP, methylation-specific PCR; gqMSP, real-time quantitative methylation-specific PCR; WGS, whole-genome sequencing; NGS, next-
generation sequencing; SNVs, single nucleotide variants; CNVs, copy-number variants; SCNA, somatic copy number aberration.
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Region Patient Method CTC markers Function of the marker Positive rate Ref.
Prognostic evaluation
China 123 CeliSearch™ EpCAM Epithelial marker 67% (27)
China 49 negative enrichment ~ EpCAM, CD4+CD25 EpCAM: epithelial marker; Treg cells: immune escape 35% (28)
qRT-PCR +Foxp3Treg cells
United 69 ImageStream AFP, EpCAM, GPC3, AFP, GPC3: related biomarkers of HCC; DNA- PK: candidate 65% (29)
Kingdom DNA- PK biomarker for treatment stratification in HCC; EpCAM: epithelial
biomarker
China 47 flow cytometry MAGE-3, Survivin, CEA  MAGE-3, Survivin: metastasis-associated markers; CEA: Not applicable (30)
qRT-PCR carcinoembryonic antigen
China 139 CeliSearch™ EpCAM Epithelial marker 44%(Pre) 54%(post) ©1)
China 112 CanPatrol™ EpCAM, CK, Vimentin, EpCAM, CK: epithelial marker; Vimentin, Twist: mesenchymal 90% (32)
Twist marker
Germany 57 CeliSearch™ EpCAM Epithelial marker 16% (33)
China 89 Celisearch™ EpCAM Epithelial marker 56% @4)
United 20 CeliSearch™ EpCAM Epithelial marker 40% (35)
States
China 42 CTC-Chip EpCAM Epithelial marker 60% (36)
China 195 CanPatrol™ CK, EpCAM, Twist, EpCAM, Cadherin,CK: epithelial marker; Twist, Vimentin, Snail, ~ 95% (37)
Cadherin, Vimentin, AKT2: mesenchymal marker;
AKT2
Germany 59 Celisearch™ EpCAM Epithelial marker 31% (@8)
China 299 negative enrichment ~ EpCAMMANA+ Epithelial marker 43% (39)
QRT-PCR
China 73 CelliSearch™ gRT- EpCAM, E-cadherin, EpCAM, E-cadherin: epithelial marker; N-cadherin, Vimentin, 68%(PV) 45%(PA) 81%  (40)
PCR N-cadherin, Vimentin, Snail, Slug: mesenchymal marker (HV) 40%(IHIVC) 59%
Snail, Slug (PoV)
China 14 SE-Ifish Aneuploid chromosome 8  genomic instability 8% (EpCAM+ CTSC) (41)
86% (EpCAM- CTC)
Korea 106 Tapered slit filter, CK, CD45 CK: epithelial marker; CD45: leukocyte marker 24%(ACTC>0) (42)
immunofiuorescence
China 137 CellSearch™ EpCAM Epithelial marker 34% (43)
China 214 CanPatrol™ RNA- CD45, EpCAM, DAPI EpCAM, CK: epithelial marker; Twist, Vimentin, mesenchymal 42% (44)
ISH CK8/18/19, vimentin/ marker; CD45: leukocyte marker; DAPI: nuclei marker
twist,
Monitoring and guide therapy
China 136 CanPatrol™ CD45, EpCAM, CK8/18/  EpCAM, CK: epithelial marker; Twist, Vimentin, mesenchymal 92% (45)
19, vimentin, twist marker; CD45: leukocyte marker
China 30 PowerMag negative ~ EpCAM, Hoechst, CD45, EpCAM: epithelial marker; CD45: leukocyte marker; Hoechst: 100% (46)
selection system nuclei marker
China 109 immunofluorescence  pERK Sorafenib-related targets 93% (47)
staining
United 6 IFC scRNA-seq ASGPR1, pan-CK, EpCAM, pan-CK: epithelial marker; CD45: leukocyte marker; 67% (48)
States GPC3, EPCAM, CD45 GPC3: related biomarkers of HCC; ASGPR1: expressed in

hepatocytes

qRT-PCR, quantitative real-time polymerase chain reaction; PV, peripheral vein; PA, peripheral artery; HV, hepatic veins; IHIVC, infrahepatic inferior vena cava; PoV, portal vein; IFC,
Imaging Flow Cytometry; scRNA-seq, Single-cell RNA sequencing.
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All consecutive patients undergoing hepatectomy for liver cancer in 7 centers’ surgical
departments between January 2014 and December 2017 were assessed for eligibility

Inclusion criteria

-primary hepatectomy;

-pathologically proven to be HCC;
-hepatitis B surface antigen was positive.

Potentially eligible patients
n=1810

Exclusion criteria

-patients in BCLC stage C n = 108

-patients who underwent ablation, or PEI, or microwave
ablation or combined therapy n = 119

-patients with bile duct tumor thrombus, or with lymph
node involvement, or with extrahepatic invasion n = 58

-liver cancer with rupture and bleeding n = 49

-patients with positive surgical margins n = 32

-receive other antitumor treatment preoperatively n = 128

-patient with other malignant tumors n =5

-patients with hepatitis C, or with schistosomiasis, or
with autoimmune liver diseases n = 37

-patients with other metabolic disaese n = 21

-incomplete clinicopathological information n = 124
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_ Lost to follow-up
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