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Oncolytic virotherapy belongs to a kind of active immunotherapy, which could trigger a potent antitumor immune response, showing great potential in clinical application. OVs could induce immune responses through the dual mechanisms of selective tumor killing without destroying normal tissues and induction of systemic antitumor immunity. In this study, we successfully rescued a chimeric oncolytic influenza virus carrying a human CTLA4 antibody in the background of the A/PR/8/34 (PR8) virus. The chimeric virus, called rFlu-huCTLA4, contained the heavy and light chains of the human CTLA4 antibody in the PB1 and PA segments of the PR8 virus, respectively. The first-generation hemagglutination (HA) titers of the rFlu-huCTLA4 virus ranged from 27 to 28, which could be passaged stably in specific pathogen-free (SPF) chicken embryos from P1 to P5. The morphology and size distribution of the chimeric virus were consistent with those of the wt influenza virus. The rFlu-huCTLA4 virus could effectively replicate in various cells in time- and dose-dependent manners. ELISA assay revealed that the secreted huCTLA4 antibody levels in chicken embryos increased gradually over time. Furthermore, MTS and crystal violet analysis showed that the selective cytotoxicity of the virus was higher in hepatocellular carcinoma cells (HepG2 and Huh7) than in normal liver cells (MIHA). In vivo experiments displayed that intratumoral injection with rFlu-huCTLA4 reduced tumor growth and increased the survival of mice compared with the PR8 group. More importantly, in the rFlu-huCTLA4 group, we found that CD4+ and CD8 +T cells were significantly increased in tumor-bearing BALB/c mice. Taken together, these findings demonstrated that the chimeric oncolytic virus rFlu-huCTLA4 could selectively destroy hepatocellular carcinoma cells in vitro and in vivo and may provide a promising clinical strategy for targeted immunotherapy of HCC with the oncolytic flu virus.
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Introduction

Primary liver cancer is the second leading cause of cancer-related death, of which hepatocellular carcinoma (HCC) accounts for about 90% of primary liver cancer and is a global health problem (1, 2). Until now, the clinical treatment of liver cancer mainly includes radiofrequency ablation, liver transplantation, hepatectomy, transcatheter arterial chemoembolization (TACE), and systemic therapy. However, one of the main therapeutic strategies for advanced HCC is still molecular targeted drugs represented by sorafenib (3). However, the curative effect of liver cancer is not satisfactory, and the 5-year survival rate was very low (4–6). Therefore, many researchers focus on the research of liver cancer drugs to provide many alternative strategies for the clinical treatment of liver cancer (7–9). Novel treatment strategies to improve the treatment efficacy and the survival rate of HCC are urgently needed.

As one of the new immuno-oncology therapies with the most potential (10), oncolytic virus (OV) is a genetically engineered or naturally occurring virus that could selectively kill tumor cells by activating the immune system without damaging the normal tissues (11, 12). It has been shown that OVs could selectively infect tumor cells and multiply in tumor cells, which cause cell fragmentation and death, then release and spread to infect nearby tumor cells. OVs induced immunogenicity of the target cells and produce an antitumor immune response in vivo (13). Currently, investigations on several OVs are encouraging, including vaccinia, coxsackie, adenovirus, reovirus, human herpesvirus 1, and measles, which have been extensively explored and tested in clinical trials for various advanced cancers (14–16). On November 1, 2021, Daiichi Sankyo Company Limited announced that Delytact (Teserpaturev/G47Δ), the third-generation HSR-1 oncolytic virus product, is the first approved oncolytic virus product for the treatment of glioblastoma. It is also the fourth oncolytic virus product approved for listing in the world at present (17). The drug made the world realize the great potential of OVs and greatly promoted the development of oncolytic virus therapy.

Cytotoxic T lymphocyte-associated antigen 4 (CTLA4) is one of the important immune checkpoints, which is a transmembrane receptor on T cells. TCR/MHC (Signal 1) and CD28B7 (Signal 2) co-stimulated T cells to activate. Antigen-presenting cell B7 (including B7-1 and B7-2) bonded the CTLA4 targets on T cells to inhibit T-cell function. Anti-CTLA4 antibodies could block the binding of CTLA4 and B7 to activate T cells (18–21). Previous studies showed that in vivo administration of CTLA4 antibodies enhanced antitumor immunity, which has promoted CTLA4 antibodies as immunotherapy for cancer (22–24). As a representative sample of the anti-CTLA4 antibody, ipilimumab has been approved for melanoma therapy by the FDA in 2010, which is an immunomodulatory monoclonal IgG1 antibody directed against the cell surface antigen CTLA4 (25). In addition, tremelimumab is an IgG2 monoclonal antibody that inhibits CTLA4, which has been investigated in several clinical trials and has potential as the next generation of anti-CTLA4 immunotherapy agents (26–28).

In recent years, there have been many studies on targeted and immunotherapy of liver cancer, but few of them have shown unique advantages. Therefore, we innovatively carried out the study on the chimeric huCTLA4 oncolytic virus. In line with this study, we previously reported the generation of a recombinant influenza virus rFlu-CTLA4 encoding mouse the CTLA4 antibody. The rFlu-CTLA4 virus exhibits selective cytotoxicity in vitro and inhibits tumor growth in a HepG2 homograft mouse model (29). Due to the low sequence homology of human and mouse CTLA4 antibodies, a chimeric influenza virus encoding the human CTLA4 antibody was generated using reverse genetics. Here, we utilized PB1 viral segments to express the heavy chain and PA viral segments to express the light chain of the human CTLA4 antibody, respectively. Subsequently, the oncolytic efficacy of rFlu-CTLA4 for HCC was investigated in vitro and in vivo.



Materials and Methods


Cells and Viruses

Human hepatocellular carcinoma cell lines HepG2 and HuH7 were obtained from the American Type Culture Collection (Manassas, VA, USA). The normal liver cell line MIHA was obtained from Cell Bank, Shanghai Institutes for Biological Sciences, Chinese Academy of Science (Shanghai, China). COS I cells and MDCK cells were purchased from the Chinese Academy of Sciences; these cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum. The use of the cell lines was approved by the Ethics Committee of the Fifth Medical Center of Chinese PLA General Hospital. Wild-type influenza virus A/PR/8/34(PR8) was grown in 9–11 day-old specific pathogen-free (SPF) chicken embryos (Beijing Laboratory Animal Center, China).



Rescue of Chimeric Oncolytic Virus Expressing the Human CTLA4 Antibody

The sequences of heavy chain and light chain of the huCTLA4 antibody were obtained from GenBank (National Center for Biotechnology Information, NCBI). After optimization, the gene sequences of the huCTLA4 antibody were synthesized by Shanghai Shenggong Biological Engineering Co., Ltd. The recombinant plasmids pFlu-huCTLA4-Basicity polymerase 1(PB1) and pFlu-huCTLA4-Acidity polymerase(PA) were cloned into the pHW2000 vector. Rescue of the chimeric oncolytic virus was performed according to the Effectene transfection kit’s instructions (Qiagen, Hilden, Germany). Briefly, pFlu-huCTLA4-PB1, pFlu-huCTLA4-PA, and the other six plasmids of the PR8 backbone, pHW191-Basicity polymerase 2(PB2), pHW194-Hemagglutinin(HA), pHW195-Nucleoprotein(NP), pHW196-Neuraminidase(NA), pHW197-Matrix protein(M), and pHW198-Non-structural protein(NS), were diluted to 200 ng/μl, then COS I and MDCK cells were co-transfected. After 72h, the allantoic fluid of the chimeric rFlu-huCTLA4 virus was harvested, and the virus titer was determined in HepG2 cells.



Real-Time PCR Identification

The chimeric oncolytic virus rFlu-huCTLA4 RNA was extracted from the allantoic fluid. Then, RNA was reverse transcribed into cDNA and amplified by PB1 and PA universal primers of the influenza A virus. The primers of PB1 are given below:

	Bm-PB1-1:5′TATTCGTCTCAGGGAGCGAAAGCAGGC3′;

	Bm-PB1-2: 5′ATATCGTCTCGTATTAGTAGAAACAAGGCATTT3′.



The primers of PA were Bm-PA-1: 5′TATTCGTCTCAGGGAGCGAAAGCAGGTACT3′; Bm-PA-2: 5′ATATCGTCTCGTATTAGTAGAAACAAGGTACTT3′. The PCR products were sequenced and compared with pHW192-PB1, pHW193-PA, pHW197-M, and pHW198-NS of the PR8 virus for agarose gel electrophoresis.



Electron Microscope

The morphological characteristics and size distribution of rFlu-huCTLA4 were investigated with the electron microscope. The chimeric virus was amplified from the chicken embryo and purified by 30%~60% sucrose gradient centrifugation. Then, the viral morphology and size were observed using the transmission electron microscope after negative staining.



Virus Growth Curve

The replication ability of rFlu-huCTLA4 was examined on HepG2 and MDCK cells at different time points. The supernatants of 12-, 24-, 48-, 72-, and 96-h cells were collected, and the virus titers were measured at the indicated time point.



Antibody Purification and Enzyme-Linked Immunosorbent Assay

The 9–11-day-old SPF chicken embryos were infected with rFlu-huCTLA4 and incubated at 37°C for 72 h to harvest allantoic fluid. The antibody is concentrated on the protein G column. The secreted human CTLA4 antibody levels in eggs at the indicated time point were detected with an ELISA Kit (Jianglai Biotec, Shanghai).



Cell Viability Test

MIHA, HepG2, and Huh7 were respectively spread into 96-well cell boards with a cell number of 1 × 104 cells per hole. The cells were inoculated with rFlu-huCTLA4 at MOI (0.1, 1, 2, 3). After 48, 72, and 96 h. MTS reagent was added to determine the OD value at 490 nm by an enzyme-linked detector.

MIHA, HepG2, and Huh7 cells were planted in 24-well plates. Then the cells were covered with monolayers inoculated with rFlu-huCTLA4 at MOI (0.1, 1, 2, 3). The cells were infected with rFlu-huCTLA4 at MOI values of 0.1, 1, 2, and 3, and negative control was set up. After 48, 72, and 96 h, 1% crystal violet dye was added after the supernatant was discarded, then the results were recorded and analyzed.

Next, we examined the effect of rFlu-huCTLA4 on MIHA and HepG2 cell apoptosis with flow cytometry. The MIHA and HepG2 cells were infected with rFlu-huCTLA4 at MOI of 0.1 and 1. After 48 h, the cells were harvested according to the instructions of the apoptosis kit and detected within 30 min with flow cytometry (BD FACSCalibur, Franklin Lakes, NJ, USA).



Animal Experiments

All animal experiments were performed under the guidelines of the Institutional Animal Care and Use Committee and Ethics Committee of the Fifth Medical Center of the Chinese PLA General Hospital. All facilities were accredited by the Fifth Medical Center of the Chinese PLA General Hospital.

Mouse hepatoma H22 cells were inoculated into the groin of BALB/c mice to establish a subcutaneous tumor-bearing mouse model. BALB/c mice bearing tumor were divided into 3 groups (8 in each group). Mice were treated when the tumor volume reached about 100–150 mm3. Mice were intratumorally injected with PBS, PR8, and rFlu-huCTLA4 at 3 × 106 TCID50/100 µl every other day for 7 times.

The PDX mouse model of hepatocellular carcinoma was implanted into the right back of NPI mice with the size of 3 × 3 × 3 mm. When the tumor grew to 80~150 mm3, every 8 mice were divided into a group and given 3 × 106 TCID50/100 μl for 7 days. The vital signs, survival condition, and tumor volume of mice were observed. When the mice were killed on the 40th day, the tumor tissue was separated and weighed, and observed on pathological sections of the tumor, liver, and lung by HE staining.



T Lymphocyte Activation

To explore the effect of rFlu-huCTLA4 on the immune system of tumor-bearing mice, spleens of mice were taken on the 7th day after the last inoculation and put into PBS (pH 7.4). The spleen was ground into single cells in PBS containing 2% FBS. Filtration was carried out through a 200-mesh filter, centrifuged at 2,000 r/min for 10 min, and resuspended with PBS. Then CD3+, CD4+, CD8+, CD45+, and CD69+ antibodies 1 µl each were added to separate the cytotoxic T lymphocytes (CD8+CD69+) and helper T cells (CD4+CD69+). Then they were put under 4°C for 30 min then detected by flow cytometry.



Pathology

The immunohealthy mice were sacrificed after 7 days post virus administration of the last time; the tumors were isolated and fixed with 4% (ml/ml) formaldehyde solution, repaired, dehydrated, dipped in wax, embedded, sectioned, and stained with HE. The growth of tumor cells was observed under the microscope.



Statistical Analysis

All data were analyzed by GraphPad Prism 8.0 (GraphPad Software Inc., La Jolla, CA, USA). Statistical analyses comparing two groups were performed using Student’s t-test. Three or more groups were compared using analysis of variance, and p < 0.05 was considered significant.




Results


Design and Characterization of Recombinant Virus rFlu-huCTLA4

The heavy and light chains encoding the huCTLA4 antibody were constructed on PB1 and PA fragments of the PR8 virus, respectively. As illustrated in Figure 1A, the recombinant PB1 and PA were cloned into the pHW2000 vector, then co-transfected with the remaining 6 skeleton plasmids to MDCK/COSI-cocultured cells. The recombinant plasmids pFlu-huCTLA4-PB1 and pFlu-huCTLA4-PA were successfully constructed with the sizes of 5,982 and 5,853 bp (Figure 1B). The sequence of the recombinant plasmid was consistent with the expected sequence, which indicated that the recombinant plasmid was successfully constructed. The recombinant plasmids pFlu-huCTLA4-PB1 and pFlu-huCTLA4-PA and the other six backbone plasmids pHW191-PB2, pHW194-HA, pHW195-NP, pHW196-NA, pHW197-M, and pHW198-NS of PR8 were transfected into cocultured cells of COS I and MDCK by RG, and the transfection was identified by 8 plasmids (Figure 1C).




Figure 1 | Construction and identification of the recombinant plasmid. (A) Schematic diagram of the experimental model: plasmid construction strategy of recombinant oncolytic influenza viruses pFlu-huCTLA4-PB1 and pFlu-huCTLA4-PA. The recombinant plasmid was co-transfected with the remaining 6 skeleton plasmids into MDCK/COSI cocultured cells, and the recombinant oncolytic virus rFlu-huCTLA4 was saved and the huCTLA4 antibody was produced with the replication of the recombinant virus. (B) Identification of recombinant plasmids pFlu-huCTLA4-PB1 and pFlu-huCTLA4-PA by agarose gel electrophoresis. (C) Identification of 8 transfected plasmids by agarose gel electrophoresis.





Identification of Recombinant Oncolytic Virus rFlu-huCTLA4

To determine the morphology of the chimeric virus, we observed with the electron microscope that the majority of rFlu-huCTLA4 was spherical. The virus envelope was wrapped on the surface of the nucleocapsid, and there were cilia on the surface of the envelope (Figure 2A). The shape and structure of the rFlu-huCTLA4 were consistent with those of the wild-type influenza virus. In addition, the size distribution of the chimeric virus particles was 80~120 nm (Figure 2B).




Figure 2 | Identification of recombinant oncolytic virus rFlu-huCTLA4. (A) The red arrow indicates the virus with regular shape and size, consistent with the morphology and structure of the influenza virus. (B) The size of the rFlu-huCTLA4 virus is mainly between 80 and 120 nm. (C) rFlu-huCTLA4 was continuously amplified in eggs for 5 generations. The titer of hemagglutination was 28~29 and the titer of the virus was 108~9 TCID50/ml after five generations on a chicken embryo. It could be passaged stably in the chicken embryo. (D) Growth curve of the recombinant virus. The HA titer of the recombinant virus increased to 27 from 12 to 72 h and decreased to 26 at 96 h. (E) Identification of the rFlu-huCTLA4 gene fragment by RT-PCR. (F) The antibody content of huCTLA4 detected by ELISA increased gradually with time (***P<0.001, note: the dotted line represents the lowest detection line).



Using reverse genetics, we successfully generated the recombinant oncolytic virus rFlu-huCTLA4. The hemagglutination titer of the first-generation recombinant oncolytic virus, rFlu-huCTLA4, was 27~28. After five generations on a chicken embryo, the titer of hemagglutination was 28~29 and TCID50 of the virus was 8~9LogTCID50/ml (Figure 2C).

rFlu-huCTLA4 was diluted 10-1 times to infect HepG2 and MDCK cells. The virus titers were measured in supernatant collected from infected cells at 12, 24, 48, 72, and 96 h. The results showed that the HA titer of the recombinant virus increased to 27 from 12 to 72 h and decreased to 26 at 96 h (Figure 2D). Meanwhile, we found that the virus titer had a similar trend, reaching a peak of 109 TCID50/ml at 72 h.

The RNA of the rFlu-huCTLA4 virus was extracted from the allantoic fluid by the TRIzol method. After reverse transcription into cDNA, PB1 and PA fragments were amplified by PCR and compared with pHW192-PB1 and pHW193-PA of the PR8 virus. The amplified PB1 and PA fragments of rFlu-huCTLA4 were 2,964 and 2,771 bp, respectively, and the amplified fragments of pHW192-PB1 and pHW193-PA were 2,565 and 2,466 bp, respectively (Figure 2E). The PB1 and PA fragments of rFlu-huCTLA4 were consistent with the expected size, indicating that the recombinant oncolytic virus was successfully rescued.

The concentration of the purified antibody was 4.9 ng/ml detected by NanoDrop, and the antibody content was detected with the huCTLA4 antibody ELISA kit. The results showed that no antibody was detected in PBS and PR8 groups, but elevated huCTLA4 antibody levels were detected over time in the rFlu-huCTLA4 group. The huCTLA4 antibody levels of each embryo were 0.17 ± 0.02, 0.27 ± 0.02, and 0.45 ± 0.03 µg at 48, 72, and 96 h, respectively (Figure 2F).



The Selective Toxicity of Recombinant Virus to Various Hepatoma Cell Lines

The rFu-huCTLA4 was used to infect MIHA, HepG2, and Huh7 cells at 0.1, 1, 2, and 3MOI. The cell viability was detected by MTS after 48, 72, and 96 h of infection. The results showed that the effect of rFlu-huCTLA4 on MIHA cells had no significant change, but the killing power of rFlu-huCTLA4 on HepG2 and Huh7 increased significantly with the time and dose increases. It was demonstrated that rFlu-huCTLA4 can selectively kill hepatocellular carcinoma cells in a time- and dose-dependent manner. It was notable that rFlu-huCTLA4 at 1 MOI caused a significant decrease in HepG2 cell activity than 0.1 MOI after 72 h of viral infection. However, no obvious difference was observed in Huh7 cells (Figure 3A).




Figure 3 | Selective cytotoxicity of rFlu-huCTLA4 on different hepatocellular carcinoma cell lines in vitro. (A) MTS showed that rFlu-huCTLA4 had no effect on MIHA but had a selective killing effect on HepG2 and Huh7. The activity of HepG2 cells at 1, 2, and 3 MOI was significantly lower than that at 0.1 MOI 72 h after infection; however, Huh7 cells only 2 and 3 MOI decreased significantly compared with 0.1 MOI cells. (B) The rFlu-huCTLA4 recombinant oncolytic virus detected by crystal violet can significantly inhibit the activity of hepatoma cells but has no effect on normal hepatocytes, which is consistent with the results of MTS. (C) Flow cytometry showed that recombinant oncolytic virus rFlu-huCTLA4 could induce apoptosis of HepG2 cells in a dose-dependent manner. At MOI of 1, the effect of apoptosis of HepG2 cells was more significant than that of MIHA. (**P<0.01,***P<0.001).



To further clarify the oncolytic effect of the rFlu-huCTLA4 virus on hepatoma cell lines and normal liver cells, the crystal violet test was performed. Inconsistent with the MTS assay, crystal violet staining showed that the virus could effectively and specifically kill hepatoma cells without damaging normal liver cell lines, in a time- and dose-dependent manner (Figure 3B).

Next, we examined the cell apoptosis of rFlu-huCTLA4 on MIHA and HepG2 cells with flow cytometry. As the flow cytometry result shown in Figure 3C, the apoptosis rate of HepG2 cells at MOI 0.1 and 1 was 7.84 ± 0.17% and 26.76 ± 0.26%, respectively, and 3.45 ± 0.1% in the control group after 48 h postinfection.



T-Cell Activations Induced by rFlu-huCTLA4 In Vivo

BALB/c mice were used to construct a subcutaneous tumor-bearing model of mouse hepatocellular carcinoma H22 cells to detect the systemic antitumor immune response. The involvement of cytotoxic T cells (CTL, CD8+ T cells) and helper T cells (CD4+ T cells) is the most critical factor in tumor immunotherapy. CD8+ T cells can be targeted to kill cancer cells, while CD4+ T cells can maintain and enhance the underlying immune function. In addition, CD69+ is the earliest induced cell surface glycoprotein, which is the early activation state of T cells and participates in T-cell immune activities. Spleen is an important immunomodulatory organ in the body and contains a large number of lymphocytes, which can be used to detect T-cell activation status. Thus, T-cell activation in the spleen was further analyzed on day 7 after the last drug treatment. The percentage of CD8+ CD69+ T cells in the spleen of mice was examined and analyzed with flow cytometry. Results showed that the percentage of CD4+ CD69+ T cells in the spleen of rFlu-huCTLA4-treated mice increased significantly to 38.7%, which was higher than that in PBS- (16.8%) or PR8-treated (18.4%) mice. Meanwhile, the rFlu-huCTLA4 treatment effectively increased the percentage of CD4+ CD69+ T cells in the rFlu-huCTLA4 treatment group (Figures 4A, B). As shown in Figures 4C, D, the percentage of CD8+ CD69+ T cells in the spleen of rFlu-huCTLA4-treated mice increased significantly to 23.9%, which was higher than that in PBS- (7.55%) or PR8-treated (12.4%) mice. Neither PBS injection nor PR8 treatment promoted the activation of CD8+ CTL in the spleen. These results showed that T-cell infiltration in the spleen of mice was enhanced and activated after rFlu-huCTLA4 treatment.




Figure 4 | rFlu-huCTLA4 caused potential cancer immunotherapy in the H22 cell tumor-bearing model. Flow cytometric analysis of infiltrated CD4+CD69+ T cells (A, B) and CD8+ CD69+ T cells (C, D) in the spleen of the tumor-bearing BALB/c mice with rFlu-huCTLA4 treatment. The percentage of CD4+ CD69+ T cells and CD8+ CD69+ T cells in the spleen of tumor-carrying BALB/c mice treated with rFlu-huCTLA4 was higher than that of the PBS group and PR8 group. (***P<0.001).





Pathological Changes of the Tumor-Bearing Model of Mice Treated With rFlu-huCTLA4

After 7 days of the last inoculation, the liver, lung, and tumor tissues of mice were isolated and the tumor tissue sizes of each group were compared. We found that the tumor sizes in the rFlu-huCTLA group were significantly smaller than those of the PBS and PR8 groups (Figures 5A, B). The liver, lung, and tumor tissues of the mice were stained with pathological HE staining, and the results are shown in Figure 5C. As expected, no viral load was detected in all tissues of mice in the PBS control group. Meanwhile, we performed HE staining of the tumor tissue of mice and found that tumor sites in the rFlu-huCTLA4 group exhibited significant necrosis, with pyknosis and fragmentation of nuclei and more chronic inflammatory cell infiltration into the interstitium. On the contrary, no obvious cancer cell necrosis was observed in the tumor site of mice in the PBS group and the PR8 group.




Figure 5 | The tumor was isolated and the pathological changes observed. (A, B) After 7 days of inoculation, the tumor tissue of mice was isolated, and the tumor tissue of the rFlu-huCTLA4 group was significantly smaller than that of the PBS and PR8 group. (C) After being inoculated with rFlu-huCTLA4, obvious necrosis and dissolution were observed in tumor pathological sections of mice, and no abnormality was observed in liver and lung tissues. Also, there was no significant change in PBS and PR8 groups. (**p<0.01).





Oncolytic Effect of rFlu-huCTLA4 Virus in the PDX Model

As seen in Figure 6A, the tumor volume of PDX mice inoculated with PBS or rFlu-huCTLA4 was measured every 2 days. The tumor volume of mice in the rFlu-huCTLA4 group increased more slowly than that of the PBS group. After 40 days post administration, there was a significant difference in tumor volume of mice between the control group and the experimental group (p < 0.01). The tumor volume and weight of the rFlu-huCTLA4 group were significantly smaller than those of the control group (Figures 6B, C). The high viral load was detected in the tumor tissues of mice in the rFlu-huCTLA4 group, whereas no virus was found in the heart, liver, spleen, lung, kidney, or brain tissues (Figure 6D). The results showed that rFlu-huCTLA4 could significantly decrease the tumor volume and weight in the liver cancer PDX animal model as indicated by higher viral loads and obvious pathological alterations.




Figure 6 | Oncolytic effect of recombinant virus rFlu-huCTLA4 in vivo. (A) PBS, PR8, and rFlu-huCTLA4 were injected respectively. The tumor volume was measured every 2 days, and the difference was significant (p < 0.01). rFlu-huCTLA4 could significantly inhibit the growth of the tumor. (B) 40 days later, the PDX mice were killed, tumors were isolated, and tumor volume was measured. rFlu-huCTLA4 significantly inhibited tumor volume growth. (C) Weighing the tumor, rFlu-huCTLA4 significantly inhibited tumor weight growth. (D) The heart, liver, spleen, lung, kidney, brain, and tumor tissue were isolated and viral load measured. (**P<0.01,***P<0.001).






Discussion

Although there are many clinical treatment strategies for liver cancer, the efficacy of these drugs is still far from satisfactory due to many reasons: (1) the occultness of liver cancer, the late stage when it is discovered; (2) individual differences in patients’ sensitivity to drugs; and (3) drug resistance of molecularly targeted drugs and other reasons. Researchers have focused on the immunotherapy of liver cancer. To enhance the sensitivity of the body to targeted drugs such as sorafenib, they have made various attempts and made some progresses, but there is still a gap from bench to clinical application (30, 31).

OVs are a novel oncologic agent with considerable flexibility that could induce tumor cell death while promoting congenital and tumor-specific adaptive immune responses (32). Up to now, four oncolytic virus products have been approved worldwide, and approximately 180 oncolytic virus projects are under development worldwide (https://ClinicalTrials.gov). CTLA4 plays a key role in regulating immune response and inducing self-tolerance. CTLA4 controls T-cell activation in several ways, which is important for protecting autoimmunity (33). This inhibitory molecule defends autoimmunity not only by inhibiting the activation and function of autoreactive T cells but also by inhibiting the differentiation of Th17 and promoting the proliferation of Treg cells (34). Therefore, the CTLA4 pathway regulates the balance between autoreactive T cells and Treg, and the decrease of CTLA4 expression or function may lead to the occurrence of autoimmune diseases (35, 36). The CTLA4 antibody can effectively block the expression of CTLA4, can effectively and specifically inhibit cellular and humoral immune responses in vitro and in vivo, with very low toxicity, and is considered a promising new immunosuppressive drug (37). In particular, ipilimumab approved by the FDA for clinical treatment in the United States has achieved good efficacy in the treatment of advanced metastatic melanoma and other tumors (38).

At present, the popular accepted explanation for the mechanism of oncolytic viruses is given below. The most of viewpoints are that oncolytic viruses proliferate massively in tumor cells through self-replication to lysis tumor cells and then release more oncolytic viruses to cause the tumor lysis. Then, a large number of virus-pathogen-related molecular patterns (PAMP) and cell-derived DAMPs are released, which attract and activate antigen-presenting cells (APC). The tumor-related antigen is activated, after entering the draining lymph nodes from the periphery, and differentiate into mature DC. The virus antigen was presented through MHC I and class II to activate CD4+ and CD8+ T cells which stimulate the body to produce T-cell responses to produce tumor-specific immune responses for tumor regression. Herein, the mechanism of action of the Flu-huCTLA4 virus selectively killing cancer cells was needed to be explored in our deep investigations, for example, the inclusion of additional mechanistic studies (immune cell depletions, etc.).

In this study, we firstly constructed the recombinant PB1 and PA plasmids of influenza virus and successfully rescued the chimeric oncolytic virus carrying the human CTLA4 antibody rFlu-huCTLA4 using reverse genetics. The HA titer of P1-generation rFlu-huCTLA4 was 27~28, and the viral titer was 108~9 TCID50/ml. The chicken embryo passage experiment showed that the HA titer was stable at 28~29 from P1 to P5. The morphology of the rFlu-huCTLA4 virus was consistent with the influenza virus, and the size of the virus was distributed between 80 and 120 nm. ELISA assays showed that the huCTLA4 antibody level in each chicken embryo was 0.45 ± 0.03 g at 72 h post vaccination. The virus titers in HepG2 and MDCK cells began to increase at 12 h, reached the peak value of 27 at 72 h, and decreased to 26 at 96 h postinfection. Flow cytometry displayed that rFlu-huCTLA4 could induce HepG2 cell apoptosis in a dose-dependent manner, especially at the value of 1 MOI; HepG2 cell apoptosis rates were more significant than those of MIHA cells. The oncolytic virus, rFlu-huCTLA4, has been confirmed to have a clear role in targeting killing of hepatocellular carcinoma by HepG2 cells in vitro. We will explore the broad-spectrum killing effect in Huh7 cells and other types of tumors in our subsequent studies. H22 model mice bearing tumors shows that the rFlu-huCTLA4-treated group activated cytotoxic CD8+ T cells and CD4+ T cells in the spleen of mice, suggesting that rFlu-huCTLA4 can trigger the mechanism of immune system activation in vivo. In particular, activation of CD8+ T cells can directly kill targeted cancer cells, which may confer effective antitumor ability with rFlu-huCTLA4. Liver PDX mice showed that the rFlu-huCTLA4 virus could significantly inhibit tumor growth of mice in vivo. Of course, this study has several limitations. For example, the antitumor mechanisms of action of OVs remain to be fully elucidated. Whether the oncolytic virus rFlu-huCTLA4 has a broad-spectrum killing effect on other solid tumor cells remains to be further investigated in the following research. The rFlu-huCTLA4 virus with immune-checkpoint inhibitors in terms of therapeutic efficacy in in vitro and in vivo HCC models warrants further studies in the future. In conclusion, we have successfully generated the rFlu-huCTLA4 virus and confirmed its oncolytic efficacy to target hepatoma cells.

OVs will play a critical role in cancer treatment in the future and has a good promising potential in cancer vaccine development. However, there are still some problems faced with clinical application, such as the selection of the optimal virus for oncolytic virus therapy, as well as the optimal dose, route of administration, and regimen which need further research. Another challenge is to optimize the use of oncolytic viruses in combination with chemotherapy or immunotherapy drugs in oncology therapy to achieve a better clinical therapeutic effect.
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Purpose

Lipolysis-stimulated lipoprotein receptor (LSR) is a type I single-pass transmembrane protein which is mainly expressed in the liver. In this study, we investigated if and how LSR is involved in the carcinogenesis of hepatocellular carcinoma (HCC).



Experimental Design

To evaluate if LSR was abnormally expressed in human HCC tissues, and how its expression was associated with the survival probability of patients, we obtained data from Gene Expression Omnibus and The Cancer Genome Atlas Program. To investigate if and how LSR regulates tumor growth, we knocked down and overexpressed LSR in human HCC cell lines. In addition, to evaluate the interaction between LSR and yes-associated protein1 (YAP1), we mutated LSR at PPPY motif, a binding site of YAP1.



Results

Totally, 454 patients were enrolled in the present study, and high expression of LSR significantly decreased the probability of death. Knockdown of LSR significantly increased the expansion of HCC cells and significantly promoted tumor growth. In addition, downregulation of LSR increased the nuclear accumulation and transcriptional function of YAP1. Conversely, overexpression of LSR impairs this function of YAP1 and phosphorylates YAP1 at serine 127. Of note, mutation of LSR at the PPPY motif could block the interaction between LSR and YAP1, and restore the transcriptional ability of YAP1.



Conclusions

The present study suggests that LSR binds to YAP1 via the PPPY motif. Thus, LSR increases the phosphorylation of YAP1 and impairs the growth of HCC. This highlights that targeting LSR might be a promising therapeutic strategy for HCC.





Keywords: lipolysis-stimulated lipoprotein receptor, hepatocellular carcinoma, YAP1, PPPY motif, Hippo



Introduction

Hepatocellular carcinoma (HCC) accounts for between 85% and 90% of primary liver cancers (1–3). It seriously endangers public health in Japan (4), China (5), United States (6), and several European regions (7). Unfortunately, systemic chemotherapy failed to improve the survival of advanced HCC patients (8). Sorafenib, a molecular targeting Raf kinases, could give rise to survival benefits for patients with advanced HCC (9). But it only slightly improved the median overall survival (sorafenib vs. placebo: 10.7 months vs. 7.9 months) (9). Thus, there is an urgent need to identify new therapeutic targets and develop novel treatment strategies for HCC.

Lipolysis-stimulated lipoprotein receptor (LSR) is a type I single-pass transmembrane protein, which is mainly expressed in the liver (10, 11). Interestingly, some studies recently suggested that LSR is involved in tumor initiation and progression (12–15). Moreover, other studies reported that LSR impairs different aspects of cancer pathophysiology such as invasive growth (16, 17) and enhances chemosensitivity (18). Unfortunately, the effect of LSR in HCC is still unclear.

Yes-associated protein1 (YAP1) is a core component of the Hippo signaling pathway, which is involved in oncogenesis (19) and might be a promising target for treating HCC (20, 21). It has been demonstrated that YAP1 can move to the nucleus and promote the transcription of several genes, such as cysteine-rich 61 (CYR61) and connective tissue growth factor (CTGF), which promote tumor growth (22, 23). However large tumor suppressor kinases (LATS1 and LATS2, LATS1/2) can phosphorylate YAP1 at serine 127 and retain YAP1 in the cytoplasm (19). In this case, YAP1 cannot translocate to the nucleus to induce the transcription of its target genes (24). Interestingly, it has been reported that knockdown of LSR could upregulate the expression of CYR61, the target gene of YAP1 (25). This suggests that LSR might be also involved in regulating the function of YAP1.

Thus, the present study evaluated the expression of LSR in human HCC tissues and investigated the effects of LSR in vitro and in vivo. In addition, we also investigated if and how LSR regulated the function of YAP1.



Materials and Methods


Human Tissues, Cell Culture and Antibodies

The human tissues, in Figures 1A, B, were obtained from patients who underwent hepatectomy in the First Affiliated Hospital of Dalian Medical University. The protocol of this study was approved by the Ethics Committee of the First Affiliated Hospital of Dalian Medical University in accordance with the declaration of Helsinki. The human HCC cell lines, Hep3B, Huh7, SNU449, and embryonic kidney 293T cells were purchased from ATCC (Manassas, USA). The SNU449 cells were cultured in RPMI 1640 medium. The Huh7 and 293T cells were cultured in Dulbecco’s modified eagle medium (DMEM) and the Hep3B cells were cultured in Eagle’s minimal essential medium (EMEM). The media were supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. The cells grew in a humidified 5% CO2 incubator at 37°C, and the proteins were measured with the antibodies as specified in Supplementary Table 1.




Figure 1 | Low expression of LSR increases the risk of death. Immunoblotting (A) and immunohistochemistry (B) experiments suggest that LSR is highly expressed in liver but not in HCC tissues. Kaplan-Meier curves (C) were obtained from data deposited in the Gene Expression Omnibus (GEO, accession number: GSE 10143 and GSE 27150) and The Cancer Genome Atlas (TCGA) data bank with the help of PROGgeneV2 (http://genomics.jefferson.edu/proggene/). The synthesis of hazard ratios were performed using Review Manager and demonstrated that high expression of LSR significantly reduced the risk of death.





Clonogenic Assay and Xenograft Model

For the clonogenic assay in Figure 2, 1 ×103 Hep3B cells or Huh7 cells per well were seeded into 6-well plates. After 14 days, the cells were stained with 0.2% crystal violet (Damao, Tianjin, China) and the number of colonies, consisting of 50 or more cells, were determined with the help of a Leica DMI4000B microscopy (Leica, Mannheim, Germany). To evaluate the effect of LSR in vivo, six-week-old female BALB/c (CAnN.Cg-Foxn1nu/Crl) nude mice were purchased from Charles River (Wilmington, MA, USA) and bred in the central animal facility of the Dalian Medical University as previously described (26). 2 × 106 HCC cells or the identical number of LSR knockdown cells were resuspended in 100 µL phosphate-buffered saline and subcutaneously injected into the right flank of the BALB/c nude mice. Tumor volume was determined by digital calipers weekly and calculated using the formula: π/6 × large diameter × small diameter2 (27). The in vivo study was approved by the Animal Experimentation Ethics Committee of Dalian Medical University (Approval No. AEE17027).




Figure 2 | Knockdown of LSR promotes the expansion of HCC cells and increases tumor growth. Knockdown of LSR in Hep3B (A) and Huh7 (B) cells significantly increased the expansion of these cells (C, D), and significantly enhanced tumor growth in vivo (E, F). The significances of differences were evaluated by Mann-Whitney U test. For C and D, the experiments were independently repeated six times. For (E, F) the mean ± standard deviation was obtained from nine mice and ten mice.





Immunofluorescence and Immunohistochemistry Assay

For immunofluorescence in Figure 3, 2 × 105 Hep3B cells were seeded in a glass-bottom dish (NEST, Wuxi, China, code 801001). After 24 hours, these cells were incubated with a rabbit-anti-LSR antibody followed by a fluorescence-labeled secondary antibody (Supplementary Table 1), and the nuclei were stained by 4’, 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, USA, code: D9542). The images were acquired by a confocal microscope, Leica TCS SP5 (Leica, Mannheim, Germany), using the 60× oil objective. For the immunohistochemistry assay, the staining of LSR was performed on 4 μm paraffin sections using a rabbit anti-LSR antibody (Supplementary Table 1). In addition, the nuclei were stained by hematoxylin (ZSGB-BIO, Beijing, China).




Figure 3 | Knockdown of LSR reduces phosphorylation of YAP1 at serine 127 and promotes nuclear localization of YAP1. Knockdown of LSR decreased the accumulation of phosphorylated YAP1 and increased the level of CYR61 and CTGF in Hep3B (A) and Huh7 (B) cells. In addition, downregulation of LSR promoted YAP1 to move into nucleus (C, D). Conversely, overexpression of LSR increased the level of phosphorylated YAP1 and decreased the accumulation of CYR61 and CTGF in SNU449 cells (E). Bar = 25 µm.





Western Blot and Immunoprecipitation

To evaluate the accumulation of proteins in human tissues, the western blots were performed as previously described (28) using the antibodies in Supplementary Table 1. In addition, the cell fractionation assay was performed using the NE-PER Kit (Pierce, Rockford, USA, code: 78833). To evaluate if LSR binds to YAP1, immunoprecipitation was performed in 293T cells. Briefly, 1.5 × 106 293T cells per well were plated in a tissue-culture dish and transfected with distinct plasmids. After 24 hours, the cell lysates were incubated with relevant antibodies for one hour. Subsequently, proteins bound to the antibodies were purified with protein G agarose (Roche; Basle, Switzerland; code: 11243233001) for three hours and western blots were performed.



Plasmids

The human DNA, pCMV-HA-LSR, was a kind gift from Dr. James Hastie at the University of Dundee, Scotland, United Kingdom (29). To obtain the V5 tagged LSR plasmid (pcDNA3.1-V5-LSR-WT, in Figures 4A, B), the pCMV-HA-LSR was amplified by Pfu DNA polymerase (Thermo Fisher Scientific; Waltham, USA; code: EP0502) using the primer specified in Supplementary Table 2. Subsequently, the polymerase chain reaction (PCR) fragment of wild-type LSR was inserted between BamH1 and XbaI sites of a pcDNA 3.1/V5-His TOPO vector (Thermo Fisher Scientific; code: K480040). To generate the mutation of V5 tagged LSR (pcDNA3.1-V5-LSR-Y623A, Figures 4A, B), a PCR-mediated site-directed mutagenesis was performed using the primers specified in Supplementary Table 2. The PCR primer sequences and the DNA sequences were synthesized and verified by GenScript (Nanjing, China). In addition, the plasmid expressing the Myc tagged YAP1 protein (Myc-YAP1, Figure 4B) was a gift from Prof. Zengqiang Yuan at the Institute of Biophysics, Beijing, China (30).




Figure 4 | LSR binds to YAP1 via a PPPY motif. LSR contains a conserved PPPY motif (A). An antibody directed against the Myc tag of YAP1 could pull down wild type LSR but not a LSR protein, which had a tyrosine to alanine mutation in the PPPY domain (B). Wild type but not mutated LSR induced the phosphorylation of YAP1 and reduced the level of CYR61 and CTGF (C).





Lentivirus Transfected Cell Lines

To downregulate the expression of LSR in Hep3B and Huh7 cells, these cells were infected by shRNA lentiviral particles (Santa Cruz; code: sc-97082V) in the presence of polybrene and puromycin. Subsequently, two LSR knocked down clones, KD-LSR-I and KD-LSR-II, were used for this study. To obtain the V5-LSR-WT and V5-LSR-Y623A stably overexpressing SNU449 cells, the PCR fragments were inserted between EcoRI and BamHI sites of a pCDH-CMV vector (System Biosciences, California, USA, code: CD510B-1) with the help of the primer defined in in Supplementary Table 2. Subsequently, 293T cells were transfected by pCDH-V5-LSR-WT or pCDH-V5-LSR-Y623A in the presence of the lentiviral packaging plasmid, psPAX2 and pMD2.G, using Lipofectamine 3000 (Thermo Fisher Scientific; code: L3000001). psPAX2 was a gift from Didier Trono (Addgene; Watertown, Massachusetts, USA; code: 12260) and pMD2.G was a gift from Didier Trono (Addgene; code: 12259). After 48 hours, the supernatants were collected and filtered with a filter (0.45 µm pore size), and used for infecting the SNU449 cells in the presence of 8 μg/mL polybrene (Santa cruz, Texas; USA; code: sc-134220) for 48 hours. Then these SNU449 cells were cultured in the medium containing 5 ug/mL puromycin (Amresco, Pennsylvania, USA, code: J593) for the selection of stable clones.



Statistical Analysis

In order to calculate the hazard ratio (HR) in Figure 1C, the data were obtained from Gene Expression Omnibus (GEO, accession number: GSE 10143 and GSE 27150) and The Cancer Genome Atlas (TCGA) Program with the help of PROGgeneV2 (http://genomics.jefferson.edu/proggene/) (31). The synthesis of data was performed as previously described (32) using Review Manager (Computer program. Version 5.3. Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014). For the clonogenic assay (Figures 2C, D), the data were presented as box plots, and for tumor volume (Figures 2E, F), the data were expressed as mean ± standard deviation. The significance of differences were evaluated by the Mann-Whitney U test using SigmaPlot12.0 (SYSTAT Software Inc., San Jose, USA). A P-value < 0.05 was considered as a statistically significant.




Results


LSR Impairs the HCC

In order to investigate the expression of LSR during carcinogenesis of HCC, we measured the accumulation of LSR in HCC and normal liver tissues by western blot. We observed that the level of LSR was more abundant in the liver than in tumor tissues (Figure 1A). This observation was confirmed by immunohistochemistry (Figure 1B). In addition, we evaluated, if the abnormal expression of LSR in HCC tissues was associated with an altered survival of patients. We obtained data from three HCC cohorts: GSE 10143, GSE 27150, and TCGA (Figure 1C). Importantly, the forest plot of these data suggested that, compared to low expression of LSR, high expression of LSR reduced the risk of death by 11% (high expression of LSR vs. low expression of LSR: HR = 0.89, 95% CI, 0.81 and 0.97, P = 0.008, Figure 1C). This suggests that LSR might inhibit the development of HCC. To evaluate this hypothesis, we inhibited the expression of LSR in Hep3B (Figure 2A) and Huh7 (Figure 2B) cells by shRNA. We observed that knockdown of LSR significantly promoted the expansion of these cells (Figures 2C, D). In addition, we evaluated control and knocked down cells in a xenograft model and we found that inhibiting the expression of LSR increased the tumor volume (Figures 2E, F). These data suggest that LSR impairs the growth of HCC.



LSR Impairs the Nuclear Localization and Transcriptional Function of YAP1

To evaluate if LSR regulates YAP1 signaling, LSR was depleted in Hep3B (Figure 3A) and Huh7 (Figure 3B) cells. We observed that the knockdown of LSR impaired the phosphorylation of YAP1 at serine 127, however, it failed to have an influence on the level of YAP1 and LATS2, a major kinase that phosphorylates YAP1 at serine 127 (Figures 3A, B). In addition, downregulation of LSR increased the accumulation of CYR61 and CTGF, two target proteins of YAP1 (Figures 3A, B). This suggests that knockdown of LSR might increase the nuclear localization of YAP1 and promote the transcription of CYR61 and CTGF. To evaluate this hypothesis, we investigated the localization of YAP1 by immunofluorescence assay and cell fractionation experiments. Indeed, knockdown of LSR promoted the nuclear localization of YAP1 and reduced the cytoplasmic YAP1 concentration (Figures 3C, D). Moreover, we also investigated if overexpression of LSR could promote the phosphorylation of YAP1 and impair the transcriptional function of YAP1. We transduced LSR wild-type (V5-LSR-WT) into SNU449 cells. We observed that overexpression of LSR could increase the accumulation of phosphorylated YAP1 and decreased the level of CYR61 and CTGF (Figure 3D). This confirms that LSR might inhibit the nuclear accumulation of YAP1. Taken together, knockdown and overexpression of LSR imply that this protein enhances the phosphorylation of YAP1 at serine 127 and impairs the nuclear localization and function of YAP1.



LSR Binds to YAP1 via a PPPY Motif and Inhibits the Transcriptional Ability of YAP1

To understand how LSR impairs the function of YAP1, we investigated different domains of LSR. We observed that LSR contains a conserved PPxY motif, PPPY (Figure 4A). It has been demonstrated that a peptide containing the PPxY motif could bind to the WW domain of YAP1 (33–35). Thus we assumed that LSR could bind to YAP1 directly. In order to verify this hypothesis, the Myc tagged YAP1 (Myc-YAP1) and V5 tagged LSR (V5-LSR-WT) were transfected into 293T cells and the interaction between these two proteins was measured by a pull-down assay. Indeed, LSR could be pulled down by an antibody directed against the Myc tag of YAP1 (Figure 4B). In order to evaluate if the PPPY motif of LSR is responsible for the interaction between LSR and YAP1, we transfected the mutated LSR (V5- LSR-Y623A, Figure 4A) and Myc-YAP1 into 293T cells. We observed that the interaction between LSR and YAP1 was abolished by the Y623A mutation (Figure 4B). This suggests that LSR binds to YAP1 via the PPPY motif. In addition, wild-type LSR, V5-LSR-WT, increased, whereas the mutated LSR, V5-LSR-Y623A, decreased the accumulation of phosphorylated YAP1 (Figure 4C). Moreover, only wild-type LSR but not the mutated LSR reduced the accumulation of CYR61 and CTGF (Figure 4C). Based on these data, we speculate that LSR indeed interacts with YAP1 via the PPPY motif and impairs the transcriptional function of YAP1 (Figure 5).




Figure 5 | Schema how LSR regulates YAP signaling. The present study suggests that LSR binds to YAP1 via the PPPY motif and induces the phosphorylation of YAP1 at serine 127 (Figure 4). This leads to the cytoplasmic retention of YAP1 and impairs the oncogenic function of YAP1 in the nucleus. As a result the transcription of YAP target genes, CYR61 and CTGF, is reduced.






Discussion

In the present study, we observed that LSR induces the phosphorylation of the oncogene YAP1 at serine 127 and blocks the nuclear translocation and transcriptional function of YAP1 (Figures 3, 4). Since LSR is not a kinase, and thus cannot directly phosphorylate YAP1, this observation could be explained by the assumption that LSR also binds directly or indirectly to LATS1/2, two kinases phosphorylating YAP1 at serine127 (19). Subsequently, LSR might help to associate LATS1/2 to YAP1, which then facilitates the phosphorylation of YAP1 by LATS1/2 (36). Thus LSR could be a scaffolding protein with a similar function as other scaffolding proteins, for example axin (37), which has been demonstrated to suppress the growth of HCC cells (38). Previous studies suggest that LSR contributes to clear the atherogenic triglyceride-rich lipoproteins and low-density lipoproteins (10, 13, 14). This implies that the lipid metabolic might be involved in the interaction between LSR and YAP1; and additional study need to address this question. Consistent with our study, Shimada et al. proved that LSR impairs cancer cells (17, 39). In addition, Shimada et al. observed that the level of LSR in endometrial cancer tissues was low and YAP1 was accumulated in the nucleus (39). This suggests that down regulation of LSR might promote the nuclear localization of YAP1. However, Shimada et al. reported that LSR increased the level of phosphorylated YAP1, which reduced the nuclear localization of YAP1 (39). Therefore, how LSR regulates YAP1, whether to promote the accumulation of YAP1 in the nucleus or the retention of YAP1 in the cytoplasm, still needs to be further studied.

An anti-oncogenic function of LSR was also observed in a study, which demonstrated that abolished LSR could increase the motility and invasion of bladder cancer cells (25). In addition, this study demonstrated that knockdown of LSR could increase the expression of pro-oncogenic genes, such as interleukin 1 alpha and endothelin 1, which could contribute to tumor initiation and progression (40, 41).

In contrast to these publications, other studies demonstrated that LSR was overexpressed in breast and gastric cancers (42, 43) and that overexpressed LSR in breast cancer cells causes the development of cancer in xenograft studies (44). In addition, the knockdown of LSR could also increase the expression of the anti-oncogenic gene, early growth response 1, which could upregulate the accumulation of Bcl-2-associated X protein (BAX), a pro-apoptotic protein (45).

These contradictory studies suggest that LSR might have pro- and anti-cancerous effects (17, 25, 39, 42–44). This raises the following issue: Should the function of LSR be inhibited or induced when treating cancer patients? To answer this question it will be important to investigate the expression of LSR in individual cancer types and to evaluate if expression levels are associated with poor or good survival. This information, in addition to gain and loss of functions experiments, is crucial for deciding if one should activate or inactivate LSR function in cancer patients.

The present study demonstrated that high expression of LSR decreased the risk of death for HCC patients and also in vitro and in vivo studies demonstrate an anti-oncogenic function of LSR. This suggests that overexpression of the LSR gene might be a promising strategy to treat HCC. An optimal transportation of this gene therapy might be adenovirus, which has been approved by the Chinese State Food and Drug Administration for treating head and neck cancer (46). In addition, a clinical study has proved that treating patients with the adenoviral vector-mediated IFN-Alpha 2b is safe in malignant mesothelioma patients, and this gene therapy in combination with traditional chemotherapies increased the overall survival rate, when compared to patients treated only by chemotherapies (47). Thus, a preclinical study, which will evaluate the anticancer efficacy of adenoviral vector-mediated LSR in combination with sorafenib, the first line targeted therapeutic drug of HCC, might allow us to understand the benefit of treating HCC by targeting LSR.



Conclusions

In conclusion, the present study proposes that high expression of LSR decreases the probability of death in human HCC cohorts. In vitro and in vivo experiments also demonstrate that LSR inhibits HCC cell expansion and reduced tumor growth. We also observed that LSR binds to YAP1 and impairs the oncogenic function of YAP1. This suggests that LSR might be a promising target for developing a novel therapy for HCC patients.
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Neural infiltration is a critical component of the tumor microenvironment; however, owing to technological limitations, its role in hepatocellular cancer remains obscure. Herein, we obtained the RNA-sequencing data of liver hepatocellular carcinoma (LIHC) from The Cancer Genome Atlas database and performed a series of bioinformatic analyses, including prognosis analysis, pathway enrichment, and immune analysis, using the R software packages, Consensus Cluster Plus and Limma. LIHC could be divided into two subtypes according to the expression of neural-related genes (NRGs); moreover, there are statistic differences in the prognosis, stage, and immune regulation between the two subtypes. The prognostic model showed that high expression of NRGs correlated with a poor survival prognosis (P<0.05). Further, CHRNE, GFRA2, GFRA3, and GRIN2D was significantly correlated with LIHC clinical prognosis, clinical stage, immune infiltration, immune response, and vital signaling pathways. There was nerve-cancer crosstalk in LIHC. A reclassification of LIHC based on NRG expression may prove beneficial to clinical practice. CHRNE, GFRA2, GFRA3, and GRIN2D may serve as potential biomarker for liver cancer prognosis or immune response.
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Introduction

According to the annually published statistics of the American Cancer Society, liver cancer has been among the ten leading cancer types with respect to incidence and mortality rates (1). Despite the majority of the risk factors, such as hepatitis virus infection, and excess alcohol consumption, being modifiable, the incidence of liver cancer in women is estimated to rise (1).

The liver is under neural control through sympathetic and parasympathetic nerves. For example, the sympathetic nerve fiber modulator neuregulin 4 (NRG4) negatively regulates brown adipocyte differentiation, hepatic steatosis, and hepatic lipogenesis in a cell-autonomous manner (2). Recently, Mizuno et al. have shown that the nerve fiber areal ratios (NFARs) for total nerve fibers and sympathetic nerve fibers were reduced in the liver biopsy samples from patients with viral hepatitis and liver fibrosis, and NFAR recovery might be seen after the antiviral treatment for hepatitis C as well as the improvement of liver fibrosis (3). In general, previous studies have shown that the hepatic nervous system has several modulatory effects on liver glucose metabolism, lipid metabolism, bile secretion, repair, and regeneration (4).

Mounting evidence suggests a nerve–cancer crosstalk in liver cancer. Yong et al. uncovered that the mesencephalic astrocyte-derived neurotrophic factor inhibited epithelial–mesenchymal transition and liver cancer progression via the suppression of the nuclear factor kappa-light-chain-enhancer of activated B cells/Snail signaling, cultivating a nexus among endoplasmic reticulum stress, and liver cancer inflammation and progression (5). Additionally, Lin et al. demonstrated that the nerve growth factor influenced cancer invasion and metastasis by regulating the polarity and motility of liver cancer cells (6). Thus far, the research on nerve–cancer crosstalk is at an early stage, and the functional role of neural-related genes (NRGs) in liver cancer are obscure. We proposed that neuroregulation is associated with a series of biological processes in the liver, including cancer progression, metabolism, and immunoregulation. In this study, we attempted to provide a comprehensive analysis of the involvement of NRGs in the clinical prognosis as well as disease subgroups and interpret their biological and clinical significance in critical signaling pathways.



Materials and Methods


Identification of Neural-Related Genes and Subtype Classification

We obtained the original data and corresponding clinical information of 371 liver hepatocellular carcinoma (LIHC) cases from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.com). A total of 42 NRGs were identified from a previous comprehensive review (7). Four NRGs, ADRB3, CHRM1, CHRM2, and CHRNA9, were eliminated since they were not expressed in LIHC. The R software package ConsensusClusterPlus (v1.54.0) (8) was applied for consensus analysis. The PAC structure of the tool identifies the default cluster number and is repeated 100 times to extract 80% of the sample, clusterAlg = “hc”, and innerLinkage= ‘ward. D2’. Heat map clustering was analyzed using the R software package pheatmap (v1.0.12). The genes with a variance above 0.1 were retained in the gene expression heat map. If the number of input target genes was more than 1,000, the top 25% genes were extracted and displayed, after sequencing, from a large to small variance.



Comparison of Clinical Characteristics

Two subtypes were gained following a consensus analysis, and clinical information was downloaded. For CHRNE, GFRA2, GRIN2D, cutoff-high (top 25%) and cutoff-low (bottom 25%) and for GFRA3, cutoff-high (25%) and cutoff-low (25%) were used as thresholds. R software package (v4.0.3) ggplot2 (9) and pheatmap were applied. Significance p-values were analyzed by the chi-square test, where the size of the value was taken -log10 (p-value), and, if marked with *, it represents a significant difference in the distribution of this clinical characteristic in the corresponding two groups (p < 0.05).



Differential Expression Analysis

The R software package Limma (v3.40.2) was used to study the differential expression of mRNA (10). Adjusted p-values were analyzed in TCGA or GTEx to correct for false- positive results. Adjusted P<0.05 with log2(FC) (multiple change)>1 or log2(FC) (multiple change) <-1 was defined as the threshold for the differential expression of mRNA. The differential expression analysis between subtypes was commonly used: C1 vs. C2. CHRNE, GFRA2, and GRIN2D used cutoff-high (top 25%) and cutoff-low (bottom 25%) as expression thresholds. GFRA3 used cutoff-high (25%) and cutoff-low (25%) as thresholds, since they had significantly low expression in LIHC.



Enrichment Analysis

The R software package ClusterProfiler (11) was used to carry out Gene Ontology (GO) (12), and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (13) was used for the analysis of potential mRNA.



Establishment of a Prognostic Model Based on Neural-Related Genes

Based on the clinical information from 371 LIHC cases from the TCGA database, we generated Kaplan–Meier (KM) plots with log-rank P-value and time-dependent receiver operating characteristic (ROC) analysis to compare the predictive accuracy and risk score of 38 neural-related genes. The least absolute shrinkage and selection operator (LASSO) regression algorithm was used for feature selection, and 10-fold cross validation was used, lambda. min=0.071 (14). The R software package glmnet was used for the above analysis. For KM curves, p-values and hazard ratios with a 95% confidence interval (CI) were determined using a log rank test and univariate Cox proportional hazard regression. All the above analyses were performed using the R software package (v4.0.3). P<0.05 was considered as a statistical difference.



Stemness Analysis

The one-class logistic regression (OCLR) algorithm, invented by Malta et al., was used to evaluate the stemness of mRNA (15).



Immune Infiltration Analysis

CIBERSORT and EPIC from the R software package immunedeconv (https://grst.github.io/immunedeconv) were applied to analyze the immune infiltration of different subtypes (16). The R software packages (v4.0.3) ggplot2 and pheatmap were used for visualization.



Immune Checkpoint Genes Analysis and Response Prediction

We tested the correlation of specific neural-related gene expression and 8 commonly used immune checkpoint genes (ICGs) (e.g., CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LC2, SIGLEC15 and TIGIT). The R software packages (v4.0.3) ggplot2 and pheatmap were used for visualization. The TIDE algorithm was applied to predict the therapeutic response to immune checkpoint blockades (ICBs) (16).




Results


Identification of Liver Hepatocellular Carcinoma Subtypes Based on Neural-Related Genes

The data of 38 NRGs in LIHC were collected from the TCGA database. As mentioned previously, ADRB3, CHRM1, CHRM2, and CHRNA9 were eliminated since they were not expressed in LIHC. For identification of subtypes, the R software package ConsensusCluster Plus (V1.5.4.0) was applied to obtain 4 subtypes: group 1 (C1), group 2 (C2), group 3 (C3), and group 4 (C4) (Figures 1A–C). The groups C3 and C4 were excluded from this study due to limited sample size, which might lead to a confined biological or clinical value. Ten years post-follow-up, the overall survival (OS) and progression-free survival (PFS) of the four groups had no statistic difference (P>0.05) (Figure 1D). However, the 5-year OS and 3-year PFS of C1 were better than C2 (P=0.03; P=0.03) (Figure 1E). They could be attributable to the withdrawal of C1 during the sixth-year follow-up. In addition, C1 had a better T category, clinical staging, and pathological grading with a significant statistical difference (P<0.05) (Figure 2 and Table 1).




Figure 1 | Identification of LIHC subtypes based on NRGs using ConsensusClusterPlus. (A) CDF curve and delta area curve of consensus clustering. (B) Heat map of consensus clustering solution. Rows and columns represent samples, and the colors represent different categories. (C) Heat map of NRG expression in different subtypes: red corresponds to high expression, while blue corresponds to low expression. (D) The KM survival curve of different samples in TCGA data sets. (E) The OS (5 years) and PFS KM curves (3 years) of groups C1 and C2.






Figure 2 | Comparisons of clinical characteristics between C1 and C2. The distribution of clinical characteristics of group C1 and C2. The horizontal axis represents different groups of samples. The vertical axis represents the percentage of clinical information contained in the corresponding grouped samples. The table above shows the p-value (-log10) of clinical feature significance in the two groups, which calculated by the chi-square test. The * mark indicates a significant difference in clinical features between the two groups (P<0.05). (A) T category. (B) N category. (C) M category. (D) TNM staging. (E) Pathological grading.




Table 1 | Comparisons of clinical characteristics between C1 and C2.





Differential Expression Analysis and Enrichment of C1 and C2

We used the R software package Limma (v3.40.2) to analyze differentially expressed genes in C1 and C2. Those with FC>2 and P<0.05 were interpreted as differentially expressed genes (DEGs). Compared to C2, C1 had 622 downregulated and 262 upregulated DEGs. Among 38 NRGs, C1 possessed 27 downregulated (e.g., CHIN3A), 5 upregulated (e.g., CHRNA4), and 6 unregulated (e.g., CHRM3) DEGs compared to C2 (Figures 3A, B, S1). Meanwhile, KEGG and GO analyses were carried out to further assess signaling pathways in C1 and C2 (Figures 3C, D). KEGG analysis revealed that compared to C2, C1 showed the activation of signaling pathways for liver metabolism, including bile secretion, cholesterol metabolism, glycolysis/gluconeogenesis, and chemical carcinogenesis (DNA adducts and receptor activation), while a suppression of cancer-associated signaling pathways such as bladder cancer, the cell cycle, central carbon metabolism in cancer, and PI3K-Akt signaling pathway (Figure 3C). GO analysis suggested that compared to C2, C1 had activated the liver metabolic process (e.g., alcohol metabolic process, fatty acid metabolic process) and a suppression of growth factor beta stimulus, negative regulation of cell adhesion, extracellular matrix organization, which were regarded as critical processes in promoting cancer growth and metastasis (Figure 3D).




Figure 3 | Differential expression and enrichment analysis of C1 and C2. (A) The volcano plot shows the differential gene expression of C1 and C2 drawn with fold-change values and adjusted P. (B) Heat map showing differential gene expression (only 50 genes were displayed because of the large quantity of the genes). (C, D) KEGG and GO analysis showed the upregulated/downregulated pathways of the C1 compared with C2. P<0.05 or FDR<0.05 is considered to be meaningful.





Analysis of the Immune Status of C1 and C2

For the evaluation of the immune infiltration of C1 and C2, we used immunedeconv, an R software package based on the integration of CIBERSORT, EPIC, MCP-counter, quanTIseq, TIMER, and xCell (16). During the analysis, we used CIBERSORT and EPIC, which were the most used algorithms. CIBERSORT analysis revealed significant differences in the naïve B cell (P<0.01), memory B cell (P<0.001), regulatory T cell (Tregs)(P<0.001), monocyte (P<0.05), and macrophage M0 (P<0.001), suggesting that C1 exhibited stronger immunosuppression when compared with C2 (Figure 4A). EPIC further confirmed that C1 and C2 had significant difference in macrophage infiltration (P<0.001); however, there were insufficient data on macrophage subtypes (Figure 4B). We also applied R software packages ggplot2 and pheatmap to analyze ICGs in the two subtypes and showed that CTLA4, HAVCR2, LAG3, PDCD1, SIGLEC15 (P<0.001), and TIGIT (P<0.01) were downregulated in C1 when compared to C2 (Figure 4C). The TIDE algorithm, used to predict cancer immune response, was also used herein (16). The TIDE score was higher in C2 than C1, with significant difference (P<0.001), indicating that C1 might achieve more clinical benefit upon ICBs (Figure 4D). The OCLR algorithm showed that the stemness of C1 and C2 had no statistical difference (P>0.05) (16) (Figure 4E).




Figure 4 | Comparisons of immune status and stemness between C1 and C2. (A, B) Comparison of C1 and C2 in immune infiltration obtained using CIBERSORT and EPIC algorithm. The horizontal axis represents different immune cells; the vertical axis represents the immune scores (*P<0.05, **P<0.01, ***P<0.001). (C) Comparison of immune-checkpoint gene expression in C1 and C2. The horizontal axis shows different immune checkpoint genes; the vertical axis shows the expression level (*P<0.05, **P<0.01, ***P<0.001). (D) Statistical table showing immune response and the distribution of immune response scores of the different groups with the predicted outcome. (E) Comparison of C1 and C2 in stemness demonstrated with mRNAsi score using the OCLR algorithm.





Prognostic Analysis of Neural-Related Gene Expression in Liver Hepatocellular Carcinoma

We attempted to elucidate the relationship between NRGs and LIHC prognosis using the LASSO regression algorithm, an R software package conducive to dimension reduction analysis and prognostic gene model construction (14). The results showed that the increased expression of neural-related genes was positively associated with the poor prognosis of LIHC (P<0.05) (Figures 5A–D). The expressions of 38 NRGs were potentially prognostic biomarkers for LIHC patients: the area under the curve (AUC) was 0.653 for 1-year, 0.646 for 3-year, and 0.665 for 5-year ROC curves (Figure 5E). Individual prognosis analysis showed that 4 of the 38 NRGs had a correlation with LIHC prognosis (P<0.05) (Figure 5F). The genes CHRNE and GFRA2, and GFRA3 and GRIN2D correlated positively and negatively with LIHC prognosis, respectively (Figure 5F). When the four aforementioned NRGs were included in the prognostic model, the AUC value was 0.672 for 1-year, 0.618 for 3-year, and 0.679 for 5-year ROC curves (Figure S2E). These results demonstrated that the expressions of specific neural-related genes including CHRNE, GFRA2, GFRA3, and GRIN2D might be potential biomarkers for LIHC prognosis.




Figure 5 | The prognostic model of liver cancer based on 38 neural-related genes. (A) The coefficients of 38 neural-related genes shown by lambda parameter. The vertical axis represents the coefficients of independent variables, and the horizontal axis represents lambda. (B) LASSO COX regression model was used to draw the partial likelihood deviance versus log(λ). (C) The relationship between risk score and living status. The dotted line represents the risk score and divides the patients into high-risk and low-risk groups. A scatter diagram is in the middle, and the heat map of gene expression is down below. (D) KM survival curve of the risk model in TCGA data set. Different groups were tested by log rank and HR (high exp), and represent the risk factors of the high expression group compared with the low expression group. (E) The ROC curve of the risk model and AUC at various timepoints (1 year, 3 years, 5 years). (F) The univariate COX analysis, the p-value of clinical features, and hazard ratio (HR) confidence interval of 38 neural-related gene expressions.





Correlation Between CHRNE/GFRA2/GFRA3/GRIN2D Expression and Clinical Features

We classified the expression of CHRNE, GFRA2, GFRA3, and GRIN2D into high and low expression groups based on the RNA-sequencing (RNA-seq) and clinical data collected from the TCGA database. A cutoff-high (top 25%) for high expression, while cutoff-low (bottom 25%) for low expression for CHRNE, GFRA2 and GRIN2D was defined. Moreover, a cutoff high (50%) and cutoff low (50%) was used as the expression threshold for GFRA3 due to its relatively low expression. The results showed that high expression of CHRNE was positively correlated with the T category and TNM staging (Figure S3A and Table 2); high expression of GFRA2 was positively correlated with the T category (Figure S3B and Table 3); high expression of GFRA3 was negatively correlated with the T category and pathological grading (Figure S3C and Table 4); high expression of GRIN2D was negatively correlated with the T category, TNM staging, and pathological grading (Figure S3D and Table 5).


Table 2 | Comparisons of clinical characteristics between high and low CHRNE expression groups.




Table 3 | Comparisons of clinical characteristics between high and low GFRA2 expression groups.




Table 4 | Comparisons of clinical characteristics between high and low GFRA3 expression groups.




Table 5 | Comparisons of clinical characteristics between high and low GRIN2D expression groups.





Biological Significance of CHRNE/GFRA2/GFRA3/GRIN2D in Liver Hepatocellular Carcinoma

The LIHC data was further classified according to the expression levels of the NRGs: CHRNE, GFRA2, GFRA3 and GRIN2D. Furthermore, GO and KEGG analyses were performed for each group. The criterion for low and high expression remains the same as mentioned above.

In LIHC with high CHRNE expression, 150 genes were unregulated and 16 genes were downregulated (FC>2, P<0.05) (Figures 6A, B), while a low expression of CHRNE had an upregulation of genes associated with physiological functions of the liver (e.g., bile secretion, cholesterol metabolism, drug metabolism) and activation processes, such as the regulation of coagulation; downregulation of tumor-promoting pathways, including the PI3K-Akt signaling pathway; and suppression of processes like transition metal ion homeostasis (Figures 6C, D).




Figure 6 | Differential expression and enrichment analysis of high and low CHRNE expression groups. (A) The volcano plot shows the differential gene expression of CHRNE high expression group and CHRNE low expression group was drawn with fold-change values and adjusted P. (B) Differential gene expression showed by heatmap (only 50 genes were displayed because of the large quantity of the genes); (C, D) KEGG and GO analysis showed the upregulated/downregulated pathways of the CHRNE high expression group compared with the low expression group. When P <0.05 or FDR <0.05 is considered to be enriched to a meaningful pathway.



In LIHC with a high GFRA2 expression, 195 genes were upregulated and 19 genes were downregulated (FC>2, P<0.05) (Figures S4A, B), while a low expression of GFRA2 in LIHC-activated cytokine and cytokine receptors, Th1 and Th2 cell differentiation, and Th17 cell differentiation signaling pathways, which are closely related to immune regulation, were observed. Pro-tumor pathways, such as the HIF-1 signaling pathway and p53 signaling pathway, were suppressed in the group with high GFRA2 expression. GO analysis exhibited similar results: activated immune regulation-associated processes like T-cell activation, leukocyte proliferation, regulation of T-cell activation, and inhibited cell maturation (Figures S4C, D).

In LIHC with a high GFRA3 expression, 144 genes were upregulated and 56 genes were downregulated (FC>2, P<0.05) (Figures S5A, B) For the LIHC group with a high GFRA3 expression, widely recognized critical oncogenes in liver cancer, such as AFP, IGF2, and liver cancer-associated pathways (e.g., cell cycle, forkhead box O, signaling pathway, hepatitis B, MAPK signaling pathway, VEGF signaling pathway, and p53 signaling pathway) were unregulated, while the cell proliferation-related processes (e.g., chromosome segregation, mitotic nuclear division, spindle organization) were activated. However, pathways like bile secretion and processes such as alcohol metabolism were inhibited in the high GFRA3 expression group, when compared with the low GFRA3 expression group (Figures S5C, D).

In LIHC with high GRIN2D expression, 1,971 genes were upregulated and 302 genes were downregulated (FC>2, P<0.05) (Figures S6A, B). On the other hand, the high GRIN2D expression group had an upregulation of pathways like proteoglycans in cancer, the PI3K-Akt signaling pathway, cell adhesion molecules, and activation of processes like the positive regulation of cell activation, regulation of leukocyte proliferation, downregulation of bile secretion, cholesterol metabolism, and suppression of processes like the alcohol metabolic process and lipid homeostasis (Figures S6C, D).

These findings suggest that GHRNE and GFRA2 expression in LIHC might be beneficial in maintaining the liver physiological function and suppressing tumor growth and metastasis; the effect of GFRA3 and GRIN2D was antagonistic to GHRNE and GFRA2.



Correlation Between CHRNE/GFRA2/GFRA3/GRIN2D Expression and Immune Infiltration, Immune Response, and Stemness

The R software package, immunedeconv, was used to obtain the immune infiltration data of high/low-expression CHRNE, GFRA2, GFRA3, and GRIN2D groups of LIHC. CIBERSORT and EPIC algorithms were used herein. The CIBERSORT algorithm showed that in C1, unlike C2, high CHRNE expression was positively correlated with memory B cell (P<0.05) and mast cell (activated/resting) infiltration (P<0.05), while being negatively correlated with macrophage M0 (P<0.05) (Figure 7A). The EPIC algorithm showed that in C1, compared with C2, high CHRNE expression was positively correlated with B cell (P<0.05) (Figure 7B). In terms of high GFRA2 expression, the CIBERSORT algorithm showed that in C1, compared with C2, it was positively correlated with the CD4+ memory resting T cell (P<0.001), while it was negatively correlated with monocytes (P<0.05), macrophage M0 (P<0.001), eosinophils (P<0.05), and neutrophils (P<0.01) (Figure S7A). The EPIC algorithm showed that high GFRA2 expression was positively correlated with the CD4+ T cell (P<0.001) (Figure S7B). The CIBERSORT algorithm showed that in C1, compared with C2, high GFRA3 expression was positively correlated with the memory resting B cell (P<0.01) and T cell follicular helper (P<0.01), while it was negatively correlated with monocytes (P<0.001) (Figure S8A). The EPIC algorithm showed that low GFRA3 expression was positively correlated with macrophages (P<0.001) (Figure S8B). The CIBERSORT algorithm showed that in C1, compared with C2, high GRIN2D expression was positively correlated with Tregs (P<0.05) and macrophage M0 (P<0.001), while it was negatively correlated with naïve B cells (P<0.01), resting natural killer (NK) cells (P<0.001), monocytes (P<0.001), and activated mast cells (P<0.01) (Figure S9A). The EPIC algorithm also showed that high GRIN2D expression was positively correlated with the CD4+ T cell (P<0.001), but negatively correlated with macrophage (P<0.001) (Figure S9B).




Figure 7 | Comparisons of immune status and stemness between CHRNE high expression group and low expression group. (A, B) Comparison of CHRNE high expression group and CHRNE low expression group in immune infiltration obtained with CIBERSORT and EPIC algorithm; The horizontal axis represents different immune cells, the vertical axis represents the immune scores (*P < 0.05, **P < 0.01). (C) Comparison immune checkpoint genes expression in CHRNE high expression group and CHRNE low expression group; The horizontal axis represents different immune checkpoint genes, the vertical axis represents the expression level (*P < 0.05). (D) Statistical table of immune response and the distribution of immune response scores of the different groups in predict results. (*P < 0.05) (E) Comparison of CHRNE high expression group and CHRNE low expression group in stemness was exhibited by mRNAsi score with OCLR algorithm. (**P < 0.01).



In addition, we analyzed the correlations between ICGs and the expression of CHRNE, GFRA2, GFRA3, and GRIN2D. When compared with C2, CHRNE expression in C1 was positively correlated with SIGLEC15 (P<0.05) (Figure 7C); GFRA2 and GRIN2D expression was positively correlated with 7 of 8 IGCs including CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LC2, and TIGIT with significant difference (P<0.001) (Figures S7C, S9C); GFRA3 was positively correlated with CTLA4 (P<0.001), HAVCR2 (P<0.01), LAG3 (P<0.001), PDCD1 (P<0.001), and TIGIT (P<0.01) (Figure S8C). The TIDE algorithm showed that high expression of CHRNE, GFRA3, and GRIN2D correlated with a poor immune response (Figures 7D, S7D–S9D). According to the Spearman correlation analysis of the OCLR score, the CHRNE (Figure 7E), GFRA2 (Figure S7E), and GRIN2D (Figure S9E) high-expression groups show a lower stemness score than the low-expression groups, whereas GFRA3 (Figure S8E) has an opposite result.



Gene Landscape of CHRNE/GFRA2/GFRA3/GRIN2D

We obtained mutational, transcriptomic, and clinical data of LIHC patients from the TCGA database and performed visualization analysis with R software package maftools (17) and found no significant mutations for CHRNE, GFRA2, GFRA3, and GRIN2D in LIHC (Figure 8).




Figure 8 | Gene mutation landscape of GFRA2, GFRA3, and GRIN2D. (A) Gene mutation landscape of GFRA2. A lollipop plot, an oncoplot, and cohort summary plot are shown to display the distribution of gene mutation. (B) Gene mutation landscape of GFRA3. (C) Gene mutation landscape of GRIN2D.






Discussion

Neural infiltration has been viewed as a crucial aspect of the tumor microenvironment, which had also been termed as the innervated niche (7, 18). Together with the hypoxic niche, immune microenvironment, metabolic microenvironment, acidic niche, and mechanical microenvironment, neural infiltration regulates a series of biological processes in cancer cells and non-malignant cells in the microenvironment, which then influence cancer growth and metastasis. However, the complex neuroanatomy and intricate nature of the nervous system largely hinder further studies on nerve–cancer crosstalk.

Precision medicine is the future of cancer diagnosis and treatment, and the establishment of cancer subtypes based on gene expression has been proven to guide clinical practice. A typical example is the classification of breast cancer based on Her2 and estrogen receptor expression. In this study, we classified LIHC into two subtypes, C1 and C2, based on NRGs. C1 and C2 had statistical differences in prognosis as well as a significant difference in unregulated/downregulated signaling pathways and biological processes. Immune infiltration and ICG analysis showed a notable discrepancy between the immune microenvironments of C1 and C2. Furthermore, the TIDE algorithm confirmed the immune response differences between the two subtypes. These findings confirm the close connection between neural infiltration and liver cancer and indicate a reclassification of liver cancer based on NRGs as a promising avenue for translational into a clinical setting.

We also screened out four NRGs (CHRNE, GFRA2, GFRA3, and GRIN2D) in LIHC using a prognostic model. CHRNE is the acetylcholine receptor subunit epsilon (ϵ-AChR) engaged in maintaining the normal function of neuromuscular junction (19–21). Mutations in CHRNE were reported to be associated with the myasthenic syndrome; however, it was never associated with cancer. Our analysis showed that CHRNE was related to cancer-associated signaling pathways, including PI3K-Akt signaling pathways and liver metabolic pathways. Clinical data showed that CHRNE expression was correlated with the T category and LIHC prognosis. We proposed that CHRNE might build a bridge between nerve cells and cells in the tumor microenvironment and influence cancer progression. GFRA2 and GFRA3 were glial cell line-derived neurotrophic factor (GDNF) receptors (22–24), and previous studies have suggested their participation in cancer. GFRA2 interacts with PTEN, activates the PI3K/AKT pathway, and promotes neuroblastoma cell proliferation (22). On the other hand, GFRA3 promoted the proliferation and invasion of pancreatic ductal adenocarcinoma cells (25), and its expression was negatively correlated with urothelial carcinoma prognosis (26). Additionally, genome-wide DNA methylation profiling showed that GFRA3 promoter methylation was negatively correlated with gastric cancer prognosis (27). However, in our analysis, GFRA2 exhibited an anti-tumor effect, while GFRA3 exerted a pro-tumor effect. GRIN2D encoded N-methyl-D-aspartate receptor (NMDAR) subunit ϵ-4, which interacted with NMDA and was involved in developmental and epileptic encephalopathy (28, 29). It was regarded as the biomarker for colorectal cancer angiogenesis (30). Our study suggested that GRIN2D is clinically significant and holds a biological value in liver cancer. Importantly, GRIN2D may serve as a potential biomarker to assess therapeutic responses to ICBs owing to a strong correlation with IGCs (e.g., CD274, CTLA4, LAG3) and immune cell (e.g., B cell, T cell CD4+, NK cell) infiltration. We concluded that GRIN2D exerted an immunomodulatory role on the tumor microenvironment via NMDA targeting and consequently influence cancer proliferation and metastasis. Therefore, the blockade of GRIN2D may help sensitize patients’ immune response.

To summarize, our study attempted to uncover the role of NRGs in LIHC and highlight that their importance in cancer progression demonstrated that NRGs play an important role liver cancer growth and migration, immune infiltration, immune response, and the upregulation or downregulation of clinically significant pathways. Specific NRGs, CHRNE, GFRA2, GFRA3, and GRIN2D, could serve as potential biomarkers for LIHC prognosis. However, basic experiments and clinical trials are both required to verify the inferences drawn from bioinformatics analyses.
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The protein kinase, TANK-binding kinase 1 (TBK1), not only regulates various biological processes but also functions as an important regulator of human oncogenesis. However, the detailed function and molecular mechanisms of TBK1 in hepatocellular carcinoma (HCC), especially the resistance of HCC cells to molecular-targeted drugs, are almost unknown. In the present work, the role of TBK1 in regulating the sensitivity of HCC cells to molecular-targeted drugs was measured by multiple assays. The high expression of TBK1 was identified in HCC clinical specimens compared with paired non-tumor tissues. The high level of TBK1 in advanced HCC was associated with a poor prognosis in patients with advanced HCC who received the molecular-targeted drug, sorafenib, compared to patients with advanced HCC patients and a low level of TBK1. Overexpression of TBK1 in HCC cells induced their resistance to molecular-targeted drugs, whereas knockdown of TBK1 enhanced the cells’ sensitivity to molecular-targeted dugs. Regarding the mechanism, although overexpression of TBK1 enhanced expression levels of drug-resistance and pro-survival-/anti-apoptosis-related factors, knockdown of TBK1 repressed the expression of these factors in HCC cells. Therefore, TBK1 is a promising therapeutic target for HCC treatment and knockdown of TBK1 enhanced sensitivity of HCC cells to molecular-targeted drugs.
Keywords: TANK-binding kinase 1, advanced hepatocellular carcinoma, molecular-targeted drugs, epithelialmesenchymal transition, drug resistance, pro-survival, anti-apoptosis
INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common and frequent primary liver tumor, and its risk factors are mainly viral hepatitis and alcohol abuse (Lin et al., 2020; Nhlane et al., 2021; Powell et al., 2021). Despite the progress made in neonatal Hepatitis B virus (HBV) vaccination and HBV anti-tumor symptomatic treatment, there are still more than 80 million people infected with HBV and other hepatitis viruses (HCV) in China (Polaris Observatory Collaborators, 2018; Sung et al., 2021; Polaris Observatory HCV Collaborators, 2022). Due to the high HBV and HCV infection rates in East Asia and the Asia-Pacific region represented by China, and as the diseases progress, patients have a high risk of eventually developing HCC (Wang et al., 2014; Zhang S et al., 2017; Tan and Schreiber, 2020). HCC has an insidious onset and a long disease course (Wang et al., 2014; Zhang S et al., 2017; Tan and Schreiber, 2020). Most patients are in an advanced stage at the first diagnosis and cannot receive radical treatment strategies such as liver transplantation or surgical resection (Kim et al., 2017; Llovet et al., 2018; Wang and Wei, 2020). For advanced HCC, one of the main drug treatment strategies is molecular-targeted therapy: patients orally take various small-molecule, multi-target protein kinase inhibitors (Roskoski, 2019; Roskoski, 2020; Roskoski, 2021; Roskoski, 2022). Although global, multi-center clinical trials show that these molecular-targeted drugs can help delay disease progression in patients with HCC, improve patients’ quality of life, and prolong patients’ survival (Bruix et al., 2017; Kudo et al., 2018), these drugs still have many shortcomings: 1) individual differences in patients with advanced HCC on molecular-targeted drugs treatment are very large, and only some patients are sensitive to molecular-targeted drugs (Zhu et al., 2017; Tang et al., 2020); 2) the treatment cycle of molecular-targeted drugs is very long, and patients are prone to develop drug resistance as treatment progresses (Zhu et al., 2017); and 3) these drugs are toxic and side effects of molecular-targeted drugs cannot be ignored (Zhu et al., 2017). Although many advances have been made in research on molecular-targeted drugs, the molecular mechanisms leading to drug resistance in HCC is still unclear and there is no ideal indicator molecule to signal the prognosis of patients receiving molecular-targeted drug therapy (Zhu et al., 2017). Therefore, there is a great need to elucidate the molecular mechanism of HCC resistance to molecular-targeted drugs and to study and discover new intervention targets to achieve safer and more effective molecular-targeted therapy.
As a member of the ubiquitous serine/threonine kinases that play important roles in regulating immune or inflammatory responses, the TRAF-associated NF-κB activator (TANK) binding kinase 1 (TBK1) has been considered as a therapeutic target (Li et al., 2017; Xu et al., 2020; Taft et al., 2021). It was initially considered an activator of the NF-κB pathway via inhibiting the activation of the IKK [inhibitor of nuclear factor-κB (IκB) kinase]-related pathway (Alam et al., 2021). Recently, aberrant TBK1 expression and/or activity have been identified in various human malignancies, including lung cancer, pancreatic cancer, breast cancer, and colorectal cancer (Revach et al., 2020; Alam et al., 2021; Herhaus, 2021). TBK1 has also been considered to be an oncogene (Revach et al., 2020; Alam et al., 2021; Herhaus, 2021). However, the roles of TBK1 in HCC are still unclear. Moreover, inflammation is closely related to the occurrence and progression of tumors (Donisi et al., 2020; Heinrich et al., 2021; Huang et al., 2021). NF-κB and its related signaling pathways not only play an important role in the body’s immune response and physiological mechanisms such as inflammation but also promote the occurrence and progression of various malignant tumors (Yang et al., 2019; Jiang et al., 2021a; Zhou Q et al., 2021). In addition, NF-κB can also induce the resistance of malignant tumor cells to anti-tumor drugs (Ding et al., 2021; Kumar et al., 2021; Shen et al., 2021; Smith and Burger, 2021). To this end, the present study intends to systematically investigate the molecular mechanism by which TBK1 regulates the resistance of HCC cells to molecular-targeted drugs. Exploring the significance of TBK1 as an intervention target sensitize HCC cells to molecularly-targeted drugs is of great value.
MATERIALS AND METHODS
Cell Lines and Vectors
The cell lines used in this study were mainly liver-derived, non-tumor cell lines (L-02) and some HCC cell lines (including MHCC97-H, MHCC97-L, HepG2, Huh-7, BEL-7402, and SMMC-7721). These cell lines are maintained in our laboratory and detailed in previous publications (He X et al., 2021; Yang H et al., 2021; Jiang Q et al., 2021; Li et al., 2021). The expression levels assessed in these experiments included the full-length sequence of TBK1 and its siRNA, which were prepared as the lentivirus (these were transduced into lentivirus vectors). The target sequence of TBK1 siRNA was 5′-TAA​ACT​TCT​ATT​AGA​AAG​CTA-3′ and siTBK1 was used in pcilencer2.1U6 vectors. All sequences were confirmed by DNA sequencing. The cells were infected with the viral vectors and cells with the neomycin-resistance selectable marker were screened and selected by treatment with G418.
Clinical Specimens and qPCR
Clinical tissue specimens were obtained from patients with advanced HCC (52 patients) and paired, non-tumor tissues from the same patients were also obtained. These specimens were maintained in our laboratory and used as detailed in previous publications (Feng et al., 2018; Shao et al., 2018; Zhang et al., 2018). The expression levels of TBK1 and other factors were examined by qPCR according to previous publications and manufacturer instructions. The primers used in these experiments were: E-cadherin, 5′-CTC​CTG​AAA​AGA​GAG​TGG​AAG​TGT-3′; 5′-CCG​GAT​TAA​TCT​CCA​GCC​AGT​T-3′; N-cadherin, 5′-CCT​GGA​TCG​CGA​GCA​GAT​A-3′; 5′-CCA​TTC​CAA​ACC​TGG​TGT​AAG​AAC-3′; vimentin, 5′-ACC​GCA​CAC​AGC​AAG​GCG​AT-3′; 5′-CGA​TTG​AGG​GCT​CCT​AGC​GGT​T-3′; BCL2, 5′-GAT​CGT​TGC​CTT​ATG​CAT​TTG​TTT​TG-3′; 5′-CGG​ATC​TTT​ATT​TCA​TGA​GGC​AC GTTA-3′; NICD (Notch NICD, the intracellular domain of Notch protein), 5′-CCGACGCACA AGGTGTCTT-3′, 5′-GTC​GGC​GTG​TGA​GTT​GAT​GA-3′; survivin, 5′-ACATGCAGCTCGAATG AGAACAT-3′, 5′-GAT​TCC​CAA​CAC​CTC​AAG​CCA-3′; cIAP-1, 5′-GTG​TTC​TAG​TTA​ATC​CTG AGCAGCTT-3′; 5′-TGG​AAA​CCA​CTT​GGC​ATG​TTG​A-3′; cIAP-2, 5′-CAAGGACCACCG CATCTCT-3′; 5′-AGC​TCC​TTG​AAG​CAG​AAG​AAA​CA-3′; TBK1, 5′-CCCTTTGAAGGGC CTCGTAG-3′; 5′-ACC​CCG​AGA​AAG​ACT​GCA​AG-3′; NF-κB p50 (NFKB), 5′-TTTTCG ACTACGCGGTGACA-3′; 5′-TCC​TGC​ACA​GCA​GTG​AGA​TG-3′; NF-κB p65 (RELA), 5′-TGA​ACC​GAA​ACT​CTG​GCA​GCT​G-3′; 5′-CAT​CAG​CTT​GCG​AAA​AGG​AGC​C-3′; and loading control β-actin, 5′-CAC​CAT​TGG​CAA​TGA​GCG​GTT​C-3′; 5′-AGG​TCT​TTG​CGG​ATG​TCC​A CGT-3′. The heat-map of the qPCR results were obtained according to the methods by Zhou et al., 2020 and Yin et al., 2019 (Yin et al., 2019; Zhou W et al., 2021). The results of qPCR are displayed as heat maps, and the heat maps are drawn based on the relative folds of the expression levels of each factor in each group relative to the control group. At this time, the control group itself has no change compared with itself, so the folds of change is 0, the increase is a positive number of folds, and the decrease is a negative number folds. Each heat-map has a colored ribbon as an indication of the rates/folds of changes.
Cell-Survival Analysis
The following molecularly-targeted drugs used in this study were obtained by Dr. Cao Shuang of Wuhan Engineering University through chemical synthesis: sorafenib, regorafenib, lenvatinib, cabozantinib, and anlotinib. All pure-drug powders with a purity of greater than 99% were used in this study (see Table 1 referring to the purity of drugs via HPLC [High Performance Liquid Chromatography]). For the cytotoxic chemotherapeutics, etoposide (Cat. No. S1225), adriamycin (Cat. No. S1208), paclitaxel (Cat. No. S1150) or gemcitabine (Cat. No. S1714) was purchased from Selleck Corporation, Houston, Texas, United States. The small molecular inhibitor of TBK1 (MRT67307, Cat. No. S6386) was purchased from Selleck Corporation. For cell experiments, pure powders of these drugs were dissolved in organic solvents, such as DMSO (Dimethyl sulfoxide), according to previous publications (Ma et al., 2016; Wang J. H et al., 2021), then diluted in DMEM (Dulbecco’s Modified Eagle Medium) without FBS (fetal bovine serum). The concentration of molecular-targeted drugs used in the cell-survival analysis were: 30 μmol/L, 10 μmol/L, 3 μmol/L, 1 μmol/L, 0.3 μmol/L, 0.1 μmol/L, 0.03 μmol/L, and 0.01 μmol/L. The concentrations of cytotoxic chemotherapeutics were listed in Table 2. The cells were treated with various concentrations of the drugs for 48 h and counts of living cells were determined by the MTT assay. The inhibitory rates, or the IC50 values (half rate of inhibition), of the drugs on HCC cell survival were calculated according to previously published methods (Ma et al., 2016; Wang J. H et al., 2021).
TABLE 1 | The purity of drugs used in the presence work from HPLC.
[image: Table 1]TABLE 2 | The concentrations of cytotoxic chemotherapies in cell-based assays.
[image: Table 2]Subcutaneous Tumor Model
First, the sorafenib solution used in the animal experiments was prepared according to the method described in a previous publication (Jia et al., 2016; Feng et al., 2019; Sun et al., 2019). Specifically, pure sorafenib powder was dissolved in PEG400 (polyethylene glycol 400), Tween 80, and DMSO, then diluted with sterilized normal saline (Wang Y et al., 2021; Du et al., 2021; Jie et al., 2021; Zou et al., 2021). The final dose of sorafenib formulation used for treating the nude mice by oral administration was approximately 0.5 mg/kg. The siTBK1 was transfected in MHCC97-H cells and TBK1 into MHCC97-L, after which the cells were injected subcutaneously into nude mice. The nude mice were then given sorafenib by oral gavage at doses of 2 mg/kg, 1 mg/kg, 0.5 mg/kg, and 0.2 mg/kg for almost 21 days (once per 2 days). The tumor weights and tumor volumes were examined.
Statistical Analysis
Statistical analyses were performed by using the SPSS 9.0 statistical software (IBM Corporation, Armonk, NY, United States; two-way ANOVA with the Bonferroni correction). The IC50 values of molecular-targeted drugs were calculated by using Origin software (Origin 6.1; OriginLab Corporation, Northampton, MA, United States).
RESULTS
TANK-binding kinase 1 Expression is Associated With the Resistance of Sorafenib in Advanced Hepatocellular Carcinoma
First, the expression of TBK1 in clinical specimens was examined. As shown in Figure 1A, the expression levels of TBK1 were much higher in HCC specimens compared with paired non-tumor tissues. Moreover, the HCC patients were divided into two groups: the TBK1-high group or the TBK1-low group, according to the median value of the TBK1 expression levels in the HCC specimens (Figure 1B). The prognosis of patients received sorafneib treatment in the TBK1-high group treated with the molecular-targeted drug sorafenib was significantly worse than that of the patients in the TBK1-low group. The OS (overall survivial) of the patients in the TBK1-high group and the TTP (time to progress) of sorafenib treatment were significantly shorter than those in the TBK1-low group (Figures 1C,D and Table 3).
[image: Figure 1]FIGURE 1 | The clinical significance of TBK1 in HCC. (A) The expression of TBK1 in HCC clinical specimens or paired non-tumor tissues (non-tumor regions of the liver in the HCC patients). (B) The median value of TBK1 in patients in the TBK1-high group or the TBK1-low group. (C,D) The OS (overall survival) or TTP (time to progress) of the patients in the TBK1-high group or the TBK1-low group who received sorafenib treatment. ∗p < 0.05.
TABLE 3 | The endogenous TBK1 level associated with the clinical outcome of patients received sorafenib treatment.
[image: Table 3]Next, the expression of TBK1 in hepatic cell lines was examined. As shown in Figure 2, the expression level of TBK1 was much higher in HCC cells compared with the non-tumor hepatic cell line L-02. Among the selected HCC cells, the expression level of TBK1 in MHCC97-H cells was the highest, while the expression level of TBK1 in MHCC97-L cells was the lowest, and the expression level of TBK1 in HepG2 was moderate. Because of these results, expression of TBK1 was knocked down using siRNA in MHCC97-H cells or TBK1 was overexpressed in MHCC97-L cells. TBK1 was simultaneously overexpressed and knocked down in HepG2 cells.
[image: Figure 2]FIGURE 2 | The expression level of TBK1 in hepatic cell lines. The expression level of TBK1 in hepatic cell lines was examined by qPCR. The results were shown as Histogram form mean ± SD.
After knockdown or overexpression of TBK1 in HCC cells, the cells were treated with a series of doses of molecularly-targeted drugs to determine the effect of TBK1 in HCC cell death after treatment with molecularly-targeted drugs. The results shown in Table 4, Table 5, Table 6 demonstrate that molecularly-targeted drugs can kill HCC cells in a dose-dependent manner. Overexpression of TBK1 in MHCC97-L and HepG2 cells can significantly downregulate the killing effect of these drugs on HCC cells, and the IC50 values of the drugs on the cells were significantly increased (Table 4 and Table 5). Knockdown of TBK1 with its siRNA enhanced the antitumor activation of molecular-targeted drugs on HCC cells, and the drugs’ IC50 values decreased (Tables 5 and Table 6). Therefore, TBK1 is associated with the resistance of HCC cells to molecular-targeted drugs and TBK1 could be considered as a promising target for HCC treatment.
TABLE 4 | The effect of TBK1 overexpression on the sensitivity of MHCC97-L cells to molecular-target drugs, Sorafenib, Cabozentinib, Lenvatinib, Regorafenib or Anlotinib.
[image: Table 4]TABLE 5 | The effect of TBK1 overexpression or knockdown on the sensitivity of HepG2 cells to molecular-target drugs, Sorafenib, Cabozentinib, Lenvatinib, Regorafenib or Anlotinib.
[image: Table 5]TABLE 6 | The effect of TBK1 knockdown on the sensitivity of MHCC97-H cells to molecular-target drugs, Sorafenib, Cabozentinib, Lenvatinib, Regorafenib or Anlotinib.
[image: Table 6]Knockdown of TANK-binding kinase 1 Repressed Drug-Resistance Related Factors
The effect of TBK1 expression on drug-resistance related factors was examined by qPCR. As shown in Figure 3A, overexpression of TBK1 in HepG2 cells upregulated drug resistance-related factors while knockdown of TBK1 downregulated drug resistance related factors. Specifically, cellular pro-survival-/anti-apoptosis-related factors and epithelial-mesenchymal transition-related factors were affected (the expression level of E-Cadherin was upregulated or the expression level of the factors was downregulated). On this basis, TBK1 was knocked down in MHCC97-H cells, and TBK1 was overexpressed in MHCC97-L cells (Figures 3B,C). The trend of the results was basically the same as that in HepG2 (Figures 3A-C). TBK1 did not affect the expression of NF-κB’s p65 or p50, or Notch NICD (FFigures 3A-C).
[image: Figure 3]FIGURE 3 | The effect of TBK1 on the drug-resistance-related factors in HCC cells. (A) HepG2 cells were transfected with TBK1 or siTBK1 and the expression level of drug-resistance-related factors were examined by qPCR. (B) MHCC97-L cells were transfected with TBK1 and the expression level of drug-resistance-related factors were examined by qPCR. (C) MHCC97-H cells were transfected with siTBK1 and the expression level of drug-resistance-related factors were examined by qPCR. The results are shown as heat-map.
Next, to further confirm the effect of TBK1, the relationship between the expressions of TBK1 with these factors in clinical specimens was examined (Figure 4). As shown in Figure 4, the expression level of TBK1 was positively associated with the expression levels of Survivin (Figure 4A), BCL-2 (Figure 4B), cIAP-1 (Figure 4C), and cIAP-2 (Figure 4D) (factors that mediate the anti-apoptosis or pro-survival of cells); negatively associated with the expression of E-cadherin (Figure 4E) (a typical indicator of epithelial phenotype), and did not relate to the expression of NF-κB’s p65 (Figure 4F) or p50 (Figure 4G), or Notch NICD (Figure 4H). Therefore, knockdown of TBK1 repressed drug-resistance related factors’ expression level.
[image: Figure 4]FIGURE 4 | The relationship between TBK1 with the drug-resistance-related factors in HCC specimens. The expression level of TBK1 and drug-resistance-related factors in HCC specimens by qPCR. The expression level of TBK1 is on the abscissa, the expression level of each factor is on the ordinate, and the data are shown as a scatter plot. Additionally, a regression equation was fit to the data (with its p-value) according to the trend of the scatter plot.
Knockdown of TANK-binding kinase 1 Enhanced the in Vivo Sensitivity of Hepatocellular Carcinoma Cells to the Molecular-Targeted Drug Sorafenib
The above results were based on in vitro, cellular experiments. To further confirm the effect of TBK1 on HCC cells, in vivo experiments were performed using the nude mouse model. As shown in Figures 5, 6, HCC cells (MHCC97-L and MHCC97-H) could form subcutaneous tumor tissues in nude mice. Oral administration of sorafenib inhibited the subcutaneous growth of HCC cells in a dose-dependent manner. As shown in Figure 5, overexpression of TBK1 induced the resistance of HCC cells to sorafenib; the antitumor effect of sorafenib significantly decreased (the IC50 value of the indicated concentrations of sorafenib increased from 1.25 ± 0.75 mg/kg to >2 mg/kg for tumor volumes and from 1.03 ± 0.42 mg/kg to >2 mg/kg for tumor weights). Next, the results shown in Figure 6 indicate that knockdown of TBK1 via its siRNA in MHCC97-H cells enhanced the sensitivity of HCC cells to sorafenib; the antitumor effect of sorafenib significantly increased (the IC50 value of the indicated concentrations of sorafenib reduced from 1.48 ± 0.91 mg/kg to 0.32 ± 0.25 mg/kg and from 1.67 ± 0.33 mg/kg to 0.41 ± 0.10 mg/kg for tumor weights), respectively. Therefore, knockdown of TBK1 enhanced the in vivo sensitivity of HCC cells to the molecular-targeted drug sorafenib.
[image: Figure 5]FIGURE 5 | TBK1 induces resistance of MHCC97-L cells to the molecularly-targeted drug, sorafenib. After transfection of TBK1 in MHCC97-L cells, the cells were inoculated into nude mice, and the nude mice were treated with sorafenib by oral gavage. Afterward, tumor tissues were collected to determine their volume and weight. Results are displayed as photos of tumor tissue, tumor volume, and tumor weight. *p < 0.05.
[image: Figure 6]FIGURE 6 | siTBK1 enhances the sensitivity of MHCC97-H cells to the molecularly-targeted drug, sorafenib After transfection of siTBK1 in MHCC97-H cells, the cells were inoculated into nude mice, and the nude mice were treated with sorafenib by oral gavage. Afterward, tumor tissues were collected to determine their volume and weight. Results are displayed as photos of tumor tissue, tumor volume, and tumor weight. ∗p < 0.05.
Knockdown of TANK-binding kinase 1 Enhanced the Sensitivity of Hepatocellular Carcinoma Cells to Cytotoxic Chemotherapeutics
The above results were all based on molecularly targeted drugs, and we further tested cytotoxic chemotherapeutic drugs to supplement them. The results are shown in Table 7. The cytotoxic chemotherapy drugs etoposide, adriamycin, paclitaxel, and gemcitabine can inhibit the survival of MHCC97-H cells in a dose–dependent manner and overexpression of TBK1 in cells can induce cell resistance to these drugs (the IC50 values these cytotoxic chemotherapies significantly up-regulated), and knockdown of TBK1 could significantly up-regulate the killing effects of these drugs on HepG2 cells (the IC50 values of these cytotoxic chemotherapeutic drugs were significantly down-regulated) (Table 7). These results further confirmed the role of TBK1 in HCC cells.
TABLE 7 | The effect of TBK1 overexpression or knockdown in HepG2 cells to Cytotoxic chemotherapies.
[image: Table 7]Small Molecular Inhibitor of TANK-binding kinase 1 Enhanced the Sensitivity of Hepatocellular Carcinoma Cells to Antitumor Drugs
The above results are mainly based on the use of siRNA to knock down the expression of TBK1, and further use the existing TBK1 small molecule inhibitor MRT67307 to treat HCC cells. As shown in Figure 7, MRT67307 can dose-dependently down-regulate the expression levels of NF-κB and Notch pathway-related drug resistance factors in MHCC97-H cells, and inhibited the survival of MHCC97-H cells in a dose-dependent manner. At the same time, the 1 μmol/L dose of MRT67307 itself does not have obvious cytotoxicity, but can significantly down-regulate the expression levels of NF-κB and Notch pathway-related drug resistance factors (Figure 7). Treatment of MRT67307 did not affect the expression of NF-κB’s p65 or p50, or Notch NICD (Figure 7). Therefore, the 1 μmol/L dose of MRT67307 was selected for the next experiment. As shown in Table 8, treatment of 1 μmol/L dose of MRT67307 significantly up-regulate the antitumor effects of these drugs (including the molecular-targeted drugs and cytotoxic chemotherapies) on MHCC-97 cells (the IC50 values of these cytotoxic chemotherapeutic drugs were significantly down-regulated) (Table 8). Therefore, down-regulation of TBK1 enhanced the sensitivity of HCC cells to antitumor drugs.
[image: Figure 7]FIGURE 7 | The effect of TBK1’s inhibitor MRT67307 on the drug-resistance-related factors in HCC cells. MHCC97-H cells were treated with the indicated concentration of MRT67307 and the expression level of drug-resistance-related factors were examined by qPCR. The inhibitory activation of MRT67307 on MHCC97-H cells was examined by MTT methods. The results are shown as heat-map.
TABLE 8 | The effect of MRT67307 (1 μmol/L) on the antitumor effect of antitumor drugs in MHCC97-H cells.
[image: Table 8]DISCUSSION
At present, molecularly-targeted drug therapy for HCC is a high-interest research topic (Cerrito et al., 2021; El-Khoueiry et al., 2021; Granito et al., 2021; Vogel et al., 2021). It is generally believed that the resistance of HCC to molecularly-targeted drugs is a complex, multistep, and multifactorial process (Busche et al., 2021; Mou et al., 2021). It has been confirmed that the following factors can be involved in inducing the resistance of HCC cells to molecularly-targeted drugs: 1) mutual compensatory effect between RTKs (receptor tyrosine protein kinases), MAPK, PI3K/AKT, HGF/cMET, and other related pathways (Gao et al., 2012; Fu et al., 2020); 2) mechanisms related to cell survival and anti-apoptosis (Yang X et al., 2021; Jia et al., 2021); 3) epithelial-mesenchymal transition (Chen et al., 2021; Xia et al., 2021); and 4) many factors and mechanisms such as cancer stem cells (Ko et al., 2020; Xia et al., 2020; Leung et al., 2021). Each of these mechanism-related signaling pathways and important regulators can be used as intervention targets for HCC treatment, especially molecular-targeted-drug sensitization. There are differences in and connections between these molecular mechanisms, and knowing how to avoid inhibition of a single pathway or target and the compensatory effects of other pathways is of great importance.
TBK1 is an ideal intervention target for the sensitization of HCC to molecular-targeted drugs, mainly based on the following facts. 1) NF-κB can induce HCC by inducing the expression of survivin, cIAPs, BCL-2, and other cell pro-survival and anti-apoptotic factors; cells are resistant to molecularly-targeted drugs (Kang et al., 2013). 2) NF-κB is also regulated by Notch and other drug resistance-related pathways (Xiu et al., 2020). The Notch pathway can induce the expression of epithelial-mesenchymal transition-related factors in cells and the epithelial-mesenchymal transition phenotype through NF-κB (Kang et al., 2013; Xiu et al., 2020). 3) As a key regulator of NF-κB activation, activated TBK1 not only induces the activation of the NF-κB pathway but also induces the phosphorylation of AKT, resulting in anti-apoptotic signals and pro-cellular survival. In this study, we not only detected the effect of TBK1 on HCC cells in molecular experiments, cellular experiments, and animal experiments but we also detected the expression of TBK1 in clinical HCC tissue samples, confirming that TBK1 has clinical significance (Ou et al., 2011; Gao et al., 2021; Zhu et al., 2021). Theoretically, TBK1 may induce the resistance of HCC cells to molecularly-targeted drugs, and our results show that patients with a high TBK1 expression in HCC tissues have a poor prognosis after receiving sorafenib treatment. Therefore, our results are the first to report and confirm the role of TBK1 in molecularly-targeted drug resistance in HCC.
In this study, we overexpressed and knocked down TBK1 in HCC cells, then detected the expression levels of various factors, including: 1) survivin and cIAP related to cell survival and apoptosis -1/2, or BCL-2; 2) epithelial-mesenchymal transition-related factors, such as vimentin and N-cadherin (markers of mesenchymal transition), and E-cadherin (marker of an epithelial phenotype); 3) P65 and P50 of NF-κB; and 4) NICD of Notch protein (Zhang Y et al., 2017). These factors are all drug resistance-related genes within the NF-κB pathway and several other pathways are also involved. The results showed that TBK1 could affect the pro-survival, anti-apoptotic, and epithelial-mesenchymal transition-related factors, but not P65, P50, or NICD. These results are also consistent with the mechanism of action of TBK1 itself. In this study, five HCC-related, molecularly-targeted drugs were selected, but the Notch/NF-κB pathway can activate/desensitize HCC cells to molecularly-targeted drugs through cell-promoting, anti-apoptotic-related, and epithelial-mesenchymal transition-related factors, and eventually induce cell resistance to molecularly-targeted drugs. This suggests that the role of Notch/NF-κB pathway is not specific to drug selection, and downregulating TBK1 expression is also a broad-spectrum, molecular-targeted-drug sensitization strategy in HCC. The combined effect of different drugs is of great importance. Using a variety of strategies, our research group discovered some small molecule compounds with molecularly-targeted-drug sensitization effects. Existing studies have shown that TBK1 small molecule inhibitors have certain anti-tumor activity. In the future, research on TBK1 small molecule inhibitors and the combination of TBK1 small molecule inhibitors with molecular-targeted drugs and other therapeutic strategies will be carried out. There are few reports on the role and molecular mechanism of TBK1 in HCC (only 2-3 papers in PubMed) and unclear (Kim et al., 2010; Zou et al., 2019; Jiang et al., 2021b). These articles focus on HCC-related tumor immunity and HBV-related research (Kim et al., 2010; Zou et al., 2019; Jiang et al., 2021b). This study is the first to report the relationship between TBK1 and the resistance of HCC cells to molecularly targeted drugs, which not only expands our understanding of TBK1, but also provides new ideas and implications for the treatment of HCC with molecularly targeted drugs.
In addition to the Notch/NF-κB pathway, there are other important signaling pathways in HCC cells for resistance to antitumor drugs (Zhu et al., 2019; Ma et al., 2020; He Y et al., 2021; He W et al., 2021; Guan et al., 2021; Yan et al., 2021). For example, our research group found that molecular-targeted drugs can act as ligands and agonists of the pregnane X receptor to induce the transcription factor activity and downstream drug resistance genes of PXR (Feng et al., 2018; Shao et al., 2018). These drug-resistance genes can act as enzymes of drug metabolism to accelerate clearance rate of molecularly-targeted drugs and finally induce the resistance of HCC cells to molecularly-targeted drugs. The effects of PXR and its downstream drug-resistance genes on Notch/NF-κB are similar to those of antitumor drugs, and they are all non-selective. Moreover, this study mainly focused on the role of TBK1 in HCC. In addition to HCC, TBK1 may also regulate the resistance of other malignant tumor cells to antitumor drugs (Vu and Aplin, 2014; Zhu et al., 2019; Cheng and Cashman, 2020; Zhou et al., 2020). In the future, we will further explore the impact of TBK1 and its inhibitors on other kinds of human malignancies.
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New strategies for molecular-targeted drug therapy for advanced hepatocellular carcinoma (HCC) ignore the contribution of the nutritional status of patients and nutritional support to improve physical status and immunity. We aimed to elucidate the role of a single nucleotide mixture (SNM) in the anti-tumor therapy of HCC, and to explore the importance of a SNM as adjuvant therapy for HCC. Compared with a lipid emulsion (commonly used nutritional supplement for HCC patients), the SNM could not induce metabolic abnormalities in HCC cells (Warburg effect), and did not affect expression of metabolic abnormality-related factors in HCC cells. The SNM could also attenuate the lymphocyte injury induced by antitumor drugs in vitro and in vivo, and promote the recruitment and survival of lymphocytes in HCC tissues. Using HCC models in SCID (server combined immune-deficiency) mice or BalB/c mice, the SNM had anti-tumor activity, and could significantly upregulate the antitumor activity of molecular-targeted drugs (tyrosine-kinase inhibitors [TKI] and immune-checkpoint inhibitors [ICI]) against HCC. We employed research models in vivo and in vitro to reveal the anti-tumor activity of the SNM on HCC. Our findings expand understanding of the SNM and contribute to HCC (especially nutritional support) therapy.
Keywords: hepatocellular carcinoma, single nucleotide mixture, molecular-targeted therapy, tyrosine-kinase inhibitor, immune-checkpoint inhibitor, nutritional and supportive treatment
1 INTRODUCTION
The main risk factor for hepatocellular carcinoma (HCC) is infection by the hepatitis-B virus (HBV) and HCV (Wang et al., 2014; Forner et al., 2018; Powell et al., 2021). China has intensified efforts to inoculate its population using anti-HBV vaccines since the 1980s (Zhang et al., 2017a; Choi et al., 2021; Wang et al., 2022) and progress has been made for symptomatic treatment of HBV-infected people. Nevertheless, there are two main challenges in HCC treatment. First, with aging populations, changing dietary habits, and metabolism-based diseases (e.g., alcoholic/non-alcoholic fatty liver disease), diabetes mellitus and obesity have become new risk factors for the occurrence and progression of HCC (Anstee et al., 2019; Younossi et al., 2019; Fujii et al., 2020; Huang et al., 2021; Llovet et al., 2021). Second, >80 million people worldwide are infected with the HBV and other hepatitis viruses in China or suffering from various chronic liver diseases related to hepatitis viruses (Chen et al., 2016; Polaris Observatory Collaborators, 2018; McGlynn et al., 2021; Sung et al., 2021; Polaris Observatory HCV Collaborators, 2022). Despite receiving symptomatic treatment for HBV infection, some patients suffer disease progression and develop HCC eventually (Chen et al., 2016; Polaris Observatory Collaborators, 2018; McGlynn et al., 2021; Sung et al., 2021; Polaris Observatory HCV Collaborators, 2022).
Most patients with HCC are diagnosed at an advanced stage, so radical treatment (e.g., liver transplantation or surgery) is not possible (Javan et al., 2020; Wang and Li, 2021; Wu et al., 2021). In general, HCC is insensitive to various cytotoxic chemotherapeutics, which further limits the treatment strategies for HCC (Kim et al., 2017). Drug-based treatment strategies for HCC are molecular-targeted drugs (MTDs), including tyrosine kinase inhibitors (TKIs) such as by sorafenib (Roskoski, 2019; Roskoski, 2020; Roskoski, 2021; Roskoski, 2022) and immune-checkpoint inhibitors (ICIs) acting on programmed cell death-1/programmed cell death-ligand 1 (PD-1/PD-L1) (Donisi et al., 2020; Giraud et al., 2021). Global multicenter, randomized, controlled clinical trials have suggested that these drugs can prolong patient survival to varying degrees, but two main problems remain. First, only a proportion of patients are sensitive to TKIs or ICIs, and these patients may develop drug resistance as treatment progresses (Zhu et al., 2017; Zongyi and Xiaowu, 2020; He et al., 2021a; Llovet et al., 2022). Second, TKIs or ICIs can cause serious toxicity and side-effects (Zhu et al., 2017; Zongyi and Xiaowu, 2020; He et al., 2021a; Llovet et al., 2022). Therefore, finding a way to achieve safe and efficacious molecular-targeted therapy for HCC is an urgent and difficult problem to be solved. Combined use of antitumor drugs with different targets (e.g., ICIs combined with TKIs) or combined use of MTDs and interventional therapy are the main treatment strategies for HCC (Feng et al., 2018a; Jia et al., 2021a; Yang et al., 2021a; Zhang et al., 2022). This treatment strategy may help to achieve more potent antitumor activity (Jia et al., 2016; Xie et al., 2017; Xie et al., 2018; Li et al., 2021), but it ignores the influence of nutritional status and the immune status of the patient upon the treatment effect.
Nucleotides are important low-molecular-weight compounds that participate in the regulation and metabolism of various substances as free nucleotides or their derivatives (Wang et al., 2021a; Guan et al., 2021; Lu et al., 2021; Santos Ferreira et al., 2021). Free mononucleotides are the main high-energy compounds involved in energy metabolism, important messengers in cellular signal transduction, and metabolic regulators of various nutrients in the body (Wang et al., 2021a; Guan et al., 2021; Lu et al., 2021; Santos Ferreira et al., 2021). Addition of exogenous nucleotides can nourish lymphocytes, promote their differentiation, and inhibit DNA damage. These actions can improve cellular immune function, humoral immune function, and monocyte–macrophage phagocytosis (Xu et al., 2013). Nucleotide supplementation in the diet can improve intestinal dysfunction induced by various factors (Cai et al., 2016a). In health, addition of exogenous nucleotides helps to maintain the structure, improve the metabolism and synthesis functions, and promote antioxidant capacity in the liver. Studies (Cai et al., 2016b) have shown that supplementation with exogenous nucleotides can alleviate hepatic oxidative stress, inhibit inflammatory responses, reverse (at least in part) the host metabolic disorder caused by excessive intake of alcohol, and change some mechanisms related to metabolism (bile acids, lipids, amino acids), thereby attenuating alcohol-induced metabolic disturbances and liver damage (Cai et al., 2016b). Therefore, exploring the potential application of mononucleotide mixtures in HCC treatment is important.
We wished to explore the antitumor activity of a mononucleotide mixture in HCC. A series of in vitro and in vivo HCC models were established. Simultaneously, lymphocytes were isolated from the peripheral blood of healthy volunteers (HVs). We found that a mixture of single nucleotides could alleviate the damage wrought by anti-tumor drugs to peripheral-blood lymphocytes (PBLs), and enhance the antitumor actions of TKIs or ICIs.
2 MATERIALS AND METHODS
2.1 Cell Lines
The cell lines we used were the human HCC line MHCC97-H and mouse liver cancer cell line H22, which were purchased from National Infrastructure of Cell Resources within the Chinese Academy of Medical Sciences, and China Union Medical College, respectively, both of which are in Beijing, China. PBLs (peripheral blood lymphocytes) were obtained from healthy volunteers (HVs)/healthy blood donors. Twenty samples of peripheral blood were obtained and 2–5 × 109 cells isolated per 100 ml of peripheral blood. PBLs were separated and sorted by flow cytometry to obtain T cells, B cells, and NK cells. Cluster of differentiation (CD)45+ components were separated. Then, CD45+/CD56+ components were separated as NK cells. CD45+/CD3−/CD19+ components were B cells. CD45+/CD3+/CD19− components were T cells. All three cell types were frozen at −80°C. Experiments using these three types of cells were carried out separately.
2.2 Antitumor Drugs
The apoptosis inducer carbonyl cyanide m-chlorophenyl hydrazine (CCCP; catalog number, S6494) was obtained Selleck Chemicals (Houston, TX, United States). Some MTDs used in HCC treatment can induce damage to immune cells, including sorafenib, lenvatinib, regorafenib, and cabozantinib, and BMS-1166 is a small-molecule inhibitor of PD-L1. These drugs were synthesized by Dr. Cao Shuang of Wuhan Engineering University (Wuhan, China) and their purity was >99% according to high-performance liquid chromatography (Table 1). Some cytotoxic chemotherapy drugs can cause damage to immune cells, such as paclitaxel (S1150), doxorubicin (S1208), and etoposide (S1225). These agents were purchased from Selleck Chemicals.
TABLE 1 | the purity of drugs in the presence work.
[image: Table 1]2.3 Single Nucleotide Mixture
The single nucleotide mixture used in this study was 5′AMP: 5′CMP: 5′GMPNa2: 5′UMPNa2 at a ratio of 22.8:26.6:20.4:30.220.4:30.2. A nutritional supplement used in the clinic served as a control: structured lipid emulsion (C6–24) injection. The structured lipid emulsion was a gift from Prof. and Dr. Xudong Gao in the Fifth Medical Center of Chinese PLA General Hospital. The single-nucleotide mixtures were conserved in our lab and described in our previous publications (Cai et al., 2016a; Cai et al., 2016b).
2.4 Real-Time Reverse Transcription-Quantitative Polymerase Chain Reaction
HCC cells, tissue samples, or lymphocytes were collected. Samples were disrupted and homogenized in a tissue grinder using a tissue-lysing solution (Buffer RLT Plus; Qiagen, Stanford, VA, United States) and steel beads by vortex-shaking. The column was centrifuged (12,000 rpm, 1 min, 4°C) to remove DNA. RNA in tissues or cells was collected by sedimentation with 70% ethanol (v/v) by using the RLT RNeasy centrifugal adsorption column, RNase-free water [DEPC-treated deionized water] for elution and dissolution). RNA was reverse-transcribed into complementary-DNA using SuperScript™ IV VILO™ Master Mix (2 μl) for 10 ng of RNA in a total volume <8 μl. The PCR conditions were 25°C for 10 min, 50°C for 10 min, 85°C for 5 min, and 10°C for 10 min. Next, a one-step qPCR experiment was undertaken on a RT-PCR instrument (7500 series; Applied Biosystems; Foster City, CA, United States). Power SYBR® Green RT-PCR Mix (Thermo Fisher, Waltham, MA, United States) was used in a 2× buffer system and volume of 10.0 μl. The volume of the upstream primer was 0.2 μl. The volume of the downstream primer was 0.2 μl. The volume of RT Enzyme Mix (125× buffer system) was 0.16 μl. The RNA sample in HCC cells or tumor tissues were used as the amplification template, and the volume was ∼0.2 μl, thereby making a total volume of 20.0 μl. The reverse-transcription reaction proceeded at 48°C for 30 min. The heat-activation step was done using AmpliTaq Gold® DNA Polymerase (Thermo Fisher) at ∼95°C for 10 min, followed by 40 cycles of the following program: denaturation at 95°C for 15 s; annealing/extension at 60°C for 1 min; denaturation at 95°C for 15 s; extension at 60°C for 15 s. The primers used in the RT-qPCR experiments are shown in Table 2.
TABLE 2 | Primers used in this study.
[image: Table 2]Relative expression of a target gene was based on the ratio of its cycle-threshold value in the RT-qPCR experiment to the cycle-threshold value of the internal reference. Then, heatmaps were drawn according to the relative expression of each target gene. In each experiment, the control group of each target gene was taken as a unit of 1, and the difference between the experimental group and control group was calculated. An increase in expression of the target gene denoted a positive fold change, and a decrease in the expression of the target gene denoted a negative fold change, and a heatmap was drawn at this point (Ma et al., 2020; Zhou et al., 2021).
2.5 The 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT)/Cellular Survival Assays
Cells were prepared as suspensions and seeded in 96-well culture plates. Immunotoxic drugs (sorafenib, regorafenib, lenvatinib, cabozantinib, paclitaxel, etoposide, CCCP, adriamycin) were used alone or in combination with the SNM. A solution of these drugs was prepared as described previously (Feng et al., 2020; Jia et al., 2021b; Wang et al., 2021b; Du et al., 2021). After 48 h of drug action (alone or in combination), MTT reagent was added directly to the 96-well plate, after which cells were incubated at 37°C for 5 h. The plate was centrifuged to separate cells from the liquid, and aggregated at the bottom of the plate. After discarding the supernatant, the cell sample was lysed with dimethyl sulfoxide and agitated for 5 min. Additional centrifugation was done to remove insoluble tiny debris and foam, and a Stripette™ (Corning, Corning, NY, United States) was employed to transfer the supernatant to a new 96-well plate. A multifunctional, full-wavelength microplate reader was employed to measure the absorbance of samples in each well at 490 nm. The absorbance value denoted the relative number of cells (number of viable cells/total number of cells) and reflected the damaging effect of a drug on cells (Li et al., 2017a; Guan et al., 2017; Li et al., 2018a). For experiments on cell survival, the percent inhibition caused by a drug was calculated according to the absorbance value at 490 nm using the formula (Li et al., 2017a; Guan et al., 2017; Li et al., 2018a):
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2.6 Apoptosis Assays
Cells were prepared as suspensions and seeded in six-well culture plates. Immunotoxic drugs (sorafenib, regorafenib, lenvatinib, cabozantinib, paclitaxel, etoposide, CCCP, adriamycin) were used alone or in combination with the SNM. After 48 h of drug action (alone or in combination), cells were aspirated from the six-well plate and added to a 6-ml centrifuge tube. Phosphate-buffered saline (PBS) was added to each centrifuge tube to make up the volume, followed by centrifugation (800 rpm for 3 min), and this step was repeated. Then, 1 ml of 1× binding buffer (cells per six-well plate were resuspended in 1 ml) was added so that the cell density was 1.0 × 106/ml. Next, 2 μl of fluorescently labeled annexin V and 7-AAD (7-Aminoactinomycin D) were added to 100 μl of cells for further experiments. The cell suspension prepared in the previous step was mixed gently and allowed to incubate at room temperature for 15–20 min in the dark. After incubation, the cell sample was transferred to a flow tube and 400 µl of loading buffer added. Fluorescently labeled annexin V-positive, 7-AAD-negative cells were regarded to have undergone “early” apoptosis. Fluorescently labeled annexin V-positive, 7-AAD-positive cells were regarded as having undergone “late” apoptosis. Fluorescently labeled annexin V-negative, 7-AAD-positive cells were regarding as having undergone “necrosis” (Ma et al., 2015). Total apoptosis of cells was calculated as (Ma et al., 2015):
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Heatmaps were drawn according to percent inhibition of drugs and total apoptosis (Ma et al., 2020; Zhou et al., 2021).
2.7 Animal Experiments
2.7.1 Experimental Animals and Agents
The study protocol was approved by the Animal Ethics Committee of the Fifth Medical Center of the Chinese People’s Liberation Army General Hospital (Beijing, China). We used immunodeficient mice (SCID mice: deletion of T cells and B cells) and normal Bal B/c mice, both of which were from Beijing Speifu Biotechnology (Beijing, China). Mice were fed American Institute of Nutrition-1993 Maintenance (AIN-93M) chow. Mice underwent inhalation anesthesia using isoflurane (Shenzhen Wo Ruide, Shenzhen, China). In vivo imaging of mice was done in the Department of Nuclear Medicine within Peking University Cancer Hospital (Beijing, China).
2.7.2 Oral Formulations of TKIs or ICIs (Liu et al., 2021a; Yang et al., 2021b)
A precision (1/10,000 precision) balance was used to weigh 20–50 mg of pure powders of sorafenib or BMS-1166. Sorafenib or BMS-1166 were mixed with polyethylene glycol 400, Tween 80, and a small volume of dimethyl sulfoxide supplemented by ultrasound and vortex-mixing. After dissolution, sterilized physiological (0.9%) saline was added, followed by stirring and shaking to obtain an oral preparation of sorafenib or BMS-1166 at a final concentration 0.5 mg/ml. A pre-sterilized membrane (pore size = 0.22 μm) was used for filtration. Then, pre-sterilized 10-ml centrifuge tubes were used for aliquoting. Drugs were stored at −80°C. During experiments, drugs were stored at 4°C and protected from light.
2.7.3 Nuclide Uptake Experiments (Feng et al., 2018b; Shao et al., 2018)
MHCC97-H cells were inoculated into SCID mice to enable formation of subcutaneous tumor tissue. Then, SCID mice were administered (by oral gavage) the same dose (0.2 g/kg) of a lipid emulsion or SNM once-daily three times over 3 days. After that, mice were transferred to a small-animal anesthesia machine for inhalation anesthesia. The induction of anesthesia was with 3.5% isoflurane (v/v), and anesthesia was maintained with 1.5% isoflurane (v/v).
Mice were removed from the small-animal anesthesia machine, and a radionuclide probe (18F-fluorodeoxyglucose (18F-FDG)) was injected at 200 μCi (i.e., 7.4 MBq) into the tail vein. Mice were allowed at rest for 30–40 min after injection. Then, tumors were collected. The nuclide intensity in tissue and blood was quantified using a Geiger counter. The specific method of Nuclide intensity detection is: separately detected the nuclide intensity in a unit weight of blood or HCC tissue samples, and taken the blood sample as the unit 1 to calculate the multiple folds of the tissue relative to the blood [i.e., folds of blood].
2.7.4 Creation of a Subcutaneous Tumor Model (Feng et al., 2019; Sun et al., 2019)
Cells were prepared as suspensions using sterilized PBS or physiologic (0.9%) saline. Cell suspensions were injected (s.c.) into the medial femoral vein of the lower limbs of SCID mice. About 5 × 106 HCC cells were injected per point. After inoculation, the eating status, mental state, and whether the skin at the inoculation site was ulcerated were observed each day. About 2–3 days after inoculation, the injected volume had been absorbed. At this time, drug treatment was carried out for 2–3 weeks.
After inoculating SCID mice with MHCC97-H cells subcutaneously, they were placed in four groups randomly and treated with: 1) the SNM administered by oral gavage every other day for 3 weeks; 2) the SNM and sorafenib by oral gavage every other day for 3 weeks; 3) the SNM and BMS-1166 by oral gavage every other day for 3 weeks; 4) PBLs through tail-vein injection. Approximately 1 × 106 cells were administered to SCID mice each time. Cells were re-infused every 3 days.
After subcutaneous inoculation of BALb/c mice with H22 cells, the SNM sorafenib, or BMS-1166 were administered by oral gavage, respectively, every other day for 3 weeks. The volume and weight of tissue were measured to determine the antitumor activity of the drug. For measurement of tumor volume, the length (i.e., long axis/length) and width (W/i.e., short axis) of subcutaneous tumor tissue were measured precisely using a vernier caliper. Then, the formula length × W × W/2 was used to calculate the volume of the subcutaneous tumor (mm3). A precision balance (1/10,000) was used to weigh subcutaneous tumor tissue.
Cells were passed through a 200-mesh steel sieve. Then, cells were resuspended into a single-cell suspension, and washed with Dulbecco’s modified Eagle’s medium containing 20% fetal bovine serum. The suspension of tumor tissue was sorted on a flow cytometer, and the human CD45+ component was used as human peripheral blood lymphocytes and the trypan blue was used to ascertain if cells had survived. The survival rates of PBLs in HCC tumor tissues were calculated according to the PBLs number, survival PBLs number in the resuspended cell suspension from tumor tissue corresponds to 50 mg.
2.7.5 Biochemical Detection of Subcutaneous Tumor Tissue and Cell Samples
For cell samples, steel balls were employed for lysing. For subcutaneous tumor tissue, liquid nitrogen was employed for grinding. Ground tissue was weighed, PBS was added (200 μl of PBS per 100 mg of tissue), followed by thorough mixing. Centrifugation was carried out (12,000 rpm, 15 min, 4°C), after which the supernatant was collected for biochemical analyses.
In HCC tissues, we used colorimetric kits to measure the level of glucose (ab136955; Abcam, Cambridge, United Kingdom), lactate (Lactate-Glo™; Promega, Fitchburg, WI, United States), adenosine triphosphate (ATP) (ab83355; Abcam), and lactate dehydrogenase (LDH; MAK066; MilliporeSigma, Burlington, MA, United States). For cell samples, sonication was undertaken, followed by biochemical assays (Li et al., 2017b; Li et al., 2018b). Levels of these metabolism-related factors were compared with those of the control group. On this basis, heatmaps were drawn according to the relative expression of each target gene, as described above (Ma et al., 2020; Zhou et al., 2021).
2.8 Statistical Analyses
Statistical analyses were carried out using the Bonferroni correction with two-way ANOVA and paired-sample t-tests. SPSS 9.0 (IBM, Armonk, NY, United States) was used for statistical analyses. Half-maximal inhibition (IC50) values of antitumor dugs were calculated using Origin 6.1 (OriginLab, Northampton, MA, United States).
3 RESULTS
3.1 The SNM Did Not Affect the Metabolic Profile of HCC Cells In Vivo Compared With That of a Lipid Emulsion
First, the effects of the SNM with the lipid fat emulsion containing nutritional supplements was undertaken (Figure 1). Upon short-term administration, the lipid emulsion (0.2 g/kg) affected the metabolic characteristics of MHCC97-H cells in SCID mice significantly. Uptake of glucose and abnormal metabolism were enhanced significantly. This phenomenon was reflected in 18F-FDG uptake by MHCC97-H cells being significantly higher than that of the control group (Figure 1A). Short-term intake of the lipid emulsion or SNM did not affect the volume or weight of the tumor (Figures 1B,C). Levels of glucose, lactate, ATP, and LDH in the lipid-emulsion group were significantly higher than those of the control group (Figure 1D). The SNM administered orally did not affect the metabolic characteristics of MHCC97-H cells in SCID mice: MHCC97-H cells in the SNM group had no effect on 18F-FDG uptake (Figure 1A). Levels of glucose, lactate, ATP, or LDH were not significantly different in the SNM group compared with those of the control group (Figure 1D). RT-qPCR was undertaken to ascertain the Warburg effect and epithelial–mesenchymal transition (EMT)-related factors in tumor tissues (Figure 1E). Oral administration of the lipid emulsion (but not the SNM) could induce expression of Warburg effect-related factors in MHCC97-H cells and induce an EMT effect in cells. We documented upregulation of expression of the Warburg effect-related factors glucose transporter 1 (GLUT1), endothelial PAS domain-containing protein 1 (EPAS-1), and hypoxia inducible factor 1 (HIF-1α) (Figure 1E), upregulated expression of the EMT-related factors N-Cadherin, vimentin, Twist and Snail (Figure 1E), and downregulated expression of the epithelial marker E-Cadherin (Figure 1E).
[image: Figure 1]FIGURE 1 | Detection of the metabolic status of MHCC97-H cells in SCID mice by a lipid emulsion and the SNM. MHCC97-H cells were obtained by culture. Then, cells were inoculated into SCID mice subcutaneously. After the formation of tumor tissue, the Nuclide uptake experiments was done on SCID mice. The nuclide intensity of HCC tumor tissues folds to blood was shown as Histogram (A). Tumor tissues were collected and the tumor volume (B) and tumor weight (C) shown as histograms. The level of metabolism-related indicators (D) and Warburg effect-related factors (E) in tumor tissues are shown as heatmaps. *p < 0.05.
3.2 The SNM Could Promote the Proliferation of MHCC97-H Cells in SCID Mice to a Certain Extent
The effects of long-term administration of the SNM on proliferation of human MHCC97-H cells in SCID mice and proliferation of murine H22 cells in BalB/c mice were detected. The SNM had different effects on H22 cells and MHCC97-H cells. The SNM could slow down the growth of H22 cells in BalB/c mice in a dose-dependent manner, and the high-dose group (0.2 g/kg) had the most obvious anti-tumor effect (Figure 2). The SNM had no clear anti-tumor activity on MHCC97-H cells in SCID mice, and the high-dose group (0.2 g/kg) may have elicited a tumor growth-promoting effect (Figure 3). These data suggested that the antitumor activity of the SNM was related to the species characteristics of cells in experimental mice.
[image: Figure 2]FIGURE 2 | The tumorigenic effect of nucleotide mixture alone on mouse HCC cells H22 in immunized normal mice. H22 cells were inoculated into BalB/c mice subcutaneously. Then, mice were administered (p.o.) with the SNM (0.04, 0.1, 0.2 g/kg). A photograph of a subcutaneous tumor (A) and the tumor volume (B), tumor weights (C) are shown. *p < 0.05.
[image: Figure 3]FIGURE 3 | Tumorigenic effect of the SNM alone on human HCC cells in immunodeficient mice. MHCC97-H cells were obtained by culture. Then, cells were inoculated into SCID mice subcutaneously. Next, mice were administered (p.o.) the SNM (0.04, 0.1, 0.2 g/kg). A photograph of a subcutaneous tumor (A) and the tumor volume (B) tumor weights (C) are shown. *p < 0.05.
3.3 The SNM Could Have a Protective Effect Upon Immune Cells
Use of H22 cells and MHCC97-H cells showed that the difference in the anti-tumor activity of the SNM was due mainly to the immune status of experimental mice. Hence, the effect of the SNM on immune cells was examined (Figure 4). Several MTDs (sorafenib, cabozantinib, regorafenib, lenvatinib) and cytotoxic chemotherapy drugs in the nmol/L range (paclitaxel (30 nmol/L), etoposide (300), etoposide (300), CCCP (300), adriamycin (100)) could damage lymphocytes (T cells (Figures 4A,D), B cells (Figures 4B,E), and NK cells (Figures 4C,F) derived from the peripheral blood of HVs. The SNM could exert a protective effect on these three types of lymphocytes, and significantly downregulated the effects of these drugs on lymphocytes (Figure 4). Similar results were obtained from the assays on cell survival (MTT) (Figures 4A–C) and apoptosis (Figures 4D–F). Simultaneously, RT-qPCR was used (Figures 5A–C). The SNM could upregulate expression of the pro-survival and anti-apoptosis-related factors B-cell lymphoma 2 (BCL-2), survivin, cIAP1 (cellular inhibitor of apoptosis 1), and cIAP2 (cellular inhibitor of apoptosis 2) in T cells (Figure 5A), B cells (Figure 5B), and NK cells (Figure 5C). These data suggested that the SNM could exert a protective effect upon immune cells.
[image: Figure 4]FIGURE 4 | Protective effect of the SNM on cells isolated from the peripheral blood lymphocytes of healthy volunteers. Peripheral-blood lymphocytes were isolated from blood donated from healthy volunteers. T cells (A,D), B cells (B,E), and NK cells (C,F) were obtained by sorting. T cells (A,D), B cells (B,E), or NK cells (C,F) were treated with immunotoxic drugs (sorafenib, cabozantinib, regorafenib, and lenvatinib at 1 μmol/L; paclitaxel (300 nmol/L), etoposide, (300 nmol/L), CCCP ((300 nmol/L), and adriamycin (100 nmol/L) alone or in combination with the SNM. Then, the MTT assay (A–C), or apoptosis (D–F) assay were conducted to determine the damage wrought by these drugs on T cells (A,D), B cells (B,E), or NK cells (C,F). The results are shown as heatmaps.
[image: Figure 5]FIGURE 5 | Protective effect of the SNM on cells isolated from the peripheral-blood lymphocytes of healthy volunteers (RT-qPCR). Peripheral-blood lymphocytes were isolated from blood donated from healthy volunteers. Then, T cells (A), B cells (B), and NK cells (C) were obtained by sorting. Cells were treated with different doses of the SNM, and the effects on expression of BCL-2, survivin, cIAP-1, and cIAP-2 in cells were examined by RT-qPCR. Results are shown as heatmaps of the fold change in expression of pro-survival and anti-apoptotic factors in each group compared with the control group.
3.4 The SNM Could Promote the Recruitment and Survival of Immune Cells in Tumor Tissue
Next, MHCC97-H cells were inoculated into SCID mice and then infused with human PBLs. Sorafenib monotherapy could damage lymphocytes, thereby resulting in a decreased distribution of lymphocytes in the tumor tissue formed by MHCC97-H cells (Figure 6A). Combination of sorafenib with the SNM enabled the latter to significantly reduce the damage wrought by sorafenib on lymphocytes, and promote PBL recruitment in the subcutaneous tumor tissue formed by MHCC97-H cells (Figure 6A). Simultaneously, the SNM could significantly improve lymphocyte survival in the tumor tissue formed by MHCC97-H cells (Figure 6B).
[image: Figure 6]FIGURE 6 | The SNM could promote the recruitment and survival of healthy volunteer-derived peripheral-blood lymphocytes in the subcutaneous tumors formed by MHCC97-H cells in mice. MHCC97-H cells were obtained by culture. Then, cells were inoculated subcutaneously into SCID mice to enable formation of tumor tissue. Simultaneously, peripheral-blood lymphocytes from healthy volunteers were infused back into SCID mice (∼1 × 107 cells per mouse). Then, mice received sorafenib (1 mg/kg, p.o.) or a combination of sorafenib (1 mg/kg) + SNM (0.2 g/kg). Then, tumor tissue was collected, ground, and flow cytometry-sorted to determine the level in each 50 mg of tissue. The number of peripheral-blood lymphocytes recruited (CD45+ fraction) and the number of surviving peripheral-blood lymphocytes (CD45 combined with trypan-blue staining) (A) or survival of cells (B) are shown as histograms. (A) *p < 0.05 compared with control (recruitment of peripheral-blood lymphocytes); (B) #p < 0.05 compared with control (survival of peripheral-blood lymphocytes). *p < 0.05.
3.5 The SNM Could Achieve Effective Anti-Tumor Activity After Humanized Immune Reconstitution
After SCID mice had been inoculated (s.c.) with human the HCC line MHCC97-H, they were given infusions of PBLs from HVs at low (1 × 106), medium (5 × 106), and high (1 × 107) doses. PBLs had a certain anti-tumor activity and could diminish the tumorigenic effect of MHCC97-H in nude mice dose-dependently (Figure 7). Simultaneously, compared with the control group, the SNM could improve the anti-tumor activity of PBLs significantly (Figure 7). Sorafenib could inhibit the tumorigenic effect of MHCC97-H cells in SCID mice dose-dependently, but the SNM (0.2 g/kg) repressed the antitumor effect of sorafenib (Figure 8). Different from these results, sorafenib inhibited the subcutaneous growth of H22 cells in a dose-dependent manner, and the SNM could improve the anti-tumor activity of sorafenib significantly (Figure 9). We wished to confirm the effect of the SNM on TKIs or ICIs. H22 cells were inoculated into BalB/c mice, and MHCC97-H cells were inoculated into SCID mice. SCID mice were infused with PBLs from HVs (1 × 107 cells each time, and infused thrice). The six doses of TKI alone or ICI alone or in combination with the SNM were given to mice. The SNM could improve the anti-tumor activity of sorafenib or BMS-1166 significantly, and the IC50 of sorafenib and BMS-1166 in tumor tissue or the tumor weight decreased, respectively (Table 3).
[image: Figure 7]FIGURE 7 | Combined infusion of nucleotide mixture and healthy human peripheral blood lymphocytes on tumorigenesis of human HCC MHCC97-H in immunodeficient mice. MHCC97-H cells were obtained by culture. After MHCC97-H cells had been inoculated subcutaneously into SCID mice, peripheral-blood lymphocytes were isolated from human volunteers. SCID mice were inoculated with 1 × 106, 5 × 106, or 1 × 107 cells each time/mouse (once every 2 days, 10 times in total). During injection of peripheral-blood lymphocytes, mice received the control or SNM (0.2 g/kg) every day. After treatment, tumor tissue was collected and photographed (A). Photographs of subcutaneous tumor tissue (A), tumor volume (B), and tumor weight (C). *p < 0.5.
[image: Figure 8]FIGURE 8 | Effect of the SNM on molecular-targeted drugs inhibiting the subcutaneous growth of human HCC cells in immunodeficient mice. MHCC97-H cells were obtained by culture, and inoculated subcutaneously in immunodeficient SCID mice. Then, mice were given sorafenib (0.5, 1, 3 mg/kg) alone or combined with the SNM (0.2 g/kg). Photographs of subcutaneous tumors (A), tumor volume (B), or tumor weight (C) are shown. *p < 0.05.
[image: Figure 9]FIGURE 9 | Effect of the SNM on molecular-targeted drugs inhibiting the subcutaneous growth of murine HCC cells in BalB/c mice. H22 cells were obtained and inoculated subcutaneously in BalB/c mice. Then, mice were given sorafenib (1, 5, 10 mg/kg) alone or combined with the SNM (0.2 g/kg). Photographs of subcutaneous tumors (A), tumor volume (B), and tumor weight (C) are shown. *p < 0.05.
TABLE 3 | The single nucleotide mixture can down-regulate the IC50 value of a series of concentrations of sorafenib or BMS-1166 in HCC cells.
[image: Table 3]4 DISCUSSION
TKIs were once the only drug treatment for advanced HCC (Roskoski, 2019; Roskoski, 2020; Roskoski, 2021; Roskoski, 2022). These TKIs (e.g., sorafenib) can delay HCC progression and prolong patient survival (Zhu et al., 2017), but they face three main challenges. First, the vast majority of patients who are initially sensitive to sorafenib develop drug tolerance as treatment progresses (Zhu et al., 2017). Second, existing treatment strategies (e.g., sorafenib, 800 mg, p.o.) can elicit serious side-effects (Zhu et al., 2017). Lenvatinib has been approved as a first-line (Bruix et al., 2017; Kudo et al., 2018) and regorafenib as a second-line (Feng et al., 2018a; Zongyi and Xiaowu, 2020) drug, and they are considered superior to sorafenib. However, they are chemically similar and all share the same parent nucleus [1-(4-(pyridin-4-yloxy) phenyl)urea] (He et al., 2021b; Jiang et al., 2021). Hence, overcoming the problems of sorafenib treatment is difficult. Different from existing research, we focused on the influence of the nutritional status and immune status of mice on treatment effects. The existing strategies for nutritional support for HCC patients are: 1) providing energy support (mainly an intravenous infusion of glucose); 2) oral, nasogastric, or injection routes of high-energy-density lipid emulsions as nutritional supplements; 3) Chinese patent medicines (Zhang et al., 2017b). A lipid emulsion was used as a control for the SNM in our study. Administration of a lipid emulsion by oral gavage could induce the Warburg effect (Hu et al., 2021; Yi et al., 2022), expression of Warburg effect-related factors in HCC cells, and promote expression of various proliferation- and survival-related factors of malignant tumor cells in experimental mice. In contrast, the SNM did not induce the Warburg effect or expression of various proliferation- and survival-related factors in HCC cells. First, MHCC97-H cells were inoculated into SCID mice. Short-term administration of a drug was undertaken after MHCC97-H cells formed tumor tissues in SCID mice (administration of the lipid emulsion or SNM once-daily for three consecutive days by oral gavage). The drug did not affect the volume of HCC tumor tissue significantly within a 3-day dosing cycle. The RT-qPCR and other assays could intuitively reflect the direct effects of the SNM on HCC cells. We chose a lipid emulsion instead of glucose because the effect of an oral solution or injection of glucose on the metabolism and proliferation of HCC cells is well known: abnormal glucose metabolism is an important feature of malignant tumor cells as represented by HCC cells (Bose et al., 2021; Vaupel and Multhoff, 2021; Wiese et al., 2021). Glucose administration to experimental animals affects the metabolic characteristics of HCC tissues and expression of proliferation-related factors (Broadfield et al., 2021; Loong et al., 2021). Cellular metabolism of glucose and lipids is closely related, and important regulators such as the transcription factors sterol regulatory element-binding transcription factor 1 (SREBP-1) and SREBP-2 can also affect expression of glucose metabolism-related factors and cellular glucose metabolism (Yin et al., 2019; Zou et al., 2021). Therefore, our results suggest that glucose (energy support) and a lipid emulsion (nutritional support) will improve the physical status of patients, but may also promote HCC in vivo. Hence, a SNM may be preferable.
Immunotoxicity is the main and non-negligible side-effect of various anti-tumor treatment strategies (Buoso et al., 2021; Shanti et al., 2021). Upon anti-tumor treatment, the number of lymphocytes (especially in peripheral blood) drops sharply in patients (Fessas et al., 2020; Wesley et al., 2021). The adjuvant drugs employed for treatment of early HCC are interferons (e.g., gamma-interferon), interleukin-2, and immunomodulators such as albumin or thymosin (Ding et al., 2018; Yan et al., 2021). In addition, a considerable proportion of patients also receive albumin injections. However, such strategies do not: alleviate the damage to the immune system caused by anti-tumor treatment strategies; exert a protective effect upon lymphocytes; help to improve the function of the immune system; protect immune-related stem cells or blast cells. In addition, patients with advanced HCC are often accompanied by different degrees of fibrosis, cirrhosis, functional insufficiency of the liver or portal hypertension (Behary et al., 2021; Mohr et al., 2021; Raza et al., 2021). Therefore, patients need continuous infusion of albumin and immune enhancement to prevent infection.
The SNM we used is different from immune-related cytokines or albumin. As an important low-molecular-weight compound in an organism, the SNM comprises three main components: base, pentose, and phosphate. These components are the basic units of nucleic acids. The latter determine the biological characteristics, proteins, and functions of cells, and control the growth, development, reproduction, and inheritance of organisms (Cai et al., 2016a; Cai et al., 2016b). Nucleotides also participate in regulation of the metabolism of various substances and of various protein functions in the form of free nucleotides or their derivatives (Cai et al., 2016a; Cai et al., 2016b). Free nucleotides are the main high-energy compounds in energy-metabolism pathways, important messengers in signal transduction within cells, and metabolic regulators of various nutrients in the body (Cai et al., 2016a; Cai et al., 2016b). Nucleotides are synthesized and degraded continuously in organisms, and there are two main sources, i.e., endogenous nucleotides: 1) present in the body; 2) synthesized by enzymatic hydrolysis and other technologies (Cai et al., 2016a; Cai et al., 2016b). Nucleotides from exogenous sources (e.g., DNA, RNA nucleotides/nucleosides) are indispensable nutrients under specific physiological conditions (Cai et al., 2016a; Cai et al., 2016b). Studies have shown that addition of exogenous nucleotides can nourish lymphocytes, promote their differentiation, and inhibit DNA damage, thereby improving cellular immune function, humoral immune function, and monocyte–macrophage phagocytosis (Cai et al., 2016a; Cai et al., 2016b). Those observations are consistent with our findings. The SNM had strong antitumor activity (or adjuvant antitumor activity) in normal (but not immunodeficient) mice. After re-immunization in immunodeficient mice, the SNM regained antitumor activity. Simultaneously, we clarified the protective effects of the SNM on immune cells at multiple levels, all of which highlighted the advantages of the SNM over other immunomodulators.
Immunotherapy of HCC has been a major breakthrough in recent years. Immunotherapy targets PD-1 and its ligand (PD-L1) and other immune checkpoints (Llovet et al., 2022). MTDs, including therapeutic monoclonal antibodies or small-molecule inhibitors, offer new hope for patients (Yan et al., 2020; Yi et al., 2021). The overall efficacy of PD-1 inhibitors alone in treatment of liver cancer is about 10–30%. Due to the memory function of the immune system, some patients achieve clinical cure (complete remission), whereas the combination of a TKI and other MTDs can have a synergistic therapeutic effect (Llovet et al., 2022). However, long-term use of ICIs can cause immune system-related side-effects, and severe immune-related inflammatory reactions will occur (Han et al., 2020).
In the present study, sorafenib was selected as a representative TKI, and BMS-1166 was selected as a representative ICI targeting PD-L1 (Shi et al., 2019; Mittal et al., 2021). By setting seven concentrations for sorafenib and BMS-1166, the IC50 of each drug in MHCC97-H cells could be determined. The SNM could significantly enhance the killing effect of sorafenib and BMS-1166 in the human HCC line MHCC97-H. Despite species differences, sorafenib and BMS-1166 could inhibit the proliferation of murine H22 cells, which was also observed for H22 cells after inoculation into BalB/c mice. We selected sorafenib because it is the most widely used TKI. We selected BMS-1166 because it and sorafenib are small-molecule compounds, which aided comparison of their effects. The ICIs used to treat HCC are mainly therapeutic antibodies (Chen et al., 2020; Finn et al., 2020; Gordan et al., 2020; Hu et al., 2020; Yau et al., 2020; Liu et al., 2021b; Cao et al., 2021; Kelley et al., 2021; Pinter et al., 2021; Xu et al., 2021). Whether BMS-1166 can be applied to HCC merits further investigation. SNMs, small-molecule inhibitors, and therapeutic antibodies targeting PD-1/PD-L1 via immune mechanisms have different characteristics. PD-1/PD-L1-targeting therapies slow down/blockade the “immune escape” of HCC cells (targeting T cells mainly), whereas the SNM could protect immune cells directly and improve the overall immunity of patients. During treatment for HCC, the damage to immune cells arises mainly from: 1) the toxicity of anti-tumor drugs; 2) tumor tissue not being conducive to the survival and function of immune cells; 3) HCC cells affecting immune cells directly through PD-1/PD-L1 (immune escape by inducing T-cell apoptosis). Therefore, PD-1/PD-L1 and TKIs combined with a SNM may be a more advantageous strategy in the future.
In conclusion, this study focused on single nucleotide mixtures as an adjuvant therapy strategy for HCC, which not only expands our knowledge in related fields, but also provides more options for patients.
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According to GLOBOCAN 2021 cancer incidence and mortality statistics compiled by the International Agency for Research on Cancer, hepatocellular carcinoma (HCC) is the most common malignancy in the human liver and one of the leading causes of cancer death worldwide. Although there have been great advances in the treatment of HCC, such as regofenib, sorafenib, and lomvatinib, which have been developed and approved for the clinical treatment of advanced or metastatic HCC. However, they only prolong survival by a few months, and patients with advanced liver cancer are susceptible to tumor invasion metastasis and drug resistance. Ubiquitination modification is a type of post-translational modification of proteins. It can affect the physiological activity of cells by regulating the localization, stability and activity of proteins, such as: gene transcription, DNA damage signaling and other pathways. The reversible process of ubiquitination is called de-ubiquitination: it is the process of re-releasing ubiquitinated substrates with the participation of de-ubiquitinases (DUBs) and other active substances. There is growing evidence that many dysregulations of DUBs are associated with tumorigenesis. Although dysregulation of deuquitinase function is often found in HCC and other cancers, The mechanisms of action of many DUBs in HCC have not been elucidated. In this review, we focused on several deubiquitinases (DUBs) associated with hepatocellular carcinoma, including their structure, function, and relationship to hepatocellular carcinoma. hepatocellular carcinoma was highlighted, as well as the latest research reports. Among them, we focus on the USP family and OTU family which are more studied in the HCC. In addition, we discussed the prospects and significance of targeting DUBs as a new strategy for the treatment of hepatocellular carcinoma. It also briefly summarizes the research progress of some DUB-related small molecule inhibitors and their clinical application significance as a treatment for HCC in the future.
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Introduction

Liver cancer is a common cause of cancer death worldwide and is one of the ten cancers with a high incidence (1). Due to the asymptomatic nature of early hepatocellular carcinoma (HCC), HCC can only be evaluated by some early biomarkers in the patient’s body, such as serum α-fetoprotein (AFP) (2), Glypican-3 (GPC3) (3), and tumor-associated antigens (TAAs) (4). As a result, most patients are unable to detect and treat HCC at an early stage; moreover, HCC has a poor prognosis and a high mortality rate (5). For patients with early and intermediate HCC, surgical therapies such as hepatic resection and liver transplantation have good results (6). However, surgical therapy needs to consider factors such as the patient’s tumor stage and physical condition, so surgical therapy is not suitable for some patients. At present, systemic therapy and some adjuvant therapies of clinical surgery have become new research strategies for the treatment of HCC (6), such as transarterial chemoembolization (TACE), transarterial radioembolization (TARE), external beam radiation therapy, and oncolytic virus (7), but the effect of these treatments is not ideal. Systemic drug therapy has also become an important means of current liver cancer treatment (8). At present, many targeted drugs have been approved for the clinical treatment of HCV patients, for example, Nexavar (sorafenib), an oral drug first approved to target multiple kinases (9); regorafenib (Stivarga) was approved in June 2017 (10); and lenvatinib (11). These drugs all provide new treatment directions for HCC patients.

As we all know, the pathogenesis of human HCC is more complex, and an in-depth understanding of the molecular mechanism of HCC pathogenesis can provide an effective treatment strategy for improving the survival rate of HCC patients. At present, the development of targeted drugs provides new therapeutic prospects for the current treatment of HCC. Signaling pathways and potential targets related to the pathogenesis of HCC have become important methods for the development of drugs targeted for the treatment of advanced HCC (12). Studies have reported many key targets associated with HCC, such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) (13), programmed cell death-1 and its ligands (PD-1/PD-L1) (14), hypoxia-inducible factor (HIF) (15), and deubiquitinases (DUBs) (16).

DUB is an important regulator of the process of deubiquitination and ubiquitination balance in human cells (17). Ubiquitination of proteins is a process in which multiple ubiquitin molecules are covalently attached to the protein substrate and then degraded by the 26S proteasome complex under the combined action of three types of enzymes: ubiquitin-activated enzyme (E1), ubiquitin-coupled enzyme (E2), and ubiquitin ligase (E3) (18, 19). Ubiquitination involves seven lysine residues: K6, K11, K27, K29, K33, K48, and K63 and N-Teline (Met1) (20). These residues can be ubiquitinated to form isopeptide-linked ubiquitin chains (21). DUBs include cysteine proteases as well as metalloproteinases that specifically cleave ubiquitin molecules in protein substrates (22). Regulating the homeostasis of ubiquitination and deubiquitination is conducive to the normal progress of human cell activities and maintains homeostasis in the human body (23). There are approximately 100 DUBs in humans, and DUB enzymes can be divided into 7 families based on structure and function (24), including ubiquitin-specific proteases (USPs), ubiquitin C-terminal hydrolases (UCHs), proteases containing the Machado–Joseph domain (MINDYs), ovarian tumor proteases (OTUs), newly discovered zinc finger protease (ZUPs/ZUFSPs), JAM/MPN domain-related Zn-dependent metalloproteinases (JAMMs), and Machado–Josephin domain-containing proteases (MJDs) (25) (Figure 1).




Figure 1 | Ubiquitination of E1, E2, E3, and deubiquitination mechanism of DUB.



At present, a number of studies have shown that the deubiquitination effect of proteins is closely related to the occurrence and development of cancer, such as breast cancer, lung cancer, stomach cancer and hepatocellular carcinoma (26–30). In this review, we highlight hepatocellular carcinoma -related DUBs, including their structure, mechanisms of action in hepatocellular carcinoma, and recent research advances. In Figure 2, the related pathways and target proteins of DUBs in HCC are shown (Figure 2). Last but not least, we discussed the prospects and implications of DUBs and DUB-related small molecule inhibitors as potential protein targets for hepatocellular carcinoma treatment.




Figure 2 | Deubiquitinase-related proteins and pathways in hepatocellular carcinoma (HCC).





Ovarian Tumor Protease OTU

There are 16 species of cysteine protease OTU family members, which can be divided into four different subfamilies: OTUB subfamilies (OTUB1 and OTUB2), OTUD subfamilies (OTUD1, OTUD2/YOD1, OTUD3, OTUD4, OTUD5/DUBA, OTUD6A, OTUD6B, and ALG13), A20-like subfamilies (A20, Cezanne, Cezanne2, TRABID, and VCPIP), and OTULIN subfamily (OTULIN) (31). Studies have shown that the Cys catalytic residues present in the OTU subfamily protease active site make it susceptible to reverse oxidation (32). Here, we introduce the structure and function of “OTUB1 OTUD3 OTUD6B ZRANB1” in the OTU family and the research progress in HCC.


OTUB1


Structure of OTUB1

OTUB1 is a founding member of the ovarian tumor (OTU) domain family of DUBs and belongs to the OTUB subfamily (33). In addition to the OTU domain containing 130 amino acids, OTUB1’s unique crystal structure has two different ubiquitin-binding sites (34). During the deubiquitination process, OTUB1 preferentially cleaves the polyubiquitin chains connected by Lys (34, 35) while using the active center to catalyze the substrate reaction. The catalytic domain of OTUB1 consists of three parts: Cys(C)91, His(H)265, and Asp(D)268 (36). Studies have shown that in the presence of free ubiquitin molecules, the activity of the OTUB1 enzyme is regulated by the E2 enzyme: the uncharged E2 enzyme can activate the activity of the OTUB1 enzyme by stabilizing the N-terminal structure of OTUB1. In addition, OTUB1 is able not only to remove the ubiquitin molecules linked to the substrate but also to inhibit the ubiquitination process through binding to the E2 enzyme (37).



The Function of OTUB1 and Research Progress in Hepatocellular Carcinoma

OTUB1 is expressed in a variety of tissues in the body, such as the kidneys, colorectum, stomach, brain, and liver (38). In human liver cancer and other tumor tissues, OTUB1 has been shown to have a high expression and is associated with a poor prognosis in patients (38, 39). Inhibiting the expression of OTUB1 by shRNA will weaken the proliferation, migration, and invasion ability of HCC cells (38).

LncRNAs are a class of RNAs that are not protein-coding and can bind to downstream MIR genes through endogenous competition and targeted action (40, 41). It is widely believed to be associated with many diseases in the human body and is also a related causative agent of cancer (42). OTUB1 is also associated with lncRNA in liver cancer. LncRNA GAS6-AS2 was shown to be upregulated in liver cancer cells as well as tissues. GAS6-AS2 regulates the expression of downstream OTUB1 by targeting miR-493-5p with 3′UTR (39). The hyperactivated PI3K/Akt signaling pathway plays a central role in cancer cell metabolism and is also thought to be associated with the occurrence of HCC as well as metastasis (43, 44). LncRNA GAS6-AS2 knockdown can promote HCC cell proliferation, invasion, metastasis, and apoptosis by mediating the miR-493-5p/OTUB1 axis to activate the PI3K/AKT/FoxO3a pathway (39). The above studies show that OTUB1 can be used as a novel marker for targeted therapy for liver cancer.




OTUD3


Structure of OTUD3

OTUD3 belongs to the subfamily OTUD and is structurally similar to OTUD2. Its active domain is approximately 52–209 amino acids, which also includes the DUB family’s classic catalytic triplet residues (31). During the deubiquitination process, OTUD3 is the only DUB that tends to cleave k6-linked double ubiquitin and bind it to the S1 and S1′ sites (31). The Lys6-linked polyUb is a mysterious type of chain whose role in cells has not yet been elucidated (45).



The Function of OTUD3 and Research Progress in Hepatocellular Carcinoma

A growing number of reports suggest the role of OTUD3 in human cancers, such as breast cancer as well as lung cancer (35, 46). Studies have demonstrated that OTUD3 is expressed in high amounts in HCC tissues and is associated with a poor prognosis in HCC patients (47). α-Actin 4 (ACTN4) is called an actin-binding protein and belongs to a family of actin-binding proteins. OTUD3 can affect the expression of α-actin 4 (ACTN4) at the protein level and promote the proliferation, invasion, and metastasis of HCC by stabilizing ACTN4 by deubiquitination (47).





Other Enzymes of the OTU Family


OTUD6B

Studies have shown that OTUD6B can regulate HCC metastasis by regulating the activity of HIF under hypoxic conditions. Mechanistically, OTUD6B directly interacts with pVHL and enhances its stability. In human HCC tissues, the protein level of OTUD6B was positively correlated with pVHL, whereas HIF-1α and vascular endothelial growth factor were negatively correlated. This study demonstrates that OTUD6B is a direct transcriptional target of HIF-1α, providing a new strategy for targeting hypoxic microenvironments for HCC therapy (48).



ZRANB

ZRANB1 overexpression was associated with poorer survival in patients with HCC, and there was a significant positive correlation between the expressions of ZRANB1 and LOXL2 in clinical HCC specimens, which can regulate the expression of LOXL2 through specific protein 1 (SP1). Mechanistically, ZRANB1 stabilizes and binds SP1 through deubiquitination, which promotes liver cancer progression (17). However, another study reported that the deletion or downregulation of ZRANB1 was closely associated with the recurrence, metastasis, tumor volume, and disease stage of liver cancer significantly increased. Knockdown of ZRANB1 promotes HCC growth and metastasis by regulating Twist1 K63 ubiquitination (49).




Ubiquitin-Specific Protease

The USP family is the most frequently studied DUB family and is a large family of more than 60 DUBs. The USP protein is considered an antagonist of the E3 ligase and is a potential target for cancer treatment (50). Here, we introduce the structure and function of “USP14, USP1, USP10, USP39, USP22, USP9X, USP2, USP7, USP4, USP5, USP29, USP15, USP12, USP16, USP27, USP46, and USP8” in the USP family research progress in HCC.


USP14


Structure of USP14

The full length of the protein sequence of USP14 contains 494 amino acids. Its structure can be roughly divided into the N-terminal ubiquitination active center and C-terminal deubiquitination catalytic activity domain. The N-terminus has a 9-kDa ubiquitin-like (Ubl) domain, which is an important regulator of proteasome activity (51, 52); the C-terminus is a 45-kDa catalytic domain responsible for its DUB activity (53). The catalytic domain of USP14 is similar to the structure of the HAUSP catalytic core domain, which is an extended right hand consisting of three domains of fingers, palm, and thumb (51). When the apolipoprotein USP14 binds to the proteasome, the conformation of the two surface rings (BL1 and BL2) changes to bring the ubiquitin C-terminus into the catalytically active site (54, 55).



The Function of USP14 and Research Advances in Hepatocellular Carcinoma

Many studies have shown that USP14 can be involved in modulating a variety of signaling pathways associated with human diseases, such as cancer, autophagy, immune response, and viral infections (56, 57). In HCC, USP14 is highly expressed in liver cancer and is associated with a poor prognosis in patients with HCC. In the hypoxic environment of liver cancer (58), USP14 can enhance the transcriptional activity of HIF-1α and the stability of HIF-1α through deubiquitination, which in turn promotes the migration and invasion of HCC cells in a HIF-1α-dependent manner (59). This suggests that USP14 is a potential diagnostic biomarker for HCC as well as a therapeutic target. IU1, an inhibitor of USP14, can significantly inhibit the proliferation of liver cancer cells and liver cancer tissue tumors. It can be used as a potential HCC treatment agent in vivo and in vitro.




USP1


Structure of USP1

USP1 regulates cellular DNA repair processes (60). USP1 has highly conserved USP domains of His and Cys and also has a catalytic triad consisting of C90, H593, and D751 (61). The protein sequence of USP1 consists of 785 amino acids, and the protein molecular weight is about 88.2 kDa (62). The cofactor UAF1 is a related factor of USP1 (63), which regulates the activity of USP1 isopeptidase by combining with UAF1 into a unique exogenous dimer complex. The enzyme activity of USP1 alone is low, but the activity of the enzyme is increased when combined with UAF1 (64, 65).



The Function and Research Progress of USP1 in Hepatocellular Carcinoma

In addition to being a regulator of cellular DNA repair (60), USP1 is also involved in the occurrence and development of various human diseases, such as USP1, plays a key role in the Fanconi anemia pathway (60), is a potential target for differentiation therapy (66), is upregulated in breast cancer, and is associated with poor patient prognosis (67). USP1 can also affect the development of lung cancer by regulating the PHLPP1-Akt signaling axis (68). In liver cancer, USP1 is thought to play a key role in the immune infiltration process of tumors. Drugs such as pimozide and ML-323 can inhibit the promotion of USP1 on the cell cycle and proliferation of HCC (69).

Ribosomal protein S16 (RPS16) is a highly conserved 40S ribosomal protein, which has been reported to be highly expressed in various cancers, such as colorectal cancer (CRC) (70). Studies have shown that USP1 can promote the stability of RPS16 protein and promote the proliferation and migration of liver cancer cells by binding to the cys90 (C90) site at the N-terminus of UAF1 (a cofactor of USP1) (71).

Protein transduction protein (TBL1) is a key regulator of the Wnt pathway and is proven to be associated with tumors in several studies, such as in cervical (72), prostate (73), and ovarian cancers (74). In liver cancer, USP1 can maintain the survival of hepatic circulating tumor cells by deubiquitinating and stabilizing TBL1 protein (75).

Lenvatinib (Lenvima) is an oral small-molecule inhibitor of multiple receptor tyrosine kinases for the treatment of advanced liver cancer patients (76). However, most patients will develop resistance to lenvatinib (77), so research on the mechanism of drug resistance in patients will help the development of targeted therapy for liver cancer (78). USP1 can promote the proliferation and migration of HCC cells by promoting the expression and stability of c-kit protein, and USP1 also promotes the efficacy of lenvatinib in HCC (79). In conclusion, USP1, as a novel diagnostic and predictive marker in the treatment of liver cancer, can provide new ideas for the development of targeted drugs for liver cancer treatment.




USP10


Structure of USP10

USP10 is a cysteine protease of approximately 798 amino acids in length and is a highly conserved protein in eukaryotes (80). The catalytic domain of USP10 is located at 415 amino acids at the N-terminus of the protein and is about 380 amino acids in size. USP10 can remove Ub from the target protein by undergoing a hydrolysis reaction (80).



The Function of USP10 and Research Progress in Hepatocellular Carcinoma

USP10 is involved in many physiological activities in the human body, such as promoting cell proliferation and differentiation by targeting p53 protein (81); USP10 can activate the downstream protein AMPK through deubiquitination and form a feedforward loop with it (82). In addition, USP10 is also a tumor-related factor in human lung cancer (83), CRC (84), liver cancer, etc. (30). In HCC, multiple studies have shown that the transforming growth factor β (TGF-β) pathway is closely related to the metastasis of HCC (85, 86). USP10 can directly bind to Smad4 and act on the Lys-48-linked polyubiquitin chain on Smad4 to stabilize it; USP10 regulates the abundance and function of Smad4 protein through deubiquitination and activates the TGF-β pathway to further promote the migration of hepatoma cells (87). In addition, the USP10 inhibitor Spautin-1 can inhibit HCC metastasis in a dose-dependent manner, which makes it a targeted drug for effective anti-metastatic agents in the treatment of HCC.

mTOR signaling is highly expressed in liver cancer and other cancers (88). PTEN and AMPKα signaling pathways are regulators upstream of mTOR activation (89). USP10 acts as a tumor suppressor and acts as a tumor suppressor protein in HCC. USP10 stabilizes PTEN and AMPKα in HCC cells through deubiquitination and can inhibit AKT 329 phosphorylation and mTORC1 activation in HCC cells, thereby inhibiting the mTOR pathway (90).

A study showed that USP10 interacts with lncRNA GASAL1 to promote the malignancy of HCC (91). Mechanistic analysis revealed that lncRNA-GASAL1 could upregulate USP10 expression by targeting downstream miR-193b-5p through competitive binding. In addition, USP10 can stabilize proliferating cell nuclear antigen (PCNA) through deubiquitination to enhance the proliferation and migration of hepatoma cells (92).

YAP protein is a regulator found in Drosophila to control organ size (93, 94). Studies have shown that the Hippo-YAP/TAZ pathway is closely related to human metabolism, organ regeneration, and cancer (95–97). In HCC, USP10 was shown to activate YAP/TAZ protein and stabilize its activity through deubiquitination. USP10 can upregulate the abundance of YAP/TAZ protein in HCC and promote the proliferation and migration of HCC in vivo and in vitro (30). These provide new ideas and research proof for the mechanism of USP10 in HCC.




USP39


Structure of USP39

Family member ubiquitin-specific peptidase 39 (USP39) is the homolog of Sad1p in yeast, also known as the human 65-kDa SR-related protein (98, 99). The structure of USP39 includes a central zinc finger ubiquitin domain and a canonical UCH domain (100). Studies have shown that there are no active site residues of cysteine and histidine in the structure of USP39, so there is no DUB enzyme activity (101), and it is also classified as a DUB (99).



The Function and Research Progress of USP39 in Hepatocellular Carcinoma

USP 39 (USP39) is an important regulator of human mRNA splicing and is highly expressed in a variety of cancers (100, 102). New research shows that USP39 plays a key role in the occurrence and development of liver cancer. The Kaplan–Meier analysis found that the high expression of USP39 in liver cancer was closely related to the poor prognosis of patients. USP39 may promote the malignancy of liver cancer by participating in the regulation of the epithelial–mesenchymal transition (EMT) pathway of HCC. ZEB1 is a key factor in the human tumor EMT pathway (103, 104). Mechanistic studies suggest that USP39 stabilizes ZEB1 protein through deubiquitination and activates the development of the EMT pathway and the proliferation and migration of hepatoma cells (105).

USP39 can directly bind and interact with the ubiquitinated E3 ligase TRIM26 (105). Studies have shown that the E3 ligase TRIM26 can inhibit the occurrence and development of several tumors in humans (106). USP39 and TRIM26 promote HCC progression through antagonism to balance the expression level of ZEB1 (105).

USP39 can be acetylated by the acetyltransferases HAT and MYST1. Acetylated USP39 can be degraded by E3 ubiquitin ligase (VHL)-mediated proteasome (107). SIRT7 has been reported to be an oncogenic potential factor in HCC and can form a regulatory loop with miRNAs to promote HCC progression (108). In the development of hepatoma cells, SIRT7 can deacetylate USP39, which improves the stability of USP39 and promotes the proliferation of HCC (107).

FoxM1 is widely recognized as a key factor in the transcriptional regulation of human cancers (109). It can promote the occurrence and development of HCC by regulating the expression of KIF4A (110). USP39 has been reported to promote the cleavage of forkhead box protein M1 (FoxM1) in hepatoma cells to promote the occurrence and development of HCC (111); USP39 knockdown can also induce apoptosis by targeting FoxM1 shear force on mRNA and promote the growth of hepatoma cell SMMC-7721 in vitro and in vivo (112).

Specific protein 1 (SP1) belongs to the Sp/KLF transcription factor family (113) and is considered to be the basal transcription factor in humans. Sp1 is also associated with a variety of human diseases, such as Huntington’s disease (113, 114). SP1 is also associated with poor prognosis in a variety of cancers (115). Studies have shown that USP39 can stabilize Sp1 and prolong its half-life through deubiquitination in HCC (116). In addition, USP39 can also promote the SP1-dependent pathway. Therefore, USP39 can target Sp1 to promote liver cancer cell proliferation (116).




USP22


Structure of USP22

USP 22 (USP22) is an important member of the USP family. Its protein structure consists of 525 amino acids, including the structural sequence of a putative ubiquitin hydrolase containing a C-terminal peptidase domain and an N-terminal UBP-type zinc finger motif (117). In addition, USP22, ATXN7L3, ATXN7, and ENY2 are transcriptional cofactors of human Spt-Ada-Gcn5 acetyltransferase (hSAGA) and key subunits of the SAGA complex (118, 119).



The Function and Research Progress of USP22 in Hepatocellular Carcinoma

As an important member of the USP family, USP22 also plays a very important role in the occurrence and development of HCC. Among them, the expression of USP22 and survivin was shown to be closely related to the malignant behavior of HCC cases, including tumor size, stage, and differentiation (120). Several studies have reported that USP22 is closely related to the drug resistance mechanism of HCC. For example, in sorafenib-resistant cell lines, USP22 can regulate and upregulate ABCC1 (121). In addition, USP22 can directly interact with SIRT1 and regulate the protein expression level of SIRT1, which promotes the resistance of hepatoma cells to 5-fluorouracil (5-FU) (122). Previous reports have demonstrated that SIRT1 can deacetylate and activate the AKT pathway (123), and USP22 can promote MDR in HCC cells by activating the SIRT1/AKT/MRP1 pathway (124); USP22 is also able to regulate chemotolerance in HCC through Smad4/Akt-dependent MDR-related gene regulation (117). Relevant drug resistance genes include BMI1 and EZH2. Co-expression of USP22 and BMI1 is associated with poor prognosis and enhanced anticancer drug resistance in HCC (125). Some researchers have proposed a self-activating cascade reaction—the co-delivery system of sorafenib and shUSP22 (Gal-SLP), aiming at the effect of USP22 on the drug resistance of liver cancer cells. This delivery system exhibits potent antitumor efficiency through three synergistic effects (126). This is also a major advance in the use of DUBs for the treatment of HCC. We presume that with the in-depth study of DUB, DUBs can provide new approaches and strategies for the treatment of cancer in humans. In addition to affecting the drug resistance of liver cancer cells, USP22 can also regulate peroxisome proliferator-activated receptor γ (PPARγ) in HCC through deubiquitination to promote fatty acid synthesis and tumorigenesis. These findings provide a new therapeutic strategy for patients with high USP22 expression in HCC (127).

In addition to the effect on drug resistance of liver cancer cells, other studies have also reported that USP22 can significantly affect the glycolysis and stemness characteristics of liver cancer cells under hypoxic conditions: HIF-1α knockdown inhibits USP22-induced and hypoxia-induced effects (128). USP22 can also affect the transcription of the phosphatase DUSP1 by E2F6 protein through deubiquitination, which can activate the AKT pathway in hepatoma cells (129). In addition, USP22 can also be regulated by lncRNA HULC to further affect the drug resistance and tumor growth of liver cancer cells (130, 131).




Other Enzymes of the USP Family

In addition to the abovementioned USP family DUBs, there are other liver cancer-related USP family DUBs, including USP9X, USP2, USP7, USP4, USP5, USP29, USP15, USP12, USP16, USP27, USP46, and USP8.


Their Function and Research Progress in Hepatocellular Carcinoma


USP9X

USP9X has been proved by many studies to affect the occurrence and development of HCC (132). For example, by promoting HCC cell proliferation by regulating the expression of β-catenin (eta-catenin) (133), USP9X is able to affect hepatoma cells with ARID1A mutations through the AMPK pathway (134), miR-26b can regulate USP9X-mediated p53 deubiquitination to enhance the sensitivity of HCC cells to doxorubicin (135), miR-26b is also able to target USP9X expression to suppress EMT in hepatocytes (136), and usp9x can affect the drug sensitivity of hepatoma cells to doxorubicin and WP1130 through p53 (137). The lncRNA LINC00473 is also able to exert its oncogenic function in HCC by interacting with USP9X and may be a therapeutic target for HCC treatment (138).




USP2

USP2a is significantly upregulated in HCC tissues and positively correlated with poor patient prognosis, and USP2a can promote HCC progression by deubiquitinating and stabilizing RAB1A (139). In addition, USP2a is also believed to be involved in the production of nascent adipose to further regulate the progression of HCC, which has pathogenic and prognostic significance for HCC (140). USP2b has been shown to be dysregulated in HCC patients, promoting apoptosis and necrosis of HepG2 and Huh 7 cells. This study demonstrates that USP2 contributes to the pathogenesis of HCC and provides a molecular basis for the development of HCC therapies by modulating USP2b expression or activity (141).



USP7

The expression of USP7 is significantly increased in HCC and has been reported to have clinical significance in the prognosis and functional mechanism of HCC (142). USP7 may be a drug target for chemoresistance in HCC (143). MicroRNA-205 (miR-205) may negatively regulate the UPS7 protein level by targeting the 3′-untranslated region in HCC cells (144). Adipocyte-secreted exosomal circRNAs promote tumor growth and reduce DNA damage by inhibiting miR-34a and activating USP7/Cyclin A2 signaling pathway (145). METTL3 can regulate the expression of USP7 through m6A methylation and promote the invasion, migration, and proliferation of HCC cells (146). Furthermore, the homolog of Usp7, HAUSP, is able to regulate the Hippo pathway and stabilize Yorkie (Yki) and HAUSP as potential therapeutic targets for HCC (147). USP7 can also bind to FEN1, a poor prognostic molecule in HCC through deubiquitination, which can reduce the expression of p53 and promote the progression of HCC (148). In liver cancer, PROX1 can also enhance the stability of p65 by binding USP7 to affect angiogenesis in liver cancer cells (149). USP7 promotes HCC cell growth by forming a complex with thyroid hormone receptor-interacting protein 12 (TRIP12) and stabilizing p14 (ARF) ubiquitination, thereby promoting HCC progression (150).


USP4

Kaplan-Meier survival analysis showed that patients whose tumors overexpressed USP4 had poor overall survival, and it combined with cyclophilin A (CypA) to form a complex to activate the MAPK signaling pathway in HCC (151). In addition, USP4 can directly interact with TGF-β receptor type I (TGFR-1) through deubiquitination and activate the TGF-β signaling pathway, which can induce EMT in hepatoma cells, providing a new therapeutic target for the treatment of HCC (152). USP4 is able to act as a downstream target of miR-148a in hepatoma cells, and overexpression may contribute to the progression of HCC to more aggressive features (153).



Others

USP5 has been reported to be highly expressed in human hepatoma cells and can inhibit the expression of p53 and DNA repair function (154). It also binds to SLUG and regulates the EMT pathway associated with hepatoma cells (155).

The expression of USP13 was significantly upregulated in HCC cells, and studies showed that USP13 knockdown could inhibit the activation of the TLR4/MyD88/NF-κB pathway in hypoxia-induced HCC cells. In addition, studies have shown that USP13 can affect the growth of liver cancer cells by regulating the expression of c-Myc (156, 157).

Studies have shown that USP29 is related to HIF-1α in hepatoma cells. Mechanistically, USP29 promotes sorafenib resistance in HCC cells by upregulating glycolysis, thus opening a new avenue for therapeutic targeting of patients with sorafenib-resistant HCC (158).

USP15 is highly expressed in liver cancer tissues and cell lines, and high expression is significantly positively correlated with HCC recurrence. Studies have shown that downregulation of USP15 expression can inhibit the proliferation and apoptosis of liver cancer cells (159). In addition, xanthine oxidoreductase (XOR) can interact with USP15 to enhance the stability of Kelch-like ECH-associated protein 1 (KEAP1), which ultimately promotes the accumulation of reactive oxygen species (ROS) and liver cancer stem cells (CSCs) (160).

USP12 promotes HCC proliferation and apoptosis by affecting p38 and MAPK pathways (161). USP16 is downregulated in HCC, leading to Ct-HBx promoting the tumorigenicity and malignancy of HCC (162). USP27 promotes its stability by interacting with SETD3 and accelerates the growth of hepatoma tumor cells, and higher expression of USP27 and SETD3 predicts poorer survival in HCC patients (163). USP46 can promote MST1 kinase activity through deubiquitination to inhibit tumor growth and metastasis, suggesting that USP46 may be a potential therapeutic strategy for HCC (164). USP8 can regulate the expression of multiple receptor tyrosine kinases (RTKs) to affect the drug resistance of liver cancer cells (165).






Ubiquitin C-Terminal Hydrolase

The family of UCHs includes UCH-L1, UCH-L3, UCHL5/UCH37, and BRCA1-associated protein-1 (BAP1) (166). The UCH family has a classically conserved catalytic domain of about 230 amino acids in size (167). The domains of UCH-L5, UCH-L1, and UCH-L3 contain an active site crossover loop (116, 166). UCHL1 has been reported to be strongly associated with Parkinson’s disease (PD) (168, 169) and Alzheimer’s disease (AD) in humans (170). In view of the lack of current research reports on the UCH family, here we only introduce the structure and function of UCH37 and the research progress in HCC.


UCH37


Structure of UCH37

UCH37, also known as UCHL5, belongs to the human UCH family and is the only DUB in the family that is associated with the mammalian proteasome (171, 172). The protein structural sequence of the protease UCH37 contains 329 amino acids and is mainly associated with the Ub isopeptidase activity in the 19S proteasome regulatory complex (173). It is also the only UCH family of proteases capable of acting on the 19S proteasome complex and cleaving Lys48-linked polyubiquitin molecules in a unique manner (174). The three-dimensional structure of UCH37 consists of two parts, a globular UCH domain and a fibrillar unique C-terminal extension (175). Studies have shown that NFRKB can inhibit its activity by interacting with the extended structure of the C-terminus of UCH37 (173). During deubiquitination, UCH37 is able to associate with the 26S proteasome via Rpn13.



The Function and Research Progress of UCH37 in Hepatocellular Carcinoma

Studies have shown that UCH37 is highly expressed in liver cancer cells (HCC) and cancer tissues, and the prognosis of patients is poor (176). Peroxiredoxin 1 (Prdx1) belongs to the peroxidase family and plays a dual role in human tumorigenesis (177). Multiple studies have shown that Prdx1 is involved in the progression of human liver cancer, including tumor angiogenesis (178), apoptosis, autophagy (179), and poor patient prognosis in HCC (180). PRDX1 low expression can promote the proliferation, migration, and invasion of HCC cells in vitro. New research shows that the interaction of Prdx1 with UCH37 attenuates the effects of UCH37 on cell migration and invasion; this interaction may be through the formation of a complex rather than the deubiquitination of UCH37 itself, but the mechanism of the two on the development of liver cancer has not yet been elucidated (181). UCH37 can also act on the RNA splicing factor PRP19 through deubiquitination (182), and their interaction can promote HCC migration and invasion (176).

The protein chaperone GRP78 is often highly expressed in human cancers (183), such as lung cancer (184), pancreatic cancer (185), and breast cancer (186). GRP78 is also associated with diseases such as tumor resistance, patient prognosis (187), M2 macrophage polarization (188), and folding of nervous system proteins (189). The latest study shows that UCH37 can interact with the protein chaperone GRP78 by co-immunoprecipitation and confocal laser scanning microscopy, which provides new ideas and directions for the mechanism of UCH37 in HCC (190).





DUB-Related Inhibitors

As we know, proteasome inhibitors have been developed and used successfully in the treatment of some diseases (191, 192), which lays the foundation for the development of DUB as a drug research target. Currently reported inhibitors such as PR-619 and WP1130 can inhibit a variety of DUBs, of which WP1130 inhibits at least five DUBs: USP5, UCH-L1, USP9X, USP14, and UCH37 (193). However, the development of specific inhibitors has been challenging, which is related to the highly conserved structural features of the DUB catalytic site.

In the DUB family, UPS has been clearly regarded as one of the most important drug targets, and the research and development of inhibitors are more in-depth than those of other families. Among them, USP14 has been researched and developed as a more mature inhibitor. The research group of Finley et al. identified more than two hundred inhibitors of USP14 based on high-throughput screening of Ub-AMC hydrolysis assays; IU1 is the first specific inhibitor targeting USP14, named IU1 (194). In addition, other inhibitors have been developed: IU1 analogs, such as IU1-206 and IU1-248 and IU2 series (195); spautin-1 is a small molecule inhibitor of USP10 and also inhibits USP13 (196). Recent research reports identify Wu-5 as a novel USP10 inhibitor that induces degradation of the FLT3 mutant protein (197). A ubiquitin variant (UbV) phage library has also been used to develop an inhibitor-UbV.7.2 that can target USP7 and USP10, which structurally enhances the affinity for USP7 (198). A leukemia drug, 6-thioguanine, was found to be a potent inhibitor of USP2, exhibiting a non-competitive and slow-binding inhibitory mechanism for USP2 (199). Studies have reported that inhibitors of USP8 include RA-9, DUB-IN-1, DUBs-IN-2, and a novel inhibitor DC-U43 (200–202). Among them, DC-U43-10 is a USP8 inhibitor with a novel scaffold, which can bring new research directions for the development and clinical research of USP8 inhibitors (203). Morgan et al. screened a large number of cyclic peptide combinatorial libraries and identified the first inhibitors of USP22, which have broad prospects for development (204). Furthermore, WP1130 is a general inhibitor. UCH37-specific inhibitors have not yet been developed, but there are some non-specific DUB inhibitors targeting UCH37 activity, such as b-AP15, Ub-AMC, Ub-Rho, and WP1130 (195). Although UCH37 lacks specific inhibitors, the developed multi-target inhibitors can also provide new strategies and ideas for clinical drug development. We summarize some inhibitors of DUB in Table 1.


Table 1 | DUB-related targets, inhibitors, and pathways in HCC and corresponding articles.





Summary and Outlook

Based on the introduction and analysis of some liver cancer-related DUBs in this paper, it can be seen that DUBs play a unique regulatory role in the occurrence and development of HCC.

However, the regulatory mechanism of DUBs in liver cancer is relatively complex, involving many pathways and targets, and the development of targeted drugs has become an important treatment method for patients with high DUB expression in HCC. At present, molecularly targeted drugs and small molecule inhibitors for ubiquitination and deubiquitination-related enzymes have been used in the clinical treatment of cancer (205, 206). Drugs such as oprozomib, ixazomib, and bortezomib have achieved remarkable therapeutic results (207). In the article, we also summarize some inhibitors of liver cancer-related DUBs. The current research results show that the USP family-related inhibitors are widely studied. Represented by USP14, the research on IU1 is relatively mature and has great potential for clinical application. USP22, USP14, USP10, USP13, USP7, USP2, and USP8, liver cancer-related DUBs, have also been reported to have related small molecule inhibitors, but the research and development are not mature enough. Using a large library of cyclic peptides in high-throughput screening, researchers recently identified the first inhibitors of USP22—macrocyclic inhibitors. In addition, UCH37 of the UCH family also has small molecule inhibitors, but these are not specific inhibitors of UCH37. Due to the unique active structure of DUB, there are still some difficulties in the development of many small molecule inhibitors. In conclusion, the prospect of DUB inhibitors as drug targets is still very impressive, and it will also have great clinical application significance for the treatment of human diseases in the future.

In this article, we introduce that OTUB1 OTUD3 OTUD6B ZRANB1 USP14, USP1, USP10, USP39, USP22, USP9X, USP2, USP7, USP4, USP5, USP29, USP15, USP12, USP16, USP27, USP46, USP8, and UCH37 can affect the malignant degree of HCC through the corresponding mechanism. Among them, USP22, USP1, and USP9X were all related to drug resistance to HCC; USP14, USP13, USP29, and OTU6B were all related to the hypoxic microenvironment and HIF in HCC. As can be seen, the relationship between the USP family and liver cancer is currently the most frequently studied with the participation of a class of DUBs, and many corresponding small molecule inhibitors have also been studied for such DUBs. Therefore, we presume that the USP family is the most promising biomarker for DUB for the diagnosis and treatment of liver cancer. Among them, USP14 small molecule inhibitors are the most clinically significant drug targets. However, the research progress on OTU and UCH family in liver cancer is less. There are also very few reports on Machado–Joseph domain-containing proteases (MINDY) and zinc-dependent metalloproteinases (JAMMs), so the research on the mechanism of DUBs in liver cancer is far from being in-depth. There is still a lot of room for development in the study of DUBs on the pathogenesis and treatment of liver cancer. The development of related targeted drugs and the clinical application of small molecule inhibitors will also become a research hotspot in the future. These can provide new ideas and research directions for the treatment of liver cancer in the future.
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Purpose

To evaluate the efficacy and safety of lenvatinib combined with programmed death receptor-1 signaling inhibitors plus transarterial chemoembolization (LePD1-TACE) for treatment of unresectable hepatocellular carcinoma (uHCC) in a real-world setting in China.



Methods

This was a retrospective study involving consecutive patients with uHCC (n =114) receiving LePD1-TACE treatment from June 2019 to May 2021. Overall survival (OS), progression-free survival (PFS), objective response rate (ORR), and disease control rate (DCR) were calculated to evaluate the antitumor efficacy. Treatment-related adverse events (TRAEs) were analyzed to assess the safety profiles. In addition, we also evaluated prognostic factors related to survival and disease progression.



Results

A total of 114 patients with a median age of 53 years were analyzed during a median follow-up duration of 10.6 months (95% confidence interval [CI]: 8.5 -12.8). The Kaplan-Meier analysis showed that the median OS was 18.0 months (95% CI: 14.1 - Not reached), the median PFS was 10.4 months (95% CI: 6.6 - 12.4). Based on modified Response Evaluation Criteria in Solid Tumors, the best ORR was 69.3% and DCR was 80.7%. Almost all patients suffered from TRAEs, the most common grade 3-4 TRAEs were hypertension (8.8%), proteinuria (3.6%), hyperbilirubinemia (1.8%), leukopenia (4.4%) and alanine aminotransferase elevation (3.6%) across all patients. The independent treatment factors associated with OS and PFS were tumor number, neutrophil-to-lymphocyte ratio (NLR) and the early tumor response. In the early tumor response (CR+PR) patients, median OS and PFS were 25.1 months (95% CI: 13.8 - Not reached) and 15.2 months (95% CI: 10.5 - 19.1). The patients with tumor number < 3 had a superior median OS and PFS (25.1, 16.4 months) compared to patients with tumor number ≥ 3 (14.1 months, P = 0.012; 6.6 months, P = 0.007). The patients with NLR ≤ 2.165 had a longer median OS and PFS (Not reached, 15.2 months) than those with NLR > 2.165 (17.7 months, P = 0.003; 7.5 months, P = 0.047).



Conclusion

In this real-world study, LePD1-TACE triple therapy showed encouraging efficiency and manageable safety in patients with uHCC. The tumor number (< 3), NLR (≤ 2.165) and early tumor response (CR+PR) could be one of the prognostic markers.





Keywords: hepatocellular carcinoma, lenvatinib, immune checkpoint inhibitors, TACE, tumor number, neutrophil lymphocyte ratio



Introduction

Hepatocellular carcinoma (HCC) is the sixth most commonly malignancy and the third leading cause of cancer death (8.3% of the total cancer deaths) world-wide in 2020 (1). According to the Barcelona Clinic Liver Cancer (BCLC) staging system, early-stage HCC patients with good liver function should be treated with radical therapy, but patients with unresectable hepatocellular carcinoma (uHCC) are usually treated with chemoembolization and systemic therapies (2–4). Two randomized controlled trials have confirmed the effectiveness of transarterial chemoembolization (TACE) in the treatment of intermediate-stage HCC (5, 6), and in the real world, TACE is also commonly used for uHCC in Asia including China, Japan and Korea (7–10). Nowadays, six Food and Drug Administration approved systemic therapies including tyrosine kinase inhibitors (TKIs) and immune checkpoint inhibitors (ICIs) also have shown the promising approaches to uHCC (2, 11–17).

Lenvatinib, as a novel oral multi-kinase inhibitor, was demonstrated to be effective and well tolerated in a global open label randomized phase III study (REFLECT) (18). The final results established a significantly improved progression-free survival (PFS) for lenvatinib (7.4 months) compared with sorafenib (3.7 months), the median survival time was non-inferior to that with sorafenib (13.6 months versus 12.3 months). More recently, several ICIs are used in clinical trials, especially the programmed cell death protein-1 (PD-1) inhibitors, which block PD-1 or PD-L1 have proven a promising efficacy and safety in treatment of advanced HCC (11, 19). At least six native and non-native PD-1 inhibitors, including camrelizumab, sintilimab, toripalimab, tislelizumab, nivolumab and pembrolizumab are available for HCC patients in China (7, 20–22).

In clinical practice, as the number of systemic drugs and combination therapies continues to grow, the challenge is to determine which combination and sequence of treatments provides the best outcome with minimal toxicity. There are increasing clinical trials designed to investigate combination treatment regimens, including combining TKIs and ICIs, locoregional treatment and systemic therapies (23), but to date, few data have been published regarding outcomes achieved with lenvatinib-based triple combination therapy. The triple combination of lenvatinib, PD-1 inhibitors and TACE (LePD1-TACE) may have an enhanced clinical benefit. Therefore, we conducted this retrospective real-world data study to evaluate the efficacy and safety of LePD1-TACE for the treatment of uHCC in China. In addition, we also explored the prognostic factors related to the efficacy of LePD1-TACE treatment.



Patients and Methods


Study Design and Patients

The study was designed as an observational, hospital-based, retrospective cohort study. The medical records of consecutive uHCC (n = 129) patients who received LePD1-TACE treatment from June 2019 to May 2021. Diagnosis of HCC was based on pathological or non-invasive assessment according to criteria of 2019 HCC Guidelines in China (7), and the American Association for the Study of Liver Disease (24). Owing to the setting of the retrospective real-world study, only patients with incomplete follow-up data and insufficient follow-up time were excluded (n = 15) (Figure 1). This study was approved by the ethical committee of the Eastern Hepatobiliary Surgery Hospital and was performed in accordance with the Declaration of Helsinki. Written informed consent for the LePD1-TACE protocol was obtained from all enrolled patients.




Figure 1 | Flowchart of the patient selection process. HCC, hepatocellular carcinoma; PD-1 inhibitors, programmed death receptor-1 signaling inhibitors; TACE, transarterial chemoembolization.





Treatment Protocol

For patients diagnosed with uHCC, lenvatinib was used as the first-line recommended therapy based on the current international guidelines. In addition, PD-1 inhibitors and TACE were also recommended. As we have previously demonstrated in a published study that lenvatinib and TACE combination therapy may significantly improve clinical outcomes compared to TACE monotherapy for uHCC with a manageable safety (25), so the lenvatinib-based triple combination treatment of LePD1-TACE might have a clinically meaningful improvement in antitumor activity. According to the principle of intent-to-treat, before treatment, patients were informed of any potential side effects and the cost of long-term treatment. The treatment protocols were reviewed by the attending physician and the final decision was principally made by the patient.



LePD1-TACE Combination Therapy

For patients who received LePD1-TACE combination therapy, on-demand TACE was performed by a team of experienced physicians. The TACE procedure comprised intraarterial angiography to identify the main supplying artery of the tumor, followed by transarterial injection of a mixture of chemotherapy drug (pirarubicin) and lipiodol. Depending on tumor stain, injection of embolic gelatin sponges or blank microspheres to interrupt blood flow. Follow-up imaging was performed every 6-8 weeks after TACE treatment. TACE was repeated if it produced a tumor response of partial response (PR) or stable disease (SD), meanwhile the liver function was good and there was no evidence of hepatic decompensation. Lenvatinib and PD-1 inhibitors were administered concurrently 3-5 days after the first TACE treatment, based on the restored liver function after TACE and the patient’s general status. Patients received oral lenvatinib 8 mg (if body weight < 60 kg) or 12 mg (if body weight ≥ 60 kg) once daily and PD-1 inhibitors (camrelizumab 200 mg, toripalimab 240 mg, sintilimab 200 mg or tislelizumab 200 mg) intravenously every 3 weeks. To avoid additive adverse event (AE), lenvatinib was discontinued 2 days before and after each TACE procedure, and the PD-1 inhibitors should be delayed until 3 days after TACE if the timing of injection coincides with TACE. Dose reductions (to 8 mg and 4 mg/day, or 4 mg every other day) for lenvatinib-related AEs were allowed. For serious immune-related adverse events (irAEs), the PD-1 inhibitors were discontinued and the corticosteroids should be considered for treatment of irAEs.



Evaluation of Treatment Response and Adverse Events

Tumor evaluation was performed at baseline and every 6-8 weeks using liver enhanced magnetic resonance imaging or computed tomography, alpha-fetoprotein (AFP), desgamma-carboxy prothrombin (DCP), and physical findings. Overall survival (OS) was defined as the time from initiation of LePD1-TACE triple combined treatment to death due to any cause. PFS was defined as the time from the initiation of the triple combined treatment to disease progression or death. Tumor response were based on the modified Response Evaluation Criteria in Solid Tumors 1.1 (mRECIST) (26) and immune-related RECIST (22). Patients were initially assessed for progression; imaging assessments were performed 4 weeks later to exclude possible pseudo-progression due to the PD-1 inhibitors in the combination treatment. The treatment response was defined as the best overall response throughout the follow-up period. Early response was defined as the radiological response at the first follow-up visit. Early AFP (baseline ≥ 25ng/mL) and DCP (baseline ≥ 40mAU/mL) responses were assessed at the first follow-up after LePD1-TACE induction, a positive response was defined as a reduction of ≥ 20% from baseline. The objective response rate (ORR) and the disease control rate (DCR) were defined as the proportion of patients with complete response (CR) or PR and CR, PR or SD, respectively. The incidence and severity of AEs complied with the criteria of the Common Terminology Criteria for Adverse Events (CTCAE, version 5.0). Mild post-TACE AEs such as nausea, fever, abdominal pain, and transient elevated liver enzymes including alanine aminotransferase (ALT)/aspartate aminotransferase (AST) were not included.



Factors Associated With Overall Survival and Disease Progression

We evaluated the prognostic factors associated with survival and disease progression using the variables of sex, age, BCLC stage (B vs. C), tumor number, tumor size, up-to-seven criteria (in vs. out), macrovascular invasion, extrahepatic metastasis, baseline AFP, NLR and PLR. We also included early tumor response indicators such as early tumor response (CR + PR), early AFP response, and early DCP response as factors potentially associated with survival and progression. Finally, subgroup analysis was performed to determine whether potential prognostic factors influenced treatment outcomes.



Statistical Analysis

All statistical analysis was performed using IBM SPSS software (ver. 25.0 SPSS Inc., Chicago, IL, USA). The continuous variables were presented as the median with interquartile range and categorical variables as counts with percentages. Survival analysis was conducted using the Kaplan-Meier method and a log-rank test was chosen to compare patients’ survival between subgroups. The Cox proportional hazards regression method was used to identify the factors associated with survival and disease progression, and multivariate analysis used the variables with p < 0.10 in the univariate analysis. p < 0.05 was considered significant.




Results


Patient Characteristics

The baseline characteristics of the enrolled patients are summarized in Table 1. The median age was 53 years (range 24 – 79 years), and 102 of the patients (89.5%) were male, with a male to female ratio of 8.5:1. Most patients 89.5% (102/114) were positive for hepatitis B surface antigen (HBsAg), and 1.8% (2/114) for hepatitis C antibody. Sixty-nine (60.5%) patients were diagnosed with BCLC stage C and 42 (36.8%) with BCLC stage B, while 3 (2.6%) patients were BCLC stage A. The majority of patients were classified as Child-Pugh A (n = 111, 97.4%), and 3 patients (2.6%) had Child-Pugh B. Tumor number of 1,2, and ≥ 3 were reported for 17.5%, 18.4%, and 64.1% of patients, with the median tumor size was 82mm (range 13 – 216mm). The proportions of patients with macrovascular invasion and extrahepatic metastasis were observed at 48.3% and 20.2%, respectively. The median AFP level was 386 ng/mL (interquartile range [IQR], 20.5 – 7130.5), and DCP level was 2833 mAU/mL (IQR, 385 – 13805). The laboratory indicators at baseline including total bilirubin (TB), albumin (ALB), ALT, white blood cell (WBC), platelet (PLT) counts, and neutrophil lymphocyte ratio (NLR), platelet lymphocyte ratio (PLR) were also summarized (Table 1).


Table 1 | Baseline characteristics of the 114 patients.



Thirty-two (28.1%) patients had experienced prior treatment including TACE (n = 12), TACE-microwave ablation (MWA) (n = 5), TACE-lenvatinib (n = 4), TACE-MWA-lenvatinib (n = 2), TACE-radiotherapy (n = 3), TACE-sorafenib (n = 3), and TACE-radiotherapy-lenvatinib (n = 3). The median duration of lenvatinib was 8.13 months (IQR 6.5–11.9), and the mean interval between each TACE treatment was 101.3 days. Four types of PD-1 inhibitors were used in the combination therapy, including camrelizumab (n = 75, 65.7%), sintilimab (n = 22, 19.3%), toripalimab (n = 4, 3.6%), and tislelizumab (n = 13, 11.4%).



Treatment Response and Survival Outcomes

By the censoring date of November 9, 2021, the median follow-up duration was 10.6 months (95% confidence interval [CI]: 8.5 – 12.8). The median PFS was 10.4 months (95% CI: 6.6 – 12.4), and the median OS was 18.0 months (95% CI: 14.1– Not reached) (Figure 2). The best tumor response was shown in Table 2. Based on the mRECIST criteria, 9 (7.9%) patients achieved CR, 70 (61.4%) patients achieved PR, 13 (11.4%) patients were SD, and 22 (19.3%) patients were PD. The best ORR and DCR were 69.3% (n = 79) and 80.7% (n = 92), respectively. We also analyzed the early changes in tumor response and marker from baseline to the first clinical evaluation. The early tumor response (CR+PR vs. SD+PD) was 65.8% (n = 75) vs. 34.2% (n = 39). Early positive AFP and DCP responses were 76.2% (64/84) and 62.7% (64/102), respectively (Figure 3).




Figure 2 | Kaplan-Meier estimates of overall survival (A) and progression-free survival (B) in patients treated with LePD1-TACE. LePD1-TACE, lenvatinib and programmed death receptor-1 signaling inhibitors plus transarterial chemoembolization.




Table 2 | Best tumor response of the 114 patients.






Figure 3 | Changes in AFP (A) and DCP (B) levels from baseline to the first follow-up after LePD1-TACE treatment. AFP, alpha-fetoprotein; DCP, desgamma-carboxy prothrombin. LePD1-TACE, lenvatinib and programmed death receptor-1 signaling inhibitors plus transarterial chemoembolization.



There were 27 (23.7%) patients discontinued LePD1-TACE treatment mainly because of disease progression or serious TRAEs. At the end of the last follow-up, radiological disease progression was evident in 50 patients, 25 of whom continued to receive LePD1-TACE treatment and 25 did not. Subsequent treatments received by the 18 patients included lenvatinib - PD-1(n = 5), regorafenib -TACE - PD-1(n = 7), TACE plus atezolizumab and bevacizumab therapy (n = 2), radiotherapy- lenvatinib - PD-1(n = 4) Table 1.



Safety Assessment

No treatment-related deaths occurred in this study, and treatment-related adverse events (TRAEs) were assessed mainly according to frequency and severity grade based on CTCAE, version 5.0. Most patients might develop mild post-TACE AEs, such as nausea, fever, abdominal pain, and transient elevated ALT and AST, which did not require any special treatment. Most patients improved within 1 week. Therefore, we did not include these mild AEs in this study.

As shown in Table 3, the most frequent TRAEs of all grades in LePD1-TACE treatment were hypertension (27.2%), hand-foot skin reaction (14.9%), diarrhea (12.3%), skin rash (13.2%), proteinuria (12.3%). The most frequent laboratory-related AEs of all grades were decreased albumin (42.1%), WBC (37.7%) and PLT (36.8%), increased ALT (15.8%), TB (12.3%), myocardial enzymes (12.3%) and thyroid-stimulating hormone (34.2%). In addition, the most frequent grade 3/4 AEs were hypertension (8.8%), proteinuria (3.6%), hyperbilirubinemia (1.8%), leukopenia (4.4%). Most of TRAEs could be managed by dose reduction, interruption, or standard medical treatment. Dose reduction or interruption was observed in 21 (18.4%) of patients during the study period. None of the patients discontinued lenvatinib because of AEs, however, there were 2 (1.8%) patients discontinued PD-1 inhibitors owing to grade 3 immune-related AEs of hepatitis.


Table 3 | Treatment-related adverse events.



At baseline, all patients were tested for hepatitis markers and viral load, and those with antiviral indications received antiviral therapy before treatment. Patients who had hepatitis B virus (HBV) infection received tenofovir (TDF) or entecavir (ETV) treatment, and sofosbuvir for hepatitis C virus infection. Considering the ICIs, antiviral regimens such as interferon that might affect immune modulation were not used by patients. Increased HBV-DNA concentrations were detected in 2 (1.8%) patients during follow-up, patients had their therapeutic regimen changed (ETV switched to TDF). No patients interrupted or discontinued LePD1-TACE treatment owing to HBV-DNA increase.



Factors Associated With Overall Survival and Disease Progression

The independent factors predictive of survival and disease progression based on univariate and multivariate Cox regression analyses are summarized in Table 4 and Table 5. In univariable analysis, tumor number, up-to-seven criteria (in vs. out), NLR, PLR and the early tumor response (CR+PR vs. SD+PD) were significantly associated with OS. In multivariable analysis, pre-treatment factors of the tumor number ≥ 3 (vs. < 3; hazard ratio [HR] = 0.22, 95% CI: 0.08-0.66; p = 0.0069), NLR ≤ 2.165(vs. > 2.165; HR = 14.91, 95% CI: 1.99-111.79; p = 0.0086) and post-treatment factor of the early tumor response CR+PR (vs. SD+PD; HR = 2.64, 95% CI: 1.04-6.75; p = 0.0419) were independent factors predictive of OS. In univariable analysis, tumor number, NLR, early AFP and DCP response and early tumor response (CR+PR vs. SD+PD) were significantly associated with PFS. In multivariable analysis, the tumor number ≥ 3 (vs. < 3; HR = 0.39, 95% CI: 0.21-0.71; p = 0.0021), NLR ≤ 2.165(vs. > 2.165; HR = 2.34, 95% CI: 1.25-4.37; p = 0.0078), and the early tumor response CR+PR (vs. SD+PD; HR = 7.56, 95% CI: 3.81-14.98; p < 0.0001) were independent factors predictive of PFS.


Table 4 | Multivariable Cox regression analysis for overall survival.




Table 5 | Multivariable Cox regression analysis for progression-free survival.



Considering the tumor number, NLR and early tumor response were independent predictors of OS and PFS after LePD1-TACE treatment, we further analyzed the treatment outcomes stratified by tumor number (≥ 3 vs. < 3), NLR (≤ 2.165 vs. > 2.165) and early tumor response (CR+PR vs. SD+PD). The patients with tumor number < 3 had a superior median OS and PFS (25.1, 16.4 months) compared to patients with tumor number ≥ 3 (14.1 months, P = 0.012; 6.6 months, P = 0.007; Figure 4A). The patients with NLR ≤ 2.165 had a longer median OS and PFS (Not reached, 15.2 months) than those with NLR > 2.165 (17.7 months, P = 0.003; 7.5 months, P = 0.047; Figure 4B). The patients with early tumor response (CR+PR) also exhibited a longer median OS and PFS (25.1, 15.2 months) compared with their counterparts (14.1 months, p = 0.014; 3.7 months, p < 0.0001; Figure 4C).




Figure 4 | Overall and progression-free survival with different stratified. (A) The OS and PFS in tumor number (≥ 3 vs. < 3) patients. (B) The OS and PFS in NLR (≤ 2.165 vs. > 2.165) patients. (C) The OS and PFS in early tumor response (CR+PR vs. SD+PD) patients. OS, overall survival; PFS, progression-free survival; NLR, neutrophil lymphocyte ratio; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.






Discussion

Several retrospective real‐world studies from Korea and Japan supported the efficacy of lenvatinib in patients who exceeded the REFLECT trial criteria (e.g., ≥ 50% liver involvement, main portal vein invasion and extrahepatic metastasis) (27–29). However, in clinical practice, uHCC is typically characterized by high tumor burdens, high invasiveness, rapid progress and poor prognosis. Most patients with uHCC receive a combination of therapies, including lenvatinib, during their lifespan, which may or may not have a survival benefit. Randomized controlled studies of the combination therapy based on lenvatinib are underway (NCT04246177, NCT04997850, NCT04974281, NCT04273100), but data on LePD1-TACE triple therapy are still scarce. Therefore, we conducted this real-world study on the efficacy and safety of LePD1-TACE in Chinese uHCC patients.

In our present study, LePD1-TACE triple therapy showed a favorable efficacy and manageable toxicity in patients with uHCC in a real-world setting. The results showed a high ORR and DCR according to mRECIST of 69.3% and 80.7%, median PFS of 10.4 months, and median OS was 18.0 months. As we reported previously, lenvatinib-TACE contributed to longer OS and PFS than TACE monotherapy, and ORR was better at 68.3% (25). Triple therapy did not appear to be significantly superior to double in ORR. Given the nature of real-world study, all patients using the triple combination regimen between June, 2019 and May, 2021 were included in this study without strict screening and exclusion criteria, therefore, it could better reflect the actual clinical therapeutic effect.

In fact, the patients enrolled in this study had worse tumor biological behaviors with higher proportions of macrovascular invasion (48.3% vs. 21%) and extrahepatic metastases (20.2% vs. 15%) compared to the patients enrolled in previous study (25). This might be the cause of the result. In addition, compared with other studies in the literature, the PFS of lenvatinib-TACE was 5.5 -11.6 months (30–32), while the PFS of our LePD1-TACE triple treatment achieved 10.4 months, our results were in the upper range. Notably, the different results between these studies and our data should be viewed with caution.

Recently, lenvatinib in combination with the PD-1 inhibitor pembrolizumab showed encouraging antitumor activity in a phase I studies, the ORR (RECIST 1.1) was 36% (33). Further validation was underway in the Phase III randomized clinical trial (LEAP-002; NCT03713593). The immunomodulatory effects of lenvatinib on tumor microenvironment might contribute to PD-1 inhibitor antitumor activity (34). In the TACTICS trial (35), sorafenib (a multikinase inhibitor) pretreatment 2 - 3 weeks before initial TACE to normalize the tumor vasculature, which significantly improved the primary endpoint of PFS in patients with uHCC. Based on the results of the above double combination and our triple combination study, it is believed that the combination of lenvatinib, PD-1 inhibitor and TACE may have a synergistic antitumor effect.

First, TACE induces a microenvironment of ischemia and hypoxia, leading to tumor necrosis and tumor-specific antigen release. The combination of PD1 inhibitor may enhance the development of tumor antigen specific memory T cells and maintain the anti-tumor response of patients (36). Hypoxic microenvironment promotes up-regulation of hypoxia inducible factor-1 alpha, bFGF, and VEGF, while combined with lenvatinib inhibits the activity of tumor angiogenesis factors (18, 37). Second, lenvatinib plus PD-1 inhibitor exerts unique immunomodulatory effects by blocking FGFR-4, reducing Treg differentiation and inhibiting TGFß signaling (38, 39). Lenvatinib also contributes to vascular normalization and promotes immune cell infiltration into the tumor (36, 40). In conclusion, the triple therapy regimen produces a positive immune profile and a faster therapeutic response.

This study also assessed the potential toxicity or side effects of combination therapy. Despite the combination of lenvatinib and PD-1 inhibitors, which have different pharmacological mechanisms, no new safety-related events were identified in this study. Most AEs were mild to moderate and easily manageable with appropriate supportive care. A total of 367 AEs occurred at all grades, and 37 AEs were observed at grade 3-4. The albumin and WBC decreased were the most common AEs, occurred in 42.1%, 37.7% of patients, respectively, and hypertension (8.8%), proteinuria (3.6%), and WBC decreased (4.4%) were the most frequent grade 3-4 AEs. We also observed a decrease in TSH (34.2%), which was higher than in the REFLECT trial and might be related to the combination of PD-1 inhibitors. In addition, increased HBV-DNA was observed in only 2 patients during treatment, indicating that the combination therapy did not significantly activate the hepatitis B virus, possibly because of the use of potent antiviral drugs.

Of note, two patients underwent conversion resection after PR. Both patients were BCLC A, and their tumors shrank significantly after treatment and met the criteria for surgical resection. Our results indicated that the conversion rates are not high in the real-world. Although resection criteria were met, some patients refused surgical resection and continued triple therapy. The efficacy of conversion resection remains controversial, but the high ORR of triple therapy (69.3%) might be a potential option for conversion therapy. Nine patients who achieved CR were followed regularly and maintained dual therapy with Lenvatinib and PD-1 inhibitors.

In the present study, the tumor number < 3, NLR ≤ 2.165 and early tumor response (CR+PR) were identified as the independent predictors of OS and PFS. As an indicator of tumor-related inflammation, NLR is able to predict tumor prognosis. A high NLR is associated with increased systemic inflammation and reduced cancer-specific immunity (downregulation of tumor-infiltrating lymphocytes, for instance) (41). In patients who undergo TACE for intermediate-stage HCC, higher NLRs are associated with poor prognosis (42). In several studies, the NLR cutoff value for HCC ranges from 2 to 5 (42–44). In this study, patients with baseline NLR ≤ 2.165 before LePD1-TACE had longer PFS and OS than patients with NLR > 2.165. Subgroup analyses also showed that the patients with tumor number < 3 had a superior median OS and PFS compared to patients with tumor number ≥ 3. Due to the limitations of this single-arm study, the effect of LePD1-TACE on patients with tumor number ≥ 3, NLR > 2.165, and early tumor response (PD+SD) needs to be further studied, LePD1-TACE may provide a greater survival benefit in these populations than advanced -stage standard therapy. A previous retrospective study reported that LePD1-TACE significantly improved survival over lenvatinib-TACE in advanced HCC patients with tumor number > 3 but without main portal vein invasion (45). It is useful to predict effective cases at an early stage when considering the complexity of liver cancer and possible side effects. Early tumor response (CR+PR) suggested that the treatment was effective, and provided evidence for the next treatment strategy for patients.

There are several limitations worthy of mention. Firstly, in view of the retrospective, single-hospital study, there may be inherent information and selection bias, especially when comparing groups, unknown differences between the two groups may bias the results. Secondly, our study was a single-arm design and was limited by the lack of a control group. Zhu et al. (31) reported that the effectiveness of triple therapy (Lenvatinib + PD-1 inhibitors + TACE or HAIC) is not superior to dual therapy (Lenvatinib + PD-1 inhibitors or Lenvatinib + TACE or HAIC). Therefore, multicenter randomized controlled clinical trials need to be carried out to verify the efficacy and safety of different combinations. Thirdly, a variety of PD-1 inhibitors were used in this study, which affected the consistency of treatment regiments.

In conclusion, our real-world study showed that LePD1-TACE triple therapy was well tolerated with encouraging efficacy in patients with uHCC. The patients with the tumor number (< 3), NLR ≤ 2.165 and early tumor response (CR+PR) might achieve better clinical outcomes.
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Purpose

Recently, long noncoding RNA LINC01134 has been shown to reduce cell viability and apoptosis via the antioxidant stress pathway, thereby enhancing OXA resistance in hepatocellular carcinoma. However, the association of LINC01134 with ferroptosis and the underlying molecular mechanisms remain to be elucidated.



Methods

Bioinformatics analysis was employed to screen lncRNAs positively correlated with GPX4 and poor clinical prognosis. And Western blot and RT-PCR analysis in HCC cells confirmed the effect of LINC01134 on GPX4 expression. In addition, LINC01134 siRNA was transfected in HCC cells to detect the changes in cell viability, ROS, lipid peroxidation, MDA levels and GSH/GSSG levels. CCK-8, colony formation and apoptosis assays were performed to determine the effect of LINC01134 on cell death. The effect of LINC01134 and OXA on Nrf2 transcriptional binding to GPX4 was analyzed using dual luciferase reporter assay and CHIP. The expression of GPX4 and Nrf2 in HCC tissues was detected by FISH and IHC.



Results

LINC01134 is a novel lncRNA positively correlated with GPx4 and associated with poor clinical prognosis. Silenced LINC01134 conferred OXA sensitivity by enhancing total ROS, lipid ROS, MDA levels and decreasing GSH/GSSG ratio. Mechanistically, LINC01134 and OXA could promote Nrf2 recruitment to the GPX4 promoter region to exert transcriptional regulation of GPX4. Clinically, LINC01134 was positively correlated with GPX4 or Nrf2, demonstrating the clinical significance of LINC01134, Nrf2 and GPX4 in OXA resistance of HCC.



Conclusions

We identified LINC01134/Nrf2/GPX4 as a novel and critical axis to regulate HCC growth and progression. Targeting GPX4, knocking down LINC01134 or Nrf2 could be a potential therapeutic strategy for HCC.





Keywords: linc01134, Nrf2, GPx4, OXA, ferroptosis, HCC cancer



Introduction

Hepatocellular carcinoma is the second major cause of cancer-related mortality as the most frequent liver cancer (1). Oxaliplatin is the first chemotherapy drug approved for advanced HCC worldwide, which is one of the commonly used chemotherapeutics in HCC (2). Oxaliplatin causes DNA damage and tumor cell apoptosis through the connection of platinum atoms and base G on the DNA chain (3). OXA is now one of the most effective systemic chemotherapeutic agents for HCC treatment, but the emergence of OXA resistance is also one of the key factors responsible for the failure of cancer treatment (4). In addition, multiple articles reported that ferroptosis was closely associated with OXA sensitivity in tumors (5, 6). Therefore, investigating the potential mechanisms and developing effective anti-OXA resistance strategies have essential significance in clinical priorities.

LncRNAs are defined as transcripts of more than 200 nucleotides, which played widespread roles in gene regulation and other cellular processes (7). LncRNAs have been reported to perform various functions including organization of nuclear domains, regulation of RNA or proteins molecules and cis or trans transcriptional regulation (7). In addition, analysis of transcriptome profiles over the past few years has shown that plenty of lncRNAs are related to diverse cancers (8). Research have reported that LncRNA LUCAT1 is highly expressed in liver cancer and other malignant tumors, which regulates tumor proliferation, invasion, and migration via various mechanisms (9). LncRNA HOTAIR is remarkably up-regulated in breast cancer patients and its expression strongly predicts cancer metastasis and lethal (10). Moreover, excessive LINC00336 facilitates cell growth, tumorigenesis, and suppresses ferroptosis through serving as a competing endogenous RNA (11). Homo sapiens long intergenic non-protein-coding RNA 1134 (LINC01134), acting as a long non-coding RNA producing a 1,960 bp transcript, was recently shown to boost the occurrence and development of HCC and was reported to be a poor sign of survival in HCC patients (12, 13). In our previous study (14), we found that LINC01134 confers oxaliplatin resistance by facilitating p62 Transcription in HCC, however, the effect of LINC01134 on oxaliplatin resistance failed to be completely abolished when p62 was knocked out, suggesting that there must be some other mechanisms mediating the effect of LINC01134 on oxaliplatin resistance, which needs further investigation.

Ferroptosis is a lipid peroxidation and iron dependent new mode for regulatory cell death, which is different from cell necrosis, autophagy and apoptosis (15). Ferroptosis plays a vital regulatory role in chemotherapy tolerance. Yu et al. reported the ferroptosis-specific inducer erastin significantly enhances the anti-cancer activity of the first-line chemotherapeutic drugs cytarabine and doxorubicin in HL60 cells (16). Glutathione peroxidase 4 (GPX4) acting as the major protective mechanism of membrane peroxidation which derived from cystine/glutamate-cysteine ligase (GCL)/glutathione (GSH), is a critical suppressor of ferroptotic cell death (17). Our results established that LINC01134 positively regulates GPX4 through transcription factor Nrf2. Silenced LINC01134 induces ferroptosis of liver cancer cells and reduces the resistance to oxaliplatin, which provides a new basis for targeted therapy of liver cancer.



Results


LINC01134 Is a Novel GPX4 Positively Correlated lncRNA and Associated With Poor Clinical Prognosis

To investigate the new lncRNAs positively regulating GPX4, we analyzed three HCC databases by the screening strategy revealed in Figure 1A. Briefly speaking, we first analyzed GPX4 positively-correlated lncRNAs from Starbase database (http://starbase.sysu.edu.cn/), and then we screened lncRNAs highly expressed in cancer tissues compared with normal tissues in TNMplot (https://tnmplot.com/analysis/), and investigated the survival of lncRNAs in Kaplan Meier plotter (http://kmplot.com/analysis/). Finally, we identified three lncRNAs, LINC01134, LINC00339 and LINC01006 positively correlated with GPX4 and demonstrate poor clinical prognosis (Figures 1B-E and Figures S1A-H). In order to verify whether the screened lncRNAs could up-regulate the expression of GPX4 in fact, we transfected the three lncRNAs into HepG2 and Huh-7 cells, respectively. The results demonstrated only LINC01134 caused a significant increase in GPX4 mRNA and protein levels in both HCC cells (Figure 1F and Figure S1I). In order to further verify the role of LINC01134 in HCC cells, we knocked down LINC01134 with the specific smart pool of silencers and discovered the expression level of GPX4 was obviously decreased in the two HCC cells lines (Figure 1G). These data demonstrate that LINC01134 positively correlated the GPX4 expression in HCC cells.




Figure 1 | LINC01134 is a novel GPX4 positively correlated LINCRNA and associated with poor clinical prognosis. (A) Schematic diagram of the screening process for identifying up-regulated LINCRNAs in HCC and positively related to GPX4. (B) Pearson’s correlation analysis of LINC01134 and GPX4 expression in liver cancer tissues (http://starbase.sysu.edu.cn/). (C) The LINC01134 expression levels between cancer tissues and normal tissues were compared by TNM plot (https://www.tnmplot.com/). (D, E) Kaplan-Meier analysis of the recurrence-free survival and overall survival rate of HCC patients with high or low LINC01134 expression (http://kmplot.com/analysis/). (F) The mRNA and protein levels of GPX4 in HepG2 cells transfected with empty vector, LINC01134, LINC00339 and LINC01006 expression vectors. (G) The expression levels of GPX4 and LINC01134 in HepG2 (left panel) and Huh-7 (right panel) cells transfected with scrambled and LINC01134 silencers. The data are expressed as mean ± standard error. Data are shown as the mean ± SEM; n ≥ 3 independent experiments, two-tailed Student’s t-test: **P < 0.01.





Silenced LINC01134 Enhances the Sensitivity of Ferroptosis Inducers

GPX4 can directly restrict lipid peroxides to prevent ferroptosis, serving as a typical intracellular antioxidant enzyme (18). GPX4 has been reported as a suppressor of RSL3- and erastin-induced ferroptosis (19). Results show that silenced LINC01134 increased RSL3- and erastin-induced cell death, and compared with erastin, RSL3 has the most obvious inhibitory effect (Figure 2A and Figures S2B, C). Also, silenced LINC01134 increased the levels of total ROS, lipid ROS and one of the detection indicators of ferroptosis, PTGS2 (Figures 2B, C and Figure S2A). Knockdown of LINC01134 also raised the MDA concentration and decreased the ratio of GSH/GSSG induced by RSL3 (Figures 2D, E and Figures S2D, E). Together, our results demonstrate that silenced LINC01134 obviously enhances the sensitivity of RSL3.?>




Figure 2 | Silenced LINC01134 enhances sensitivity of HCC cells to OXA and promotes RSL3-induced ferroptosis. (A) Huh-7 and HepG2 cells were transfected with scrambled or LINC01134 silencers with or without treatment of RSL3 (2 μM), erastin (10 μM), and ferrostatin (2 μM). The histogram shows relative cell number measured by CCK-8 assays. (B-E) HepG2 and Huh-7 cells were transfected with scrambled or LINC01134 silencers with or without RSL3 (2 μM). Levels of total ROS (B), lipid ROS (C), Lipid Oxidation (MDA) (D) and GSH/GSSG (E) were analyzed. Data are shown as the mean ± SEM; n ≥ 3 independent experiments, two-tailed Student’s t-test: *P < 0.05.





Silenced LINC01134 Downregulates OXA Resistance Through GPX4 Pathway

Ma et al. previously reported LINC01134 augments OXA resistance via decreasing cell viability and apoptosis by the anti-oxidative stress pathway in HCC (14). It is reported that ferroptosis is a regulated form of cell death relying on oxidative stress (20). Therefore, we speculate whether LINC01134 may regulate OXA resistance through ferroptosis. Viability assays, colony formation assays, and apoptosis assays demonstrated the sensitization caused by LINC01134 knockdown could be reversed via GPX4 re-expression (Figures 3A-C and Figure S3A) and increased by RSL3 (Figures 3D-F and Figure S3B). In a word, our data demonstrates silenced LINC01134 decreases OXA resistance by reducing the cell viability, colony formation number and increasing cell death via the GPX4 pathway in HCC cells. To test whether LINC01134 is specific for chemotherapy in HCC, we did assays for sensitivity to tyrosine kinase inhibitors (TKIs) and found that LINC01134 could also mediate sensitivity to sorafenib (Figures S3C, D).




Figure 3 | Silenced LINC01134 enhances sensitivity of HCC OXA resistance through GPX4 pathway. (A) HepG2 cells were transfected with scrambled, LINC01134 silencers, or LINC01134 silencers plus pcDNA3.0-GPX4. Relative cell number was tested via CCK-8 assays. Representative immunoblot indicates GPX4 expression. (B) HepG2 cells were transfected with scrambled, LINC01134 silencers, or LINC01134 silencers plus pcDNA3.0-GPX4. Representative image of colony formation assay shows the colonies in dishes. The histogram indicates colony number. (C) Representative flow cytometry analysis of FITC/PI staining of (A) with OXA (8 μM, 3 days) reflects the cell death rate. (D) HepG2 cells were transfected with scrambled, LINC01134 silencers, with or without RSL3 treatment. Relative cell number was determined tested via CCK-8 assays. Representative immunoblot indicates GPX4 expression. (E) HepG2 cells were transfected with scrambled, LINC01134 silencers, with or without RSL3 treatment. Representative image of colony formation assay indicates the colonies in dishes. The histogram shows colony number. (F) Representative flow cytometry analysis of FITC/PI staining of (C) with OXA (8 mM, 3 days) indicates the cell death rate. Data are shown as the mean ± SEM; n ≥ 3 independent experiments, two-tailed Student’s t-test: *P < 0.05, **P < 0.01.





LINC01134 Up-Regulates the Expression of GPX4 Via Augmenting the Transcription Factor Nrf2 Binding Onto GPX4 Promoter

Study has shown LINC01134 was mainly localized to the nucleus, with some localization in the cytoplasm (14). Consequently, we inferred LINC01134 increased GPX4 transcription levels mediated via transcriptional factors. GPX4 has been reported to be an established transcriptional target of transcriptional factor Nrf2 (21), which transcriptionally regulated a large fraction of genes thus far related to ferroptosis in the context of ferroptosis. To further determine if LINC01134 increases GPX4 expression by Nrf2 in HCC cells, three putative sequences of Nrf2 binding to the GPX4 promoter were provided by the JASPAR website (http://jaspar.genereg.net/). Analysis of several GPX4 promoter mutation reporter gene constructs illustrated a LINC01134 over-expression inhibitory element was located in the promoter region of -410 to -420 bp (Figures 4A, B). Over-expression of LINC01134 activated the GPX4 promoter activity containing the third putative Nrf2-binding site, but not the third mutated Nrf2-binding site (Figure 4C). Moreover, abnormally expressed LINC01134 enhanced the recruitment of Nrf2 to GPX4 promoter, and OXA treatment further increased the effect of recruitment (Figure 4D and Figure S5A). The specific Nrf2 inhibitor AEM1 inhibited the binding of Nrf2 to LINC01134 promoter region (Figure S5B). Inhibition of Nrf2 with AEM1 reduced the expression of GPX4. Importantly, the suppression of Nrf2 almost abrogated the ability of LINC01134 to active the expression of GPX4 (Figure 4E). In addition, knockdown of LINC01134 or treatment of AEM1 resensitized OXA-resistant cell lines to OXA (Figure S5C). In short, the above data collectively shows LINC01134 up-regulates the expression of GPX4 via promoting transcriptional factor Nrf2 binding onto GPX4 promoter by interaction of specific RNA-DNA sequence.




Figure 4 | LINC01134 promotes GPX4 expression through Nrf2 transcription. (A) Motif analysis of Nrf2 binding peaks to GPX4 promoter sequence according to JASPER website (http://jaspar.genereg.net/). (B) Luciferase activity of different segmented GPX4 promoters of HepG2 cells transfected with indicated plasmids. Solid circles indicate the putative location of the Nrf2 binding sites, and the “X” indicates the mutated Nrf2 binding sites. The red letters in each bound area show the putative or mutated Nrf2 binding sequences. (C) Luciferase assays for the selected GPX4 promoter reporters from (A) transfected with LINC01134 and treated or not with OXA. (D) ChIP analysis for Nrf2 occupancy on the GPX4 the promoter upstream or promoter in HepG2 cells transfected with LINC01134 and treated or not with OXA. (E) Representative immunoblots indicate the GPX4 expression in HepG2 cells transfected with EV or LINC01134 and treated with AEM1 (5 μM, 1 day). The histogram indicates the LINC01134 expression in HepG2 cells. All data are presented as Mean ± SD.; two-tailed unpaired Student’s t-test:  *P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01.





Clinical Significance of LINC01134/Nrf2/GPX4 Axis in Hepatocellular Carcinoma

TCGA database analysis demonstrates that GPX4 predicts poor prognosis in HCC (Figure S5D). In order to determine whether the LINC01134/Nrf2/GPX4 axis has clinical correlation and pathological relationship with the occurrence of HCC, we examined the expression of LINC01134 by FISH, and the expression of GPX4 and Nrf2 via IHC in a group of hepatocellular carcinoma tissues (n = 58). The GPX4 and Nrf2 antibodies specificity were certified (Supporting Figure S4). The Nrf2-low and LINC01134-low group displayed the lower expression of GPX4, but the Nrf2-high and LINC01134-high group displayed the higher expression of GPX4 (Figure 5A). In a word, the above data summarize the clinical relevance of LINC01134/Nrf2/GPX4 axis in oxaliplatin resistance in HCC.




Figure 5 | The relevance between the LINC01134 and GPX4 expression and the relationship between Nrf2 and GPX4 in liver cancer patients. (A) FISH staining for LINC01134 and representative IHC staining for GPX4 and Nrf2 in HCC patients with high or low LINC01134 expression. Scale bar, 50 μm. (B) Suggested pattern diagram for the function of the LINC01134 in oxaliplatin resistance by regulating ferroptosis of HCC cells.






Discussion

Liver cancer, as the most frequent cause of cancer deaths worldwide, is the only one of the top five deadliest cancers to have an annual percentage growth in occurrence (22). For patients with advanced HCC, until recently, tyrosine kinase inhibitors (such as sorafenib and lenvatinib) were the only licensed systemic therapy (23–25), and immune checkpoint inhibitors (such as nivolumab and multuzumab) has been approved by several regulatory agencies as a second-line treatment after sorafenib (26–28), but oxaliplatin (OXA) remains one of the major systemic chemotherapy drugs and can be used as follow-up and maintenance treatment for patients with advanced hepatocellular carcinoma (29). A previous prospective, randomized, controlled, international multicenter clinical phase III study in China confirmed the efficacy and safety of OXA based FOLOFX4 (infusional fluorouracil, leucovorin, and oxaliplatin) in the treatment of HCC patients in Asia Pacific region, especially in China (30). Regimens including FOLFOX and gemcitabine plus cisplatin can be used in sorafenib refractory patients with good performance status if no clinical trials are available (31). In 2021, Li et al. also found that FOLFOX-HAIC (hepatic arterial infusion chemotherapy with infusional fluorouracil, leucovorin, and oxaliplatin) significantly improved the overall survival of patients with unresectable large HCC compared with TACE (transarterial chemoembolization) (32). However, OXA resistance in HCC is a main problem, and there is an urgent need to improve the response to this chemotherapy drug (33). Our work identified LINC01134/Nrf2/GPX4 as a key axis regulating OXA resistance in HCC (Figure 5B).

Zhang et al. has reported that LINC01134 can activate the transcription of AKT1S1 by binding to the promoter of AKT1S1, further activating NF- κB signaling pathway, thereby playing a role in promoting the migration and invasion of HCC cells (10). Interestingly, we found that LINC01134 is a novel lncRNA positively related to GPX4 and associated with poor clinical prognosis in HCC, which is consistent with previous findings. Besides that, we reported for the first time that silenced LINC01134 contributes to OXA sensitivity by inducing ferroptosis in HCC, characterized by enhancement of the total ROS, lipid ROS, MDA, and reduction of GSH/GSSG ratio. Mechanistically, LINC01134 upregulates the expression of GPX4 via strengthening the binding of transcription factor Nrf2 onto the GPX4 promoter. Clinically, LINC01134 is positively associated with GPX4 or Nrf2, demonstrating the clinical significance of LINC01134, Nrf2 and GPX4 in OXA resistance of HCC. Therefore, we may improve the sensitivity to OXA by inhibition of the expression of LINC01134 or GPX4 as we presented in this study. Detection of LINC01134 expression may be a promising strategy to evaluation the efficacy of OXA in HCC patients.

Current treatment regimens commonly used in the clinic of liver cancer chemotherapeutic drugs or molecularly targeted agents are prone to the phenomenon of drug resistance, and it is crucial to study their resistance mechanisms (34, 35). Previous studies showed that overexpression of miR-4277 in HCC cells reduced the elimination of sorafenib in HCC cells and enhanced the sensitivity of HCC cells to sorafenib by inhibiting the expression of CYP3A4 (36). Li et al. found that Rhamnetin treatment decelerated the metabolic clearance of sorafenib in HCC cells and enhanced the sensitivity of HCC cells to sorafenib (37). Knockdown of ABCG1 expression or inhibiting Wnt signaling has been reported to lead to reversal of saracatinib-induced oxaliplatin resistance in HCC. Blockade of IGF1-IGF1R signaling pathway is also closely associated with oxaliplatin resistance (38). In addition to the previously reported association of ferroptosis with sorafenib sensitivity, our experiments found that ferroptosis was also associated with oxaliplatin sensitivity. This not only expands our understanding of ferroptosis, but also expands our understanding of chemotherapeutic drug resistance, which is of great significance. In our current study, we provided a novel potential mechanisms underlying LINC01134 mediated enhancement of OXA resistance by focusing on possible molecular targets. In this work, we identified GPX4 as a critical target of LINC01134 in regulating oxaliplatin resistance through ferroptosis. Ferroptosis, a novel programmed cell death mode, is characterized via the accumulation of toxic lipid ROS in an iron-dependent manner (39). There are now already ferroptosis inducers (example: DHODH inhibitors) that are being developed as anticancer agents and are currently in clinical trials (40). And in many preclinical studies and clinical trials, inhibitors of ferroptosis (iron chelators DFP, N-acetylcysteine, etc.) have shown promising ability to alleviate parkinsonian symptoms (41). Recent studies have shown that the drug resistance of cancer cell can be addressed through ferroptosis (42). Glutathione Peroxidase 4 (GPX4) is the major enzyme preventing ferroptosis via converting lipid hydroperoxides to nontoxic alcohols (15). In addition, GPX4 can be used as a prognostic and typing marker for HCC (43). Therefore, inducing ferroptosis via inhibiting the GPX4 expression has become a treatment strategy to resolve chemoresistance problem of HCC (44). In our research, results showed that silenced LINC01134 initiate the ferroptotic cascade induced by RSL3 and enhanced the OXA sensitivity, which is consistent with the reports.

LncRNAs are involved in the development of a large number of cancers (45), by regulating numerous transcription processes (46). Studies have shown several lncRNAs have participated in ferroptosis via regulating GPX4 in various cells. Silenced lncRNA MEG8 can induce ferroptosis via significantly decreasing the expressions of SLC7A11 and GPX4 both in mRNA and protein level (47). Long non-coding RNA NEAT1 can regulate the sensitivity of ferroptosis depending on ACSL4 and GPX4 (48). Glutathione Peroxidase 4 (GPX4) is the major enzyme preventing ferroptosis via converting lipid hydroperoxides to nontoxic alcohols. In addition, GPX4 can be used as a prognostic and typing marker for HCC. Therefore, inducing ferroptosis via inhibiting the GPX4 expression has become a treatment strategy to resolve chemoresistance problem of HCC. Our previous study has shown that LINC01134/p62 axis plays an important role in regulating the OXA resistance of HCC (14), however, the effect of LINC01134 on OXA resistance cannot be completely explained by p62. Therefore, in our current study, we found LINC01134 is positively correlated with GPX4 and regulates OXA resistance in HCC through GPX4-mediated ferroptosis, the mechanism of which might compensate for the function of LINC01134 mediating OXA resistance. Additionally, we showed that LINC01134 enhanced OXA resistance dependent on another target, Nrf2. The role of Nrf2 in maintaining an appropriate redox homeostasis has been fully confirmed and it also has a pivotal role in mediating other crucial metabolic pathways including lipid metabolism, drug metabolism, apoptosis and so on (49). Research have shown that two ferroptosis-inducing agents, Erastin and RSL3, increased the ferroptosis level via restraining the cystine/glutamate transporter system xC-/xCT and GPX4 respectively, which are both downstream targets of transcription factor Nrf2. Studies have shown that knockout of GSTZ1 suppressed ferroptotic cell death via activating the Nrf2/GPX4 axis in vivo and in vitro (50). In addition, the GSK3β/Nrf2/GPX4 pathway has been reported to induce the OXA resistance of CRC by mediating KIF20A/NUAK1 activation (6). Our study revealed that LINC01134 knockdown in HepG2 and Huh-7 cells obviously increased sensitivity to OXA in two HCC cells and the sensitization was reversed by GPX4 re-expression. Since our study identified LINC01134/Nrf2/GPX4/axis can regulate OXA resistance, enhancing OXA sensitivity with GPX4 inhibitors would be a new and hopeful treatment strategy.



Conclusions

In short, the results of this study revealed LINC01134, a novel negative regulator of ferroptosis, up-regulates GPX4 expression by enhancing the recruitment of the transcription factor Nrf2 to the GPX4 promoter, thereby increasing liver cancer resistance to OXA. Our research provides a reference for the targeted therapy of HCC.



Materials and Methods


Cell Culture, Plasmids, and Reagents

The human HCC cell line (HepG2) was gained from the American Type Culture Collection (Manassas). Huh-7 was a kind gift from Dr. Fan Feng at the General Hospital of the Chinese PLA. OXA sensitive and OXA resistant HepG2 cells were gained from the Department of Cellular Engineering Lab, Beijing Institute of Biotechnology. Cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco) containing penicillin (100 U/ml), streptomycin (100 μg/ml) and 10% fetal bovine serum (Gibco) in a humidified atmosphere of 5% CO2 at 37°C. The eukaryotic expression vectors were constructed via inserting PCR-amplified fragments into pcDNA3.0 (Invitrogen). The luciferase reporter gene of GPX4 promoter was generated via inserting PCR-amplified promoter fragments from genomic DNA into the pGL4.0-Basic vector (Promega). Normal and mutated putative targets of Nrf2 on GPX4 were inserted into pGL4.0-Basic vector (Promega). SiRNAs of LINC01134 was synthesized by Biomed Company. The siRNAs target sequences for LINC01134 were listed in Supplementary Table S1. According to the manufacturer’s protocols, Lipofectamine RNAiMAX (ThermoFisher Scientific) and VigoFect (Vigorous Biotechnology) were used for transfections of siRNAs and plasmids. GPX4, Nrf2 and β-actin antibody were acquired from Proteintech. Erastin, RSL3 and AEM1 were acquired from Selleck. Sorafenib was acquired from MCE.



Total RNA Extraction and Real-Time Quantitative PCR

According to the manufacturer’s instructions, total RNA was extracted from samples via TRizol reagent (Invitrogen). RNA was used to generate cDNA via Quantscript RT Kit (Tiangen). RT-PCR was conducted through the 20-μl reaction mixture which contains 10 μl 2 × TB Green (Takara), 9.0 μl diluted template, 0.5 μl sense primer and 0.5 μl antisense primer on CFX96 system (BioRad Laboratories Inc.). The relative expression of the target fold normalized to the corresponding control was calculated via the comparative cycle threshold values (2−ΔΔCt) method. The primers used in this experiment are shown in Supplementary Table S2.



LncRNA in Situ Hybridization and Immunohistochemistry

58 human hepatocellular carcinoma cancer samples were obtained from the First Medical Center of Chinese PLA General Hospital. Fluorescent In Situ Hybridization (FISH) was conducted on paraffin tissue sections using human LINC01134 probes specific according to the manufacturer’s protocols (RiboBio). Immunohistochemistry (IHC) of formalin-fixed paraffin-embedded samples was conducted according to the manufacturer’s instructions (ZSGB-Bio). Briefly, tissue sections were deparaffinized, rehydrated and treated with 3% H2O2 for 15 minutes to restrain endogenous peroxidase activity. After recovery of heat-induced epitope in citrate buffer in microwave for 30 min, tissue samples were incubated overnight at 4°C with pre-diluted mouse anti-GPX4 (1:100) and rabbit anti-Nrf2 (1:100). After incubation with 100 μl biotin-labeled goat anti-mouse/rabbit IgG polymer, the signal was generated with 3, 3’-diaminobenzidine tetrachloride. Two pathologists blinded to patient profiles were asked to assess the expression independently. Receiver operating characteristic (ROC) curve analysis was utilized to evaluate the optimal cutoff value for IHC score. For correlation analysis, we defined score < 0.25, 0.25 ≤ score ≤ 0.75 and score > 0.75 as low, medium, and high LINC01134, GPX4 and Nrf2, respectively.



Cell Viability and Colony Formation Assays

According to the manufacturer’s protocols, Cell Counting Kit-8 assay (Dojindo) was utilized to measure the cell viability. Cells were plated seeded in 96-well plates with the number of 3, 000 cells per well and then treated with oxaliplatin at concentrations of 0, 2, 4, 8, 16 μM. After 3 days, adding 10 μl of CCK-8 solution to the cultured cells in each well and incubate for 1 hour at 37°C. The OD values were then measured at 450 nm. Cells of colony formation assays were cultured in 35-mm plates with the number of 3, 000 cells per well and treated with OXA (8 μM) or not. The colonies were fixed with 4% paraformaldehyde for 30 minutes and stained with 1% crystal violet for 30 minutes. The visible colony count was counted by ImageJ software and the diameter of colonies more than 0.5 mm was counted.



Assessment of Total ROS and Lipid ROS

Cells were seeded in 6-well plates with the number of 3 × 105 cells per well. Next day, cells were treated with RSL3 for 8 h and incubated with 10 μM 2’, 7’-Dichlorofluorescin diacetate (total ROS) (Beyotime Institute of Biotechnology) or 10 μM C11-BODIPY581/591 (lipid ROS) (Invitrogen) for 30 min at 37 °C in the dark. Unincorporated dye was erased by PBS after 30 min incubation. The fluorescence intensity was analyzed through flow cytometry. And data analysis was conducted by FlowJo software or Graphpad Prism 8.0.



Measurement of Glutathione (GSH) and Oxidized GSSG

According to the manufacturer’s instructions, the GSH and oxidized GSSG levels were tested through GSH and GSSG Assay kit (Beyotime Institute of Biotechnology). Glutathione (GSH) was measured by yeast-GSH reductase, 5, 5′-Dithio-bis (2-nitrobenzoic acid) and NADPH. The absorbance was recorded at 412 nm wavelength. The GSSG expression in the presence of 2-vinylpyridine was recorded through the same manner. Then the ratio of GSH: GSSG was calculated.



Measurement of MDA

According to the manufacturer’s instructions, the Lipid Peroxidation MDA Assay Kit (Beyotime Institute of Biotechnology) was used to determine MDA levels. 150 μl of cell lysis buffer was added to cells and incubated for 10 min on ice. Supernatant from each tube of lysis buffer was collected via centrifugation at 12,000 g for 10 min under 4 °C.100 μl of the lysed sample was then mixed with 200 μl of malondialdehyde solution and incubated at 100 °C for 15 min avoiding from light. All mixtures were centrifugated at 1000 g for 10 min after cooling down to room temperature. 200 μl supernatant per tube was transferred into 96-well microplate to measure absorbance of the sample at 533 nm.



Apoptosis Distribution Analysis

For apoptosis analysis, 1 × 106 cells were seeded in 6 cm dishes. After the cells have adhered to the plate, they are transfected with siRNAs 48h before the addition of OXA (8 μM). Cells were collected for measurement after 3 days. According to the manufacturer’s protocols (Beyotime Institute of Biotechnology), the cells were labeled with Annexin V and propidium iodide. Samples were collected and tested by FACS calibur Flow Cytometer (Becton Dickinson).



Luciferase Reporter Assay

To evaluate the effect of Nrf2 on the activity of GPX4 promoter, the GPX4 promoter reporter pGL4.0-GPX4 was co-transfected with β-galactosidase, empty vector, and Nrf2 overexpression vectors into cells. After 48 hours, the cells were collected. According to the manufacturer’s protocols (Promega), the activities of β-galactosidase and luciferase were analyzed. The activity of β-galactosidase served as an internal control of transfection efficiency.



Chromatin Immunoprecipitation Analysis

Magna ChIP G Analysis Kit (Millipore) was used to perform ChIP assays according to the manufacturer’s instructions. Complexes were eluted from the primary immunoprecipitation by incubating with 10 mM DTT for 30 minutes at 37°C and diluted in ChIP buffer (2 mM EDTA, 1% Triton X-100, 150 mM NaCl, 20 mM Tris-HCl, pH 8.1). ChI DNA was analyzed via real-time PCR. The values were normalized to those of IgG or empty vector control.



Statistical Analysis

All experiments were carried out in triplicate and repeated 3 times in vitro. The statistical significance of preclinical tests was evaluated via two-tailed Student’s t-test. All statistical tests were two-sided. SPSS 21.0 was used for statistical calculation. The difference was considered statistically significant (P < 0.05).
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Background

Orthotopic liver transplantation (OLT) is a life-saving option for patients with hepatocellular carcinoma (HCC), but the expanded OLT criteria remain controversial.



Objective

The study aimed to explore whether expanded OLT criteria can be applied to Chinese cirrhotic patients with HCC.



Methods

This retrospective study analyzed risk factors for HCC recurrence and death and compared patients’ tumor characteristics and outcomes in groups of Milan, “Up-to-seven,” and Hangzhou criteria, and groups between met and unmet the combinative criteria of “Up-to-seven” and AFP of < 1000 ng/mL.



Results

Among 153 patients who underwent OLT for HCC from January 2015 to February 2019 in 4 years of follow-up, 20 (13.1%) patients had HCC recurrence, and 11 (7.2%) had HCC-related death. Multivariate Cox regression analysis showed that preoperative alpha-fetoprotein (AFP) of > 1000 ng/mL (hazard ratio [HR]: 10.05, 95% confidence interval [CI]: 2.45–41.13, P = 0.001) was an independent risk factor for HCC recurrence and HCC-related death (HR: 6.63, 95%CI: 1.31–33.52, P = 0.022). Patients who did not meet Milan criteria but satisfied the “Up-to-seven” criteria had no differences in overall survival (OS) (P = 0.69) and disease-free survival (DFS) (P = 0.35) than patients who met the Milan criteria. The combination of “Up-to-seven” criteria and AFP of < 1000 ng/mL differed significantly (HR: 18.9; 95% CI: 4.0–89.2; P < 0.001). Patients with HCC who met the “Up-to-seven” criteria and AFP of < 1000 ng/mL (n = 121) had excellent survival with 4-year OS of 91.6% (P < 0.001) and DFS of 90.8% (P < 0.001), which is significantly better compared to the other group (n = 32) (OS of 67.5% and DFS of 46.5%) and patients who met the Milan criteria (n = 108, OS of 89.8%, DFS of 89.6%), allowing 28.9% (13/45) of patients who did not meet the Milan criteria to benefit from OLT.



Conclusion

Chinese cirrhotic patients with HCC who met the combinative criteria of “Up-to-seven” and AFP of < 1000 ng/mL had better survival than those who met the Milan criteria, and these combinative criteria benefited more patients and may become a better option for OLT.





Keywords: liver transplantation, hepatocellular carcinoma, Up-to-seven criteria, alpha-fetoprotein, beyond Milan criteria, long-term outcomes



Introduction

Hepatocellular carcinoma (HCC) is one of the most common causes of cancer-related death worldwide (1). Hepatic resection is the most widely applied treatment option, but it has a high incidence of tumor recurrence of 70% at 5 years and may cause complications of chronic liver disease (2). Orthotopic live transplantation (OLT) is a curative therapy for HCC, not only removing the tumor burden but also the native cirrhotic liver. Thus, OLT is the most effective treatment for HCC.

According to the Barcelona Clinic Liver Cancer (BCLC) treatment strategy, patients with > 1 nodules should consider OLT (3). Milan criteria proposed by Professor Mazzaferro are a metric for OLT and defined by a single tumor diameter of ≤ 5 cm, multiple tumor nodules of ≤ 3, each nodule of ≤ 3 cm, no vessel invasion, and no metastases (4). Milan criteria are restrictive: many patients who might obtain good survival after liver transplantation do not have the opportunity to be OLT candidates (5–7). Therefore, more expanded OLT criteria have been explored to benefit more patients with HCC. However, patients with expanded OLT criteria had lower overall survival (OS) and disease-free survival (DFS) than those with Milan criteria (8). A growing number of studies try to improve the OS and DFS by combining other markers or building new models, but there is no consensus (9–12).

“Up-to-seven” criteria are defined by the number of tumors and the sum of tumor diameter of ≤ 7 and were proposed by Professor Mazzaferro in 2009 (13), with a 5-year survival of 71.2%, being easy to calculate. Recently, “Up-to-seven” has been reported as an accurate tool to predict the prognosis of HCC patients undergoing hepatic resection, transcatheter arterial chemoembolization (TACE), and systemic therapies. However, these criteria do not include alpha-fetoprotein (AFP), the most important marker of HCC recurrence. High AFP is a well-known predictive factor of poor prognosis, and AFP levels of > 1000 ng/mL have been associated with a high risk of recurrence; also, its exclusion from OLT has been suggested (14–16). AFP of > 400 ng/mL is a risk for HCC recurrence in Hangzhou criteria (17); the AFP model and Metroticket 2.0 model are based on AFP level (18). Thus, AFP is vital for HCC recurrence. Whether the combination of “Up-to-seven” criteria and AFP of < 1000 ng/mL is more suitable in Chinese patients with HCC is unclear.

Most Chinese patients with HCC have a background of viral hepatitis and liver cirrhosis, which is significantly different from patients in Europe and the United States. Additionally, most Chinese HCC patients have significant differences in treatment options and their prognosis. Therefore, we conducted a retrospective study comparing the survival using “Up-to-seven” criteria to that using Milan and Hangzhou criteria, one of the most prevalent criteria in China, and compared the survival of patients that met and unmet the combination of “Up-to-seven” criteria and AFP of < 1000 ng/mL to explore an indication more suitable for Chinese patients. The results of this study may provide important references for doctors to select potential OLT candidates and improve survival in clinical work.



Patients and Methods

This was a retrospective, single-center cohort study. Patients in this study all underwent liver transplantation and met the following inclusion criteria: (I) consecutive patients with HCC who underwent liver transplantation in a referral hospital from January 2015 to February 2019; (II) patients aged 18–70 years; (III) patients that were diagnosed with HCC before OLT. HCC diagnoses were based on liver pathology, imaging, and AFP levels, meeting Barcelona Clinic Liver Cancer (BCLC) diagnostic criteria (3). According to pathology, tumor size, tumor numbers, a sum of tumor diameter, and microvascular invasion were obtained. Exclusion criteria comprised (I) patients who underwent other organ transplantation, (II) patients who had other malignant tumors, (III) patients who did not meet the Hangzhou criteria, and (IV) patients with incomplete follow-up data. This study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by our hospital’s ethics committee.

According to the three OLT criteria, patients were divided into three groups. Group A met the Milan criteria, group B did not meet the Milan but met the “Up-to-seven” criteria, and group C did not meet the “Up-to-seven” but met the Hangzhou criteria.

According to the combination of “Up-to-seven” and AFP, patients were divided into two groups. Group 1 met the “Up-to-seven” criteria and AFP of < 1000 ng/mL, and group 2 did not meet “Up-to-seven” criteria or AFP of > 1000 ng/mL.


Orthotopic Liver Transplantation (OLT) and OLT Criteria for HCC

For all patients, OLT was performed using the standard technique by excellent surgeons who have more than 20 years of OLT experience. All organs were from donation. The OLT criteria included Milan criteria, “Up-to-seven” criteria, and Hangzhou criteria.

Milan criteria included (I) single tumor diameter of ≤ 5 cm, (II) multiple tumor nodules of ≤ 3, and each nodule of ≤ 3 cm, and (III) no vascular invasion and metastases (4).

“Up-to-seven” criteria were the number of tumors plus the sum of tumor diameter of ≤ 7 and no vascular invasion (13).

Hangzhou criteria comprised (I) no major vascular invasion or extrahepatic metastasis, (II) total diameter of tumors of ≤ 8 cm or > 8 cm with preoperative AFP of ≤ 400 ng/mL, and histological studies with high or moderate differentiation (17).



Follow-Up and Outcome

Up to 4 years after OLT, patients were regularly followed up, with an interval of 3–6 months. All patients received tacrolimus, mycophenolate mofetil, and prednisone after OLT. Prednisone was tapered and terminated one month after OLT. Tumor recurrence was referred to Barcelona Clinic Liver Cancer (BCLC) diagnostic criteria (3). The primary endpoint was OS, which was defined as the time from OLT to HCC-related death. HCC-related death was consequent of HCC recurrence, either intra- or extrahepatic, and led to a progressive worsening of performance status until death. The other causes of death were not defined as HCC-related death.



Data Collection

The patients´ baseline demographic data were recorded, including sex, age, HCC etiology, tumor diameter, maximal tumor diameter, a sum of tumor diameters, preoperative AFP, vascular and microvascular invasion, HCC recurrence, survival time, and last follow-up status. A tumor diameter, maximal tumor diameter, and a sum of tumor diameters are the same in patients with one nodule. AFP stages were AFP stage 0 with AFP < 1000 ng/mL and AFP stage 1 with AFP > 1000 ng/mL. No patient with AFP = 1000ng/mL was in this study.



Statistical Analysis

Continuous variables were reported as mean and standard deviation or median and interquartile range. Categorical variables were expressed as percentages. Besides the group allocation discussed above, patients were classified into two groups, death and non-death, and recurrence and non-recurrence. T-test was used to compare mean values, and Chi-squared test was used to compare categorical variables. Mann–Whitney test was used for comparison in the two groups, and Kruskal–Wallis test was used to compare the three groups. Univariate and multivariate analyses were performed based on the Cox proportional hazards regression model for the risk of OS (Table 1) and DFS (Table 2). Clinical features with a P of < 0.1 in the univariate analysis were included in the multivariate analysis. Kaplan-Meier curves and log-rank tests were used to assess differences in OS and DFS among the groups. Statistical analyses were performed using IBM SPSS 25 software. P of < 0.05 (two-sided) was considered statistically significant.


Table 1 | Risk factors for HCC-related death on univariate and multivariate Cox regression analysis.




Table 2 | Risk factors for HCC recurrence on univariate and multivariate Cox regression analysis.






Results


Patients’ Characteristics

All 153 patients were included in the present study. Among them, 136 (88.9%) were male, with a median age of 52.77 ± 0.65 years, and 17 (11.1%) were female, with a median age of 55.90 ± 2.76 years. Most of the HCC etiology was chronic hepatitis B (CHB) infection, which accounted for 71.2% (109/153) of cases. All patients were diagnosed with cirrhosis. The median maximal tumor diameter was 2.8 (1.5–4.5) cm. Among patients, 85.6% (n = 131) of them presented with < 2 nodules, and 14.4% (n = 22) of them presented with > 2 nodules. Of these patients with HCC, 57.5% (88/153) had microvascular invasion and a median AFP concentration of 8.0 (3.3–49.5) ng/mL. Patients who met the “Up-to-seven” criteria and AFP of < 1000 ng/mL were allocated to group 1. Group 2 comprised patients who did not meet the “Up-to-seven” criteria or those with AFP of > 1000 ng/mL, and they had larger tumor sizes and higher AFP levels than group 1 (Table 3). There were no differences in age, sex, model for end-stage liver disease (MELD) score, pre-liver transplantation (LT) radiofrequency ablation, or transhepatic arterial chemotherapy embolization between groups 1 and 2 (Table 3).


Table 3 | Baseline of patients with HCC who met the “Up-to-seven” criteria and had AFP of < 1000 ng/mL.





Tumor-Related Characteristics May Be Closely Related to HCC Recurrence and HCC-Related Death

To explore factors associated with patient prognosis and risk factors for HCC recurrence, univariate and multivariate Cox regression analyses were performed on all patients. In the up to 4 years of follow-up, 20 (13.1%) patients had HCC recurrence. Univariate Cox regression showed that body mass index (BMI), AFP of > 1000 ng/mL, tumor numbers, maximal tumor diameter, a sum of tumor diameters, and TNM stage were the risk factors for HCC recurrence. Additionally, multivariate Cox regression suggested that tumor-related characteristics, such as AFP of > 1000 ng/mL, tumor numbers, and maximal tumor diameter, were the independent risk factors for recurrence (Table 2). Patients with recurrence were likely to have larger maximal tumor size, tumor count, and higher AFP concentration.

At the same time, we also performed univariate and multivariate Cox regression analyses on all patients for risk of HCC-related death. In the up to 4 years of follow-up, HCC-related death was reported in 11 (7.2%) patients. Univariate Cox regression showed that AFP of > 1000 ng/mL, tumor numbers, maximal tumor diameter, a sum of tumor diameters, and TNM stage were the risk factors for HCC-related death, and multivariate Cox regression revealed that tumor-related characteristics, such as AFP of > 1000 ng/mL, tumor numbers, and maximal tumor diameter were the
independent risk factors for HCC-related death (Table 1).



Tumor Recurrence and Mortality in Patients Who Met the “Up-to-Seven” Criteria Were Comparable to the Patients Who Met the Milan Criteria After OLT

Based on the above-mentioned studies on tumor-related characteristics, we further analyzed the data of the three groups (groups A, B, and C) based on the three OLT criteria to explore whether OLT criteria are more suitable for Chinese patients (Table 4). By comparing the three groups, the results showed that the rates of HCC recurrence were 5.6% (6/108), 11.8% (2/17), and 42.9% (12/28), respectively, and the rates of HCC-related death were 2.8% (3/108), 5.9% (1/17), and 25.0% (7/28), respectively, in groups A, B, and C. Patients who did not meet the Milan but met the “Up-to-seven” criteria had longer maximal tumor diameter (P = 0.001) and a sum of tumor diameters (P < 0.001) than those who met the Milan criteria, but there was no significant difference in AFP concentration (P = 0.868), recurrence rates (P = 0.331), or HCC-related death rates (P = 0.499) (Figure 1). Patients who did not meet “Up-to-seven” but met the Hangzhou criteria had more advance tumor characteristics: larger tumor numbers (P < 0.001), longer maximal tumor diameter (P < 0.001), larger sum of tumor diameters (P < 0.001), and higher prevalence of microvascular invasion (P < 0.001), disease recurrence (P < 0.001), and HCC-related death (P < 0.001) than those who met the Milan criteria.


Table 4 | Differences of patients with HCC under Milan, “Up-to seven,” and Hangzhou criteria.






Figure 1 | Differences in recurrence, death, and tumor characteristics in patients with HCC under distinctive liver transplant criteria. (A) compared with Milan criteria, patients who met “Up-to-seven” and Hangzhou criteria had similar AFP concentrations (p = 0.636). (B) compared with Milan criteria, patients who met “Up-to-seven” and Hangzhou criteria had a higher prevalence of HCC recurrence (p = 0.001). (C) compared with Milan criteria, patients who met “Up-to-seven” and Hangzhou criteria had longer tumor diameter (p < 0.001). (D) compared with Milan criteria, patients who met “Up-to-seven” and Hangzhou criteria had a higher prevalence of HCC-related death (p < 0.001). HCC, hepatocellular carcinoma; AFP, alpha-fetoprotein.





The “Up-to-Seven” Criteria Demonstrated Good Performance in OS and DFS of Chinese Cirrhotic Patients With HCC

To further demonstrate the performance of the “Up-to-seven” criteria, we performed a comparative analysis of OS and DFS among the three groups. The 1-, 3-, and 4-year OS of patients with HCC after OLT was 95.7%, 85.8%, and 85.8%, respectively, and DFS was 92.5%, 81.4%, and 81.4%, respectively, in groups A, B, and C. Further, we performed log-rank analyses on the OS and DFS among the three groups. Patients with HCC who did not meet the Milan but met the “Up-to-seven” criteria had no significant differences in OS (p = 0.69) (Figure 2A) and DFS (P = 0.35) (Figure 2B) from patients who met the Milan criteria, while the group who did not meet “Up-to-seven” but met the Hangzhou criteria was significantly inferior to the other two groups in terms of OS (P < 0.001) and DFS (P < 0.001) (Figure 2).




Figure 2 | The OS and DFS of patients under different liver transplant criteria. (A) compared with the Milan criteria, patients who did not meet the Milan criteria but met the “Up-to-seven criteria” had no significant difference in OS (p = 0.69), while patients who did not meet the “Up-to-seven” but met the Hangzhou criteria had significant differences (p < 0.001). (B) compared with the Milan criteria, patients who did not meet the Milan criteria but met the “Up-to-seven criteria” had no significant difference in DFS (p = 0.35), while patients who did not meet the “Up-to-seven” but met the Hangzhou criteria had significant differences in DFS (p < 0.001). OS, Overall survival; DFS, disease-free survival; HCC, hepatocellular carcinoma.





The Combination of “Up-to-Seven” Criteria and AFP Showed Better Predictive Performance Than the Milan Criteria

To investigate the indications more suitable for Chinese patients, we combined the “Up-to-seven” criteria with AFP and investigated their significance in patient outcomes. Based on the above-described multivariate analyses, AFP was the independent risk factor for HCC recurrence and HCC-related death. Hameed B et al. reported that AFP of > 1000 ng/mL is a significant risk for HCC recurrence and suggested that patients with AFP of > 1000 ng/mL should be excluded from OLT in the Milan criteria (16). In 108 patients who met the Milan criteria and 125 patients who met “Up-to-seven” criteria in our study, AFP of > 1000 ng/mL was a significant risk for HCC recurrence (hazard ratio [HR]: 21.6; 95% confidence interval [CI]: 3.8–123.1; P = 0.001 and HR: 17.3; 95% CI: 3.4–88.6; P = 0.001, respectively). Therefore, we combined “Up-to-seven” criteria and AFP of < 1000 ng/mL to analyze the survival between patients who met and did not meet this criterium.

According to the “Up-to-seven” criteria and AFP level, the patients were divided into two groups: patients who met the “Up-to-seven” criteria and had AFP of < 1000 ng/mL were classified into group 1 (n =121), and patients who did not meet the “Up-to-seven” criteria or had AFP of > 1000 ng/mL were in group 2 (n = 32). Then, Kaplan-Meier curves and log-rank tests were performed for the OS and DFS among groups 1 (n = 121) and 2 (n = 32). Patients with HCC who met the “Up-to-seven” criteria and had AFP of < 1000 ng/mL (group 1) had excellent survival with 4-year OS of 91.6% (P < 0.001) and DFS of 90.8% (P < 0.001), which was significantly better than group 2 (OS of 67.5%, DFS of 46.5%) (Figure 3) and patients who met the Milan criteria (OS of 89.8%, DFS of 89.6%).




Figure 3 | Compared OS and DFS of patients with HCC who met “Up-to-seven” criteria and AFP of < 1000 ng/mL (group 1) and patients who did not meet “Up-to-seven” criteria or had AFP of > 1000 ng/mL (group 2). (A) patients within group 1 had better OS (p < 0.001), with a 4-year OS of 91.6% than patients in group 2, with a 4-year OS of 67.5%. (B) patients within group 1 had better DFS (p < 0.001), with a 4-year DFS of 90.8%, than patients in group 2, with a 4-year DFS of 46.5%. OS, overall survival; DFS, disease-free survival, HCC, hepatocellular carcinoma. Group 1 (n = 121): patients who met the “Up-to-seven” criteria and had AFP of < 1000 ng/mL; group 2 (n = 32): patients who did not meet “Up-to-seven” or had AFP of > 1000 ng/mL.



The number of cases in group 1 was 121, which was larger than that in the Milan group (n = 108), which allowed 28.9% (13/45) of patients who did not meet the Milan criteria (n = 45) to still benefit from OLT and have better survival. The combination of “Up-to-seven” criteria and AFP differed significantly (HR: 18.9; 95% CI: 4.0–89.2; P < 0.001). Therefore, the combination of “Up-to-seven” criteria and AFP has good predictive performance, which is currently not reported in the literature.




Discussion

The current study suggested that HCC patients who met the “Up-to-seven” criteria and AFP of < 1000 ng/ml had better survival than those who met the Milan criteria, allowing 28.9% (13/45) of patients who did not meet the Milan criteria to benefit from OLT.

Patients with HCC have high mortality, especially the high-risk individuals with cirrhosis and hepatitis B virus (HBV) infection. The optimal candidates for hepatic resection are patients with preserved hepatic function, Child-Pugh class A with normal bilirubin, and no portal hypertension. Otherwise, these patients have a high risk for HCC recurrence or liver failure (19–23). For the cases treated with systemic therapies, median survival has been only 1–1.5 years (19, 24–27). Patients with advanced cirrhosis, even presented with early-stage HCC, would have poor survival unless they had OLT. LT is the optimal option for unresectable patients with HCC who meet the Milan criteria. Milan criteria provide HCC patients with the same survival as the benign disease, with a 5-year survival of > 80%.

However, Milan criteria are restrictive, and only a few patients get an opportunity to be OLT candidates (5–7). More expanded OLT criteria have been explored to benefit more patients with HCC (17, 18, 28, 29). In 2001, Yao et al. proposed the UCSF criteria (14), which allowed approximately 20% of patients who did not meet the Milan criteria to benefit from LT. However, many studies have reported that patients with these expanded OLT criteria had lower OS and DFS than those who met the Milan criteria (7, 9). Given the severe organ shortages, the selection criteria are based on the utility principle assuring the maximal post-transplant survival rather than extended criteria that might lead to short-term survival. Especially in China, most patients diagnosed with HCC also have cirrhosis, and 70%–85% of them have been secondary to HBV infection (30). Hence, Chinese patients with HCC have a higher prevalence of HCC recurrence. Thus, looking for extended OLT criteria that have similar outcomes to the Milan criteria and could benefit more patients and reduce recurrence in China is vital.

The “Up-to-seven” criteria were proposed by Professor Mazzaferro, who also proposed the Milan criteria and the Metroticket 2.0 model. “Up-to-seven” criteria had excellent outcomes (13). Compared to Metroticket 2.0 model, “Up-to-seven” criteria are easy to calculate and do not need the internet, which is an advantage in developing countries. Now, it is used not only in the assessment of OLT but also in local and systemic treatment (31–34).

AFP is a critical biomarker for HCC recurrence and has been widely used in many noted models, such as the AFP model, the Hangzhou criteria, and the Metroticket 2.0 model. The combination of “Up-to-seven” criteria and AFP might be a good tool for selecting OLT candidates.

In this cohort study, 81.7% (125/153) of patients met the “Up-to-seven” criteria. In up to 4 years of follow-up, approximately 13.1% (20/153) of patients had HCC recurrence, and 7.2% (11/153) of patients had HCC-related death. “Up-to-seven” criteria had similar survival to Milan criteria and better outcomes than Hangzhou criteria. AFP is the independent risk factor for HCC recurrence and HCC-related death. The patients who met “Up-to-seven” criteria and had AFP of < 1000 ng/mL had excellent survival, with 4-year OS of 91.6% (P < 0.001) and DFS of 90.8% (P < 0.001), which is significantly better than in the other groups. This study suggests that Chinese cirrhotic patients with HCC who met the “Up-to-seven” criteria and had AFP of < 1000 ng/mL had excellent outcomes and should be offered the option of OLT.

This current study also compared the differences between the Milan, “Up-to-seven,” and Hangzhou criteria. Results showed that patients not meeting Milan but meeting “Up-to-seven” criteria had larger tumor size but a similar incidence of HCC recurrence and HCC-related death compared to Milan criteria, while those who did not meet “Up-to-seven” but met Hangzhou criteria had more advanced tumor characteristics and higher incidence of HCC recurrence and HCC-related death. That might partially contribute to the high proportion of microvascular invasion, representing 92.9% (26/28), in those who did not meet “Up-to-seven” but met the Hangzhou criteria group. The current study showed that Chinese cirrhotic patients with HCC who did not meet the Milan criteria but met “Up-to-seven” criteria also had good outcomes.

HCC recurrence and HCC-related death are important for long-term survival (35–37). Many risk factors exist for HCC recurrence and death after LT (38–44). In our center, patients with HCC recurrence had significantly higher AFP concentration, larger tumor size, vascular invasion, and poorer tumor pathological stage. The independent risk factors for HCC-related death after liver transplantation were AFP stage, tumor numbers, and maximal tumor diameter, which are consistent with the previous studies.

This study had certain limitations, including its retrospective nature, moderate case sample, and not performing the Metroticket 2.0 model. Milan criteria (45), “Up-to-seven” criteria, and the Metroticket 2.0 model all were proposed by Vincenzo Mazzaferro, and the Metroticket 2.0 model is good at predicting survival and calculated via the internet. However, this retrospective study aimed to look for expanded OLT criteria to benefit more patients. “Up-to-seven” criteria provide patients with good outcomes and are easy to calculate, and they do not need the internet, which makes it easy to use in clinical work, especially in developing countries. Furthermore, this study showed that “Up-to-seven” criteria and AFP of < 1000 ng/mL had remarkable outcomes.

In summary, Chinese patients with HCC usually had a high prevalence of cirrhosis and HBV infection, and those who met the “Up-to-seven” criteria and had AFP of < 1000 ng/mL had better OS and DFS than the other groups, including those who met the Milan criteria, allowing 28.9% of patients who did not meet the Milan criteria to benefit from OLT. Therefore, the combination of “Up-to-seven” criteria and AFP of < 1000 ng/mL might be the better strategy for LT in Chinese cirrhotic HCC patients. Additionally, this combination of criteria needs further validation via prospective study.
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Hepatocellular carcinoma (HCC) is one of the most common tumors worldwide with high prevalence and lethality. Due to insidious onset and lack of early symptoms, most HCC patients are diagnosed at advanced stages without adequate methods but systemic therapies. PI3K/AKT/mTOR signaling pathway plays a crucial role in the progression and development of HCC. Aberrant activation of PI3K/AKT/mTOR pathway is involved in diverse biological processes, including cell proliferation, apoptosis, migration, invasion and angiogenesis. Therefore, the development of PI3K-targeted inhibitors is of great significance for the treatment of HCC. DHW-208 is a novel 4-aminoquinazoline derivative pan-PI3K inhibitor. This study aimed to assess the therapeutic efficacy of DHW-208 in HCC and investigate its underlying mechanism. DHW-208 could inhibit the proliferation, migration, invasion and angiogenesis of HCC through the PI3K/AKT/mTOR signaling pathway in vitro. Consistent with the in vitro results, in vivo studies demonstrated that DHW-208 elicits an antitumor effect by inhibiting the PI3K/AKT/mTOR-signaling pathway with a high degree of safety in HCC. Therefore, DHW-208 is a candidate compound to be developed as a small molecule PI3K inhibitor for the treatment of HCC, and our study provides a certain theoretical basis for the treatment of HCC and the development of PI3K inhibitors.




Keywords: apoptosis, angiogenesis, proliferation, hepatocellular carcinoma, PI3K/AKT/mTOR pathway



Instruction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in the digestive tract (1). Chemotherapy is currently the main treatment for HCC (2, 3). However, the overall survival of some HCC patients after chemotherapy is only prolonged by a few months due to tumor drug resistance, metastasis and recurrence (4, 5). Therefore, curing HCC remains a challenge in the medical community (6, 7).

In the past few years, immunotherapy has made some progress in treating cancer, and Atezolizumab/Bevacizumab is the first and only immunotherapy with a proven benefit in HCC (8–10). However, the treatment options for advanced HCC are still very limited (11, 12). Sorafenib is a multikinase inhibitor capable of facilitating apoptosis, mitigating angiogenesis and suppressing tumor cell proliferation and remains the representative approved systemic treatment for advanced HCC (13, 14). The PI3K/AKT/mTOR signaling pathway plays an important role in physiological processes and is related to cell growth, survival and other processes (15–17). Abnormal activation of the PI3K/AKT/mTOR signaling pathway has been found in a number of cancers affects nearly 50% of malignant tumors, including HCC, and mediates cancer cell proliferation, migration, invasion, angiogenesis and other pathological processes in tumor cells (18–20). Compared with traditional chemotherapy drugs, molecular-targeted drugs have the advantages of clear targeting, enhanced efficacy and low toxicity (21, 22). In recent years, the role of targeted RTK drugs in the treatment of HCC has attracted much attention (23, 24). In response to growth factors or cytokines, RTK recruits PI3K to the cell membrane and mediates a cascade of downstream reactions through direct or indirect activation of the PI3K/AKT/mTOR pathway (25, 26). Currently, there are five FDA-approved PI3K inhibitors and there are many PI3K inhibitors are in clinical studies. But no PI3K inhibitors for HCC are currently on the market (27, 28).

The PI3K/AKT/mTOR signaling pathway also regulates multiple biological functions in HCC. One of the important pathological mechanisms of HCC disease progression is abnormal activation of the PI3K/AKT/mTOR signaling pathway (15, 29). Therefore, targeting PI3K to inhibit the PI3K/AKT/mTOR signaling pathway and its downstream effector molecules may be critical for HCC treatment (30). The development of targeted inhibitors of the PI3K/AKT/mTOR signaling pathway in HCC is very important in understanding the pathological mechanism of HCC (31–33). The sequential phosphorylation of PI3K, AKT and mTOR mediates the activation of a series of related molecular pathways and participates in the regulation of various biological functions. In apoptosis, AKT-mediated phosphorylation of proapoptotic proteins inhibits their activation, and AKT promotes the phosphorylation of the Bcl-2 family Bax at Ser184, which regulates the proapoptotic effect of Bax (34, 35). In cell metastasis, AKT can promote the transcriptional activation of TGF-β-mediated EMT. Moreover, mTOR can act on the transcription factor slug and inhibit its expression by binding to the promoter of E-cadherin (36–38). Slug also promotes the expression of MMP-9 and MMP-2 to activate EMT (39). In angiogenesis, mTOR mediates its effects by phosphorylating 4E-BP1 and disrupting the integrity of the complex formed by mTOR and 4E-BP1, which is critical for inhibiting the translation of related genes and enhances HIF-1α translation (40, 41). HIF-1α promotes transcriptional activation of VEGF, which stimulates neovascularization (42). Therefore, focusing on the PI3K/AKT/mTOR signaling pathway is crucial for the treatment of HCC.

In recent years, 4-amino-quinazoline derivatives, which are kinase inhibitors have attracted attention in the field of pharmaceutical chemistry (43, 44). These 4-amino-quinazoline derivatives have also been reported to be inhibitors of PI3Kα and PI3Kδ, suggesting that 4-amino-quinazoline derivatives are potential targeted antitumor drugs (6, 22, 45). DHW-208, a pan PI3K inhibitor, is a novel 4-amino-quinazoline derivative containing hydrophilic groups and suppressed the growth of cancer cells by inhibiting the PI3K/AKT/mTOR-signaling pathway (Figure 1A). Further research found that DHW-208 showed excellent inhibitory effects on HCC (45) which was a promising candidate for the treatment of HCC. This study aimed to explore the mechanism by which DHW-208 inhibited HCC, and lay a foundation for the development of targeted drugs for the treatment of HCC.



Methods and Materials

DHW-208 was synthesized by Pharmaceutical chemistry laboratory, Shenyang Pharmaceutical University, Shenyang, China. Sorafenib was purchased from Solebo Co., LTD (Beijing, China). For the cellular experiments, DMSO (dimethyl sulfoxide) was used to dissolve the pure DHW-208 powder (also the other agents), and then use DMEM (Logan, UT, USA) without FBS to dilute the DHW-208 (also the other agents) DMSO-solution to prepare solutions containing a series of concentrations DHW-208. For the animal experiments, DMSO was used to dissolve the DHW-208 powder, and then PEG400, Tween 80 and saline (DMSO: Tween 80:PEG400:saline = 1:5:60:34) was used to dilute DHW-208 solutions by a series of concentrations.


Cell Culture

The Hepatocellular carcinoma cell lines, Hep3B, Bel7402, HepG2, LM3 and MHCC97H, and hepatocyte HL7702 were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). All cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and incubated in an environment at 37°C containing 5% CO2.



Antiproliferative Activity

Cell viability was assessed with MTT assay. Cells were seeded in 96-well plates in complete medium. After being incubated overnight they were exposed to diverse concentrations of DHW-208 for 24 h, 48 h and 72 h. The cells were then analyzed using the MTT (0.5 mg/ml) assay and measured with microplate-reader (Elx 800 Bio-Tek, USA).



Colony Formation Assay

Hep3B and Bel7402 cells (1×103 cells/well) were seeded into six-well plates, cultured overnight, and treated with DMSO or DHW-208 at different concentrations for 72 h. Then washed with PBS and cultured in full growth medium for another 7 days. The fresh medium was replaced every 3 days. After fixed with 100% methanol, the cells were stained with 0.1% crystal violet and quantified after being dissolved with glacial acetic acid. The plates were then analyzed with a microplate reader.



Cell Morphology Analysis

Hep3B and Bel7402 cells were treated with DHW-208 for 48 h, then stained with Hoechst 33342 (Beyotime, Shanghai, China). After washed with PBS twice, the samples were photographed under fluorescence microscope (Olympus, Japan).



Annexin FITC/PI Assay

After treated with DHW-208 for 48h, cells were fixed with 70% ethanol overnight, and stained with Annexin-V FITC/PI for 30 min in the dark before tested by fluorescence-activated cell sorting (FACS) (Becton-Dickinson, NJ, USA). Data was analyzed with Flow Jo.7.6.1 (Tree Star, Ashland, OR, USA).



Transmission Electron Microscopy

Cells were collected and fixed with 3% glutaraldehyde. Then the samples were postfixed with 1% OsO4, then dehydrated in ascending series of ethanol, embedded, and sectioned. Stained with uranyl acetate and lead citrate, the samples were observed under an H-7650 transmission electron microscope (Hitachi, Japan).



Western Blot Analysis

RIPA buffers, including protease inhibitors, homogenized cells and tumor tissues. Protein concentrations were determined by BCA protein detection kit. The proteins were separated by SDS–PAGE and transferred to PVDF membrane by electrophoresis. Membranes were immunoblotted using specific primary antibodies and then incubated the membrane with HRP-conjugated secondary antibody. The immune response bands were observed with the ECL assay kit. Blots were imaged by Image Quant LAS 4000 (GE Healthcare Life Sciences, Piscataway, NJ, USA).



Wound Healing Scratch Assay

Hep3B (3×105/ml) and Bel7402 cells (5×105/ml) were seeded into 6-well plates. Confluent cells were scraped across the diameter of the well with a 200-mL pipette tip. The migration ability of the cells was tested after DHW-208 treatment for 48 h. Then cells were washed with PBS twice. The migration distance was photographed under microscope (Olympus, Japan). Image J software was used to determine the wound area.



Migration, Invasion and Co-Culture Assay

Cells invasion assay was measured with 24-well transwell plate (Corning Life Sciences, MA, USA). Cells in serum-free medium were seeded onto the upper chamber uncoated or coated with Matrigel (Becton Dickinson, CA, USA). The lower chamber was filled the complete medium containing 10% FBS. In the co-culture experiment, another cell was added or not added to the lower chamber. After 48 h, the remaining cells on the upper side of the membrane were wiped with cotton swabs. The bottom side were fixed with 4% paraformaldehyde. The cells were stained with 0.1% crystal violet and counted under a microscope (Olympus, Japan).



The In Vivo Anti-Tumor Activation of DHW-208 via a Nude Mice Model

All animal studies were obtained from Beijing Vital River Laboratory Animal Technology in accordance with the guidelines of the Animal Experimental Ethics Committee of Shengjing Hospital of China Medical University and complied with the internationally recognized Animal Research: Reporting of In vivo Experiments guideline. Hep3B cells were cultured and injected into the nude mice’s subcutaneous tumor position (5×106 for each nude mice). The mice were randomized into five groups (n = 8) that administered with 0.2 mL vehicle, Sorafenib (10 mg/kg), and DHW-208 (10, 20, and 40 mg/kg) by oral gavage daily for 14 days. At the end of the experiment, all tumors and organs were removed and measured. The inhibitory rates of DHW-208 on Hep3B cells’ subcutaneous growth was calculated according to the tumor volumes or tumor weights.



Hematoxylin and Eosin (H&E) Staining

After the nude mice were sacrificed, an autopsy was performed, and the main organs were removed. The samples were fixed in 10% neutral buffered formalin. Embedded in paraffin, the tumor samples were cut into 5 μm thickness and stained with H&E. Finally, the tumor tissues were observed under a microscope (Olympus, Japan).




Results


DHW-208 Inhibits HCC Cell Proliferation

First, the inhibitory effects of DHW-208 on the proliferation of Hep3B, Bel7402, HepG2, LM3 and MHCC97H HCC cells were investigated. The MTT results showed that after 72 h of treatment with different concentrations of DHW-208, the growth of HCC cells, especially Hep3B and Bel7402 cells, was significantly inhibited (Table 1). The colony formation assay also showed that DHW-208 inhibited the growth of Hep3B and Bel7402 cells in a concentration-dependent manner (Figure 1B). DHW-208 inhibited the growth of Hep3B and Bel7402 cells in concentration- and time-dependent manners, respectively (Figure 1C). The IC50 values of Hep3B cells at 24 h, 48 h and 72 h were 313.61 ± 1.48 nM, 92.85 ± 3.85 nM and 60.68 ± 0.85 nM, respectively. Moreover, the IC50 values of Bel7402 cells at 24 h, 48 h and 72 h were 360.20 ± 4.72 nM, 177.63 ± 1.13 nM and 80.31 ± 1.03 nM, respectively. Next, the cytotoxicity of DHW-208 to human hepatocytes was investigated. The effects of different concentrations of DHW-208 on the growth of normal human hepatocytes (HL7702) at 24 h, 48 h and 72 h were analyzed. The results showed that DHW-208 induced no significant toxicity in HL7702 cells for 24 h, 48 h and 72 h, suggesting that DHW-208 may have relatively low cytotoxicity (Figure 1D).


Table 1 | The proliferation inhibitory effect of DHW-208 on HCC cells at 72 h.






Figure 1 | The proliferation inhibitory effect of DHW-208 on Hep3B, Bel7402 and HL7702 cell lines. (A) Structure of DHW-208. (B) Effect of DHW-208 on Hep3B, Bel7402 cell proliferation as evaluated with the colony formation assay. Bar graphs of the quantitative results were shown right. (C) MTT assay of Hep3B, Bel7402 cells treated with DHW-208 for 24, 48, and 72 h. (D) MTT assay of HL7702 cells treated with DHW-208 for 24, 48, and 72 h. Each value is the mean (± SD) from triplicate samples. *p < 0.05, **p < 0.01 vs. control.





DHW-208 Inhibits HCC Tumor Growth In Vivo

To investigate the inhibitory effect of DHW-208 on HCC cell proliferation in vivo, a BALB/C xenograft tumor model bearing Hep3B cells was used. To evaluate the in vivo effects of DHW-208, Sorafenib, a first-line treatment for HCC, was selected as a positive control drug. Figure 2A shows a schematic diagram of the tumor morphology in each experimental group after drug administration. Figures 2B, C shows the statistical analysis of tumor weight and tumor volume in each group. The results showed that DHW-208 (10, 20 and 40 mg/kg) inhibited tumor growth in nude mice compared with mice in the model group, and the tumor weight in the high, medium and low concentration groups was significantly lower than that in the model group. Compared with those in the model group and DHW-208 (10, 20, 40 mg/kg) groups, the tumor inhibition rates were 19.8%, 50.1%, and 68.3%, respectively, and the tumor inhibition rate induced by 10 mg/kg Sorafenib was 19.9%.




Figure 2 | DHW-208 induces a potent antitumor effect in Hep3B nude mouse xenograft model. Hep3B was cultured and injected in to the subcutaneous position of the nude mice. Mice were received the DHW-208 and Sorafenib via oral administration. (A) Images of resected HCC tumor samples. (B) Average tumor weight at the end of the indicated treatment. (C) Average tumor volumes were measured every 3 days. Data are shown as mean ± SD (n=8). *p < 0.05, **p < 0.01 vs. Model.



During the experiment, the mental and activity states of nude mice were observed each day, and no abnormal conditions were found. The body weights of nude mice were recorded every three days, as shown in Figure 3A. No significant toxicity or body weight change was observed in response to DHW-208 at concentrations of 10 mg/kg, 20 mg/kg, or 40 mg/kg. Visceral index statistics showed that there were no significant differences in visceral indices of the heart, liver, kidney and spleen between the DHW-208 treatment group, the model group or the positive control group (Figure 3B). To further clarify the in vivo toxicity of DHW-208, we examined histological changes in the heart, liver, spleen and kidney by H&E staining. Compared with those in the model group, no obvious inflammatory infiltration or other histological abnormalities were observed in the liver, myocardium, glomerulus or splenic corpuscle in the DHW-208 treatment groups (Figure 3C). The effects of DHW-208 on the heart, liver and kidney were investigated by measuring biochemical indices in the orbital blood of nude mice. The results showed that there were no significant differences in CK, ALT, AST and CRE in the experimental DHW-208 groups compared with the model group (Figure 3D). These results indicated that DHW-208 could effectively inhibit tumor growth in nude mice without obvious visceral toxicity at the tested dose.




Figure 3 | DHW-208 has no obvious effect on body weight change and organ toxicity in tumor-bearing nude mice. (A) Body weight change curve of nude mice after DHW-208 and Sorafenib administrations. (B) The viscera index of organs (heart, liver, spleen, lung and kidney). (C) HE staining of the heart, liver, kidney, and spleen from orthotopic nude mice. Scale bar = 100 µm. (D) The biochemical parameters of heart (CK), liver (ALT, AST) and kidney (CRE) from the serum of each group in tumor-bearing nude mice. Data are shown as mean ± SD (n=8). *p < 0.05, **p < 0.01 vs. Model.





DHW-208 Induces Apoptosis in HCC Cells

First, the effect of DHW-208 on Hep3B and Bel7402 cell apoptosis was investigated. Figure 4A shows that DHW-208 treatment for 48 h significantly increased the proportion of apoptotic Hep3B and Bel7402 cells in a concentration-dependent manner, regardless of whether they were early or late apoptotic cells. Then, the proapoptotic effect of DHW-208 was confirmed by Hoechst 33342 staining. As shown in Figure 4B, after Hoechst 33342 staining, HCC cells were generally light blue. After DHW-208 treatment for 48 h, the number of cells decreased in a concentration-dependent manner, and the proportion of bright blue cells increased. After apoptosis, the HCC cells underwent nuclear fragmentation and chromatin shrinkage. Transmission electron microscopy showed that HCC cells exhibited typical apoptotic characteristics, including chromatin condensation and margination at the nuclear periphery after DHW-208 treatment for 48 h. As shown in Figure 4C, Hep3B control cells had clear spacing and intercellular connections, but the connections were not tight. Hep3B cells that were treated with DHW-208 showed increased heterochromatin in the nucleus and had condensed into apoptotic bodies. Similar results were observed in Bel7402 cells (Figure 4C). Then, we further investigated the effect of DHW-208 on the BCL-2 family, which are key proteins of the endogenous apoptosis pathway, by Western blotting (Figure 4D). The results showed that DHW-208 increased the level of the representative proapoptotic protein Bax and decreased the level of the representative antiapoptotic protein Bcl-2 in a concentration-dependent manner.




Figure 4 | DHW-208 treatment causes cell apoptosis in HCC cells. (A) Annexin V-FITC/PI double-staining of cells treated with DHW-208 for 48h. The Annexin V-FITC/PI double-staining was quantified and plotted down. (B) Changes in cells treated with DHW-208 for 48h visualized by Hoechst 33342 staining (×200 magnification, scale bar = 100 μm). Arrows, apoptotic cells. (C) Morphologic changes in cells treated with DHW-208 were observed after 48h by transmission electron microscopy (×2500 magnification, scale bar = 5 μm). Red arrow, typical apoptotic micronuclei. (D) Changes in Bcl-2 and Bax in cells treated with DHW-208 48h by western blot. Bar graphs of the quantitative results were shown down. Each value is the mean ( ± SD) from triplicate samples. *p < 0.05, **p < 0.01 vs. control.





DHW-208 Inhibits Migration, Invasion in HCC Cells

Studies have shown that the PI3K pathway is involved in the migration, invasion and EMT of HCC cells (39, 46). The effects of different concentrations of DHW-208 on the migration and invasion of Hep3B and Bel7402 cells were investigated. Hep3B and Bel7402 cells were treated with DHW-208, scratch and invasion assays were performed, and the cells were photographed at 0 h and 48 h, respectively (Figure 5A). The results showed that compared with those in the control group, the migration and invasion of HCC cells in the DHW-208 treatment group were significantly reduced, and the effects on migration and invasion were concentration-dependent (Figures 5B, C). The results of the scratch and invasion assays indicated that DHW-208 could effectively inhibit the migration and invasion of HCC cells. Next, the effects of DHW-208 on EMT-related protein expression were investigated. As shown in Figure 5D, DHW-208 significantly increased the expression of epithelial cell markers (E-cadherin and Occludin) and downregulated the expression mesenchymal cell markers (N-cadherin) in Hep3B and Bel7402 cells in a concentration-dependent manner. In addition, matrix metalloproteinase (MMP) can degrade various protein components in extracellular matrix, accelerate the hydrolysis of intercellular adhesion proteins, and promote EMT of tumor cells as the first barrier during tumor metastasis. Therefore, activation of MMPS indirectly mediates tumor migration, invasion and angiogenesis. DHW-208 also significantly inhibited the expression of the tumor metastasis marker MMP9 in Hep3B and Bel7402 cells in a concentration-dependent manner.




Figure 5 | Effects of DHW-208 on HCC cells migration, invasion and EMT. (A) The effect of DHW-208 on cell migration of Hep3B and Bel7402 cells was measured by wound healing assay (×100 magnification). The migration rates were calculated by the formula shown right. (B) Transwell assay was performed to assess the migration of Hep3B and Bel7402 cells (×200 magnification). Bar graphs showed the quantitative results of the migration (down). (C) Transwell assay was performed to assess the invasion of Hep3B and Bel7402 cells (×200 magnification). Bar graphs showed the quantitative results of the invasion (down). (D) Western blot for the levels of EMT-related proteins (E-cadherin, N-cadherin, Occludin and MMP9) in Hep3B and Bel7402 cells treated with DHW-208 (100nM) for 0-72 h. Bar graphs of the quantitative results were shown down. Each value is the mean ( ± SD) from triplicate samples. *p < 0.05, **p < 0.01 vs. control.





DHW-208 Inhibits Angiogenesis in HCC Cells

Rapid tumor proliferation could lead to ischemia and hypoxia, which produced pro-angiogenic factors and hypoxia-inducible factors, and further promoted the proliferation and migration of endothelial cells and the formation of new tumor blood vessels. These factors aggravate the tumor deterioration. HUVECs are human umbilical vein endothelial cells that are often used in vitro to examine angiogenesis (47). The results showed that DHW-208 had low toxicity to HUVECs (Figure 6A). The effects of DHW-208 on the migration and invasion of HUVECs were investigated. Cell scratch and transwell invasion assays showed that DHW-208 could significantly inhibit the migration and invasion of HUVECs (Figure 6B). These results suggest that DHW-208 can significantly inhibit the metastasis of HUVECs at the tested concentrations without obvious toxicity to vascular endothelial cells, which may further affect the angiogenesis of HUVECs. Furthermore, we investigated the interaction between HUVECs and Hep3B cells by transwell coculture in vitro, which simulates the interaction between tumor cells and endothelial cells during angiogenesis and examines the role of the tumor microenvironment. The interaction between HUVECs and Hep3B cells was investigated by transwell assays. The results showed that HUVECs and Hep3B cells could interact with each other to mutually promote invasion, and DHW-208 could significantly inhibit the increase in invasion. These results showed that HUVECs and Hep3B cells could promote mutual invasion, while DHW-208 could significantly inhibit the increase in invasion (Figure 6C).




Figure 6 | The effect of DHW-208 on cell migration, invasion and angiogenesis in HUVECs. (A) The effect of DHW-208 on cell survival in HUVECs by MTT assay. (B) The effect of DHW-208 on cell migration and invasion in HUVECs (×100 magnification). Bar graphs showed the quantitative results of the migration and invasion (right). (C) The role of DHW-208 in cell interaction between Hep3B cells and HUVECs by cell co-culture assay (×200 magnification). Bar graphs showed the quantitative results of the migration and invasion (down). (D) DHW-208 treatment for 48h observably reduced the expression level of proangiogenic proteins (VEGFA and HIF-1α) and PI3K pathway-related proteins (p-AKTser473 and p-mTOR). Bar graphs of the quantitative results were shown right. Each value is the mean (± SD) from triplicate samples. *p < 0.05, **p < 0.01 vs. control.



To further verify the antiangiogenic mechanism of DHW -208, we investigated whether DHW-208 could inhibit the PI3K signaling pathway in HUVECs. The Western blot results suggested that the protein expression levels of p-AKT (Ser473) and p-mTOR were decreased, while the levels of AKT and mTOR were not affected. DHW-208 also significantly inhibited the expression of the angiogenic factors VEGFA and HIF-1α (Figure 6D). These results suggest that DHW-208 can exert an antiangiogenic effect through the PI3K pathway.




Discussion

The PI3K/AKT/mTOR signaling pathway is involved in a variety of pathological mechanisms, including proliferation, apoptosis, metastasis, invasion, and angiogenesis (40, 48). Deregulation of the PI3K/Akt/mTOR pathway leading to activation is common in HCC and is hence the subject of intense investigation and the focus of current therapeutics. Because this pathway is important in the pathological mechanism of HCC, the development of small molecule inhibitors targeting PI3K has attracted much attention (49–51). Currently many PI3K inhibitors as anti-tumor drugs have been developed, but only five PI3K inhibitors were approved by FDA. And there are still no marketed PI3K inhibitors for HCC. Based on the current research progress of PI3K inhibitors, the anti-hepatocellular carcinoma activity of the novel 4-amino-quinazoline derivative DHW-208 was explored in our study. DHW-208 inhibited the proliferation of HCC both in vitro and in vivo, and the mechanism was further studied. This study provides ideas and a theoretical basis for the development of PI3K inhibitors for the treatment of HCC.

HCC is characterized by abnormal cell proliferation caused by abnormal regulatory signals and proteins (52). Apoptosis is one of the main modes of cell death and is characterized by a series of changes in cell morphology and related regulatory enzymes (53). The Bcl-2 family is a key regulator of endogenous apoptosis, which is the main mechanism of apoptosis (54). Apoptosis can be triggered when the regulation of proapoptotic proteins exceeds that of antiapoptotic proteins (55). Studies have shown that this process is one of the earliest events in the apoptosis cascade and occurs before the changes in the nucleus (chromatin concentration, DNA fragmentation), and once this change occurs, cell apoptosis is irreversible (56). The PI3K/AKT/mTOR signaling pathway plays an important role in apoptosis (57). We found that DHW-208 could significantly inhibit the proliferation of Hep3B and Bel7402 HCC cells and promote HCC cell apoptosis by inducing the endogenous apoptosis pathway.

The abnormal activation of the PI3K pathway is also closely related to migration and invasion in HCC. EMT enhances the migration and invasion of HCC cells (58, 59). After EMT, HCC cells lose their epithelial-like morphology, downregulate epithelial marker expression, and reduce intercellular adhesion (60, 61). Then, HCC cells acquire mesenchymal cell morphology and upregulate the expression of mesenchymal markers, making them more prone to migration and invasion (61, 62). Angiogenesis occurs frequently in tumors. When the tumor proliferates rapidly, ischemia and hypoxia occur, and angiogenic factors and hypoxia-inducible factors are produced to promote the proliferation and migration of endothelial cells, resulting in the formation of new tumor blood vessels and exacerbating tumor deterioration (63, 64). Therefore, inhibiting endothelial cell migration, invasion and angiogenesis is crucial in controlling tumor progression.

Antiangiogenic drugs can effectively inhibit the growth, diffusion and metastasis of the primary tumor. We investigated the inhibitory effect of DHW-208 on the metastasis of HCC cells and found that DHW-208 could significantly inhibit migration and invasion in Hep3B and Bel7402 cells. DHW-208 effectively inhibited the migration and invasion of HUVECs, as shown by the cell scratch assay and transwell invasion assay. Fast-growing malignant tumor cells require adequate nutrient and oxygen transport, so more blood vessels are needed to promote cell overproliferation. However, due to vascular leakage, tumor cells can easily invade new blood vessels and form distant metastases without having to go through a complex process (14, 65). Therefore, it is necessary to investigate the interaction between tumor cells and endothelial cells for angiogenesis. In vitro transwell coculture experiments with HUVECs and Hep3B cells verified that DHW-208 could significantly inhibit the interaction between HUVECs and Hep3B cells. The formation of blood vessels is the result of the coordination between angiogenic factors and angiogenic inhibitors (66). These factors are in dynamic balance under normal condition, but once the balance is broken, excessive angiogenesis will occur (67, 68).

The upregulation of angiogenic factors can activate endothelial tyrosine kinases and downstream cascades via PI3K, mediating tumor angiogenesis (30). In the absence of a stable vascular system to provide adequate oxygen for growing tumors, the rapid proliferation of cancer cells leads to tumor hypoxia. Tumor hypoxia can increase the expression of HIF-1α, VEGF and other angiogenic factors. VEGFA is an angiogenic progenitor, and HIF-1α is an upstream factor of VEGFA and a key effector in the tumor microenvironment, both of which regulate angiogenesis (69, 70). PI3K signaling pathway plays a key role in tumor angiogenesis by regulating the expression of HIF-1α and VEGF. Activation of the PI3K/AKT/mTOR pathway in tumor cells can also increase VEGF secretion, both by hypoxia-inducible factor 1 dependent and independent mechanisms (11). Numerous inhibitors targeting the PI3K/AKT/mTOR pathway have been developed, and these agents have been shown to decrease VEGF secretion and angiogenesis (70). Hence, the PI3K pathway plays an important role in regulating angiogenesis in cancers. DHW-208 significantly inhibited the expression of p-AKT (Ser473) and mTOR, as well as the angiogenic factors VEGFA and HIF-1α, in HUVECs. These findings suggest that DHW-208 can play an antiangiogenic role through the PI3K pathway.

In conclusion, as a pan-PI3K inhibitor, DHW-208 can inhibit the proliferation, migration, invasion and angiogenesis of HCC by inhibiting the activation of PI3K/AKT/mTOR signaling pathway, exhibiting robust anti-HCC activity both in vivo and in vitro. DHW-208 is expected to be a potential selective small molecule PI3K inhibitor for the treatment of HCC, with certain potential for further development.
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Background

The development of a new strategy to overcome chemoresistance to hepatocellular carcinoma (HCC) treatment is a long-standing issue. We have previously found that upregulated SETD3 levels are closely correlated with HCC. This study aims to explore the mechanism underlying how upregulation of SETD3 promotes liver carcinogenesis.



Methods

RNA-Sequencing analysis was used to explore the correlation of SETD3 with regulatory targets. In vitro assays including cell proliferation and migration were performed to study the oncogenic roles of SETD3 and PLK1. Western blotting, immunohistochemical staining, and blood biochemical assays were performed to examine protein expression or pathological index in tumor tissues and mice liver tissues. Luciferase reporter system and chromatin immunoprecipitation assays were used to explore the mechanism.



Results

We revealed that SETD3 regulates gene expression in subgroups, including cell division, cell proliferation, and cell cycle, in hepatocellular tumor cells. We found that SETD3 upregulation is associated with elevated PLK1 level in both hepatic tumor cells and clinical liver tissues. We further showed that overexpression of SETD3 promoted tumor cell proliferation and migration, whereas inhibition of PLK1 activity attenuated these phenotypes caused by SETD3. By taking advantage of the Sleep Beauty transposase system, we confirmed that upregulated mouse Setd3 promoted hepatic carcinogenesis in situ, but knockdown of mouse Plk1 mitigated Setd3-promoted tumorigenesis in mice. Mechanistically, we showed that SETD3 could be recruited to the promoter of PLK1 gene to facilitate PLK1 transcription.



Conclusions

Our data demonstrate that elevated SETD3 may promote HCC by enhancing PLK1 expression, which suggests that SETD3 may act as a potential drug target combined with PLK1 inhibition to treat HCC.
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Introduction

Hepatocellular carcinoma (HCC) ranks as the fourth deadliest cancer, with the sixth most common incidence in the world (1). It is estimated that more than 1 million individuals will be affected by liver cancer annually by 2030 (2). During the past decades, although growing studies on the epidemiology and molecular and genetic factors have made great progress to the strategies for prevention, surveillance, early diagnosis, and treatment of HCC, a significant population of HCC patients still present at an advanced stage in many parts of the world (3). Hence, comprehensive understanding of the unknown factors and deciphering the underlying molecular mechanisms are still necessary.

Recently, epigenetic dysregulation has been demonstrated to play a crucial role in the initiation, progression, and metastasis of HCC by altering gene expression through DNA methylation, histone modification, chromatin remodeling, or changes in levels of different types of RNAs (4, 5). For example, changes in levels of DNMT1 and DNMT3, two DNA methyltransferases, contribute to alter DNA methylation levels of certain genes (such as c-Met and MTA1), which is closely associated with metastasis of HCC (6). In addition, histone methylation is also linked with metastasis and proliferation of HCC. It has been reported that upregulation of the methyltransferases EZH2, SETDB1, and G9a are tightly associated with aggressive clinicopathological features of HCC (6). Interestingly, histone demethylases KDM5C and JARID1B are found to be abundantly expressed in invasive human HCC cells and are correlated with distant metastasis of HCC (6). Based on the reported studies in vivo and in vitro, in which epigenetic modifiers effectively involve in HCC metastasis and proliferation, these epigenetic modifiers could be appreciated as important therapeutic targets for HCC besides chemotherapy or targeted therapies (7). Actually, histone deacetylase inhibitors (HDACi) have been implicated as a therapeutic option in liver cancer (7). Moreover, emerging evidence suggest that many epigenetic regulators could be utilized as potential biomarkers in liquid biopsy for the diagnosis and prognosis of HCC (8). Thus, an extensive understanding of the epigenetic modifications associated with HCC could provide the basis for developing advanced approaches to treat this disease.

Very recently, SETD3, a putative methyltransferase, has been discovered as the first identified histidine N3-methyltransferase in metazoans, which attracts much more attention in the study of the biological roles of SETD3 and protein histidine methylation (9, 10). The biochemical property of SETD3 was initially characterized as a histone H3 Lys4 or Lys36 methyltransferase, which regulates the transcription level of MyoD, a key transcription factor, to control muscle cell differentiation (11, 12). In contrast, other results indicate that SETD3 is incapable of methylating histones in vitro, and silencing endogenous SETD3 gene fails to alter histone methylation levels (9, 13). Regardless of such paradox, several studies suggest that SETD3 directly regulates gene expression, thereby involving in multiple physiological and pathological processes. For instance, SETD3 is required for p53 recruitment to activate its target gene expression (14). Dissociation of SETD3 and FoxM1 from VEGF gene promoter under hypoxia leads to elevated expression of vascular endothelial growth factor (VEGF), which is required for vascular development (15). Moreover, SETD3 downregulates the expression of kinesin light chain 4 (KLC4), which could improve the radiosensitivity of cervical cancer cells (16). In addition, SETD3 regulates the expression of multiple breast-cancer-associated genes, such as ACTB, FBXW7, Fascin, eNOS, and MMP-2, which suggests it as a promising biomarker for breast cancer prognosis (17). It was also reported that SETD3 promotes CXCR5 expression in CD4+ T cells of systemic lupus erythematosus patients (18). All this evidence strongly suggests that SETD3 can regulate the expression of different types of genes that are involved in multiple signaling pathways.

Of note, a line of evidence indicates that SETD3 is closely associated with many diseases, including cancers (19). Our bioinformatic analysis showed that SETD3 levels are significantly different in 31 tumors compared to normal tissues. In line with this result, a group of studies found that SETD3 are correlated with HCC (13, 20), breast cancer (17), colon cancer (14), B-cell lymphoma (21), cervical cancer (16), renal cell tumors (22), and ovarian carcinoma (23), suggestive of a potential biomarker for prognosis of different cancers. Particularly, our recent study showed that aberrant elevated SETD3 protein levels were detected in HCC tissues, and xenograft mice model confirmed that SETD3 levels are positively correlated with tumorigenesis, which indicates that SETD3 is an important player in liver cancers (13). However, whether and how SETD3 regulates hepatocarcinogenesis in vivo is still unclear.

Aberrant cell division is one of the essential events that contributes to tumorigenesis, in which many cell cycle regulatory proteins, including cyclin D/E, PLK1, Aurora A/B, Skp2, and Cdc20, have been frequently detected in various types of human cancers (24). Therefore, how aberrancy in cell cycle progression occurs and how the errors lead to tumorigenesis warrants further investigation. Since our previous study has demonstrated that SETD3 is a cell-cycle-related oncoprotein in liver tumor, we speculated that SETD3 plays an important role in hepatocarcinogenesis.

In this study, we connected the oncogenic role of SETD3 in hepatocarcinogenesis with PLK1 level. By using an in vivo transposase system, we confirmed that elevated SETD3 levels are correlated with carcinogenesis in mice liver. Our results demonstrate a critical role of SETD3 in hepatocarcinogenesis and suggests that it may act as a potential drug target combined with PLK1 inhibition to treat HCC.



Materials and Methods


Cell Culture

The human liver cell lines, LO2 and BEL7402, were purchased from the Cell Bank of Chinese Academy of Sciences. The HEK 293T cell line was gifted from Dr. Zhiyin Song (the College of Life Sciences, Wuhan University). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Cat. SH30243.01, Hyclone, USA) supplemented with 10% fetal bovine serum (FBS, Cat. A0500-3011, Cegrogen, Germany) and 1% penicillin-streptomycin solution (Hyclone). Cells were cultured in a humidified incubator with 5% CO2 at 37°C. For cell treatment, various doses of BI6727 (Cat. T6019, Topscience, Shanghai, China) were added into the cell culture medium, and cells were collected at the indicated time points to measure the growth rate by cell proliferation assays (see below).



RNA Isolation and Reverse Transcription Quantitative PCR

For cell RNA extraction, cells were trypsinized by 0.05% trypsin-EDTA (Cat. S320JV, Shanghai BasalMedia Technologies Co., China) and collected by centrifugation with 500g for 3 min. For tissue RNA extraction, ~20 mg of tissue was homogenized and collected with centrifugation. Total RNA was isolated with TRIzol (Cat. 15596018, Thermo Fisher, USA). An aliquot of 1 μg of mRNAs was used for reverse transcription by HiScript II Q RT SuperMix (Cat. R223-01, Vazyme, Nanjing, China), and real-time quantitative PCR (RT-qPCR) was performed according to the manufacturer’s protocol (Cat. MQ10101S, Wuhan Monad Medicine Tech Co., China). The primer sequences used in quantitative PCR experiments are listed in Supplementary Table S1.



RNA Preparation and RNA-Sequencing Analysis

WT or shSETD3 HEL7402 cells were collected, and total RNAs were extracted using TRIzol (Cat. 15596026, Invitrogen, USA) and further purified via chloroform extraction methods. RNA-Sequencing (RNA-seq) libraries were prepared using KAPA Stranded RNA-Seq Library Preparation Kit according to the manual (Cat. KK8401, KAPA Biosystems, USA), sequenced by Berry Genomics Company (Beijing, China) on Illumina NovaSeq 6000.

FastQC was used for quality control on raw sequence data. The filtered reads were normalized, and differential gene expression analysis was performed using DESeq2 v1.24.0. Gene Ontology was performed by DAVID v6.8. For heatmap, we used R package edgeR to calculate counts per million (CPM) of each gene; then, log (CPM) value was used to make heatmap by using R package ComplexHeatmap. R version 3.6.0 was used for some custom analysis.



Western Blotting

Western blotting was performed as described previously. Briefly, cells were collected and lysed by radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)] with a protease inhibitor cocktail (Cat. B14001, Bimake, China). Tissues were grounded by an electronic homogenizer and lysed by RIPA buffer as well. Protein extracts were separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Cat. ISEQ00010, Millipore, USA). After blocking with 5% non-fat milk in TBST buffer [10 mM Tris–HCl, 150 mM NaCl, 0.5% (v/v) Tween-20, pH 7.5]. Membranes were probed with the following primary antibodies including mouse anti-SETD3 (1G7, mouse monoclonal, generated by Wuhan Dia-An Company), rabbit anti-PLK1 (Cell Signaling Tech, USA, 4535S), rabbit anti-pT210-PLK1 (Cell Signaling Tech., USA, 9062S), mouse anti-GAPDH (Proteintech, China, 60004-1-Ig), rabbit anti-β-actin (ABclonal, China, AC026), and rabbit anti-Flag (MBL, Japan, PM020). Membranes were washed and incubated with the appropriate secondary antibodies (Jackson ImmunoResearch Laboratory, USA) at room temperature for 1–2 h. Blotting signals were detected by ECL detection reagents (Cat. 36208ES76, Shanghai Yeasen Biotech, China). Prior results were captured by exposure with X-ray films (Fuji Company), and later results were captured by a chemiluminescence imaging system (ChemiScope 3000mini, Clinx Science Instruments Co. Ltd., Shanghai, China). For animal tissues, more than three individual mice samples per group were used for blotting. Densitometric quantification of protein bands was performed using ImageJ (NIH, Bethesda, USA).



Constructs, Transfection, and Lentiviral Infection

Short hairpin RNA fragments (shRNAs) of mouse SETD3 containing 5′-GCTGGAGATCAGATTT ACATT-3′ (shSETD3) or mouse Plk1 containing 5′-GCACCGCAA TCAGGTCATTCA-3′ (shPlk1) were cloned into pLKO.1 vector using the restriction enzymes EcoRI and AgeI (New England Biolabs). Two shRNAs of human SETD3 containing 5′-GCTTTGGTTTGAGAGCAACAA-3′ or 5′-GAAGAAGATGAAGTTCGGTAT-3′ were cloned into plko.1 vector as well. Wild-type (WT) or catalytic inactive Y313A mutant of human SETD3 and WT or catalytic inactive K82M mutant of PLK1 were cloned into pCS2-3xFlag vector. For expression, plasmids were transfected into mammalian cells using lipofectamine 2000 (Cat. 11668019, Invitrogen, USA), according to the manufacture’s protocol. For generation of knockdown cell line, shRNA constructs were transfected into HEK 293T cells along with the helper plasmids pMD2G and psPAX2 to produce virus particles. Knockdown cells were selected by using puromycin and validated by Western blotting.



Wound Healing Assays

Cells were counted by Automatic Cell Counter (Guangzhou Bodboge Technology Co., Ltd.), and equal numbers of cells were seeded into six-well plates for 24 h, and cell layers were scratched using a 200-μl pipette tip to form wound gaps. Plates were washed twice with pre-warmed phosphate-buffered saline (PBS), and the cells were maintained in DMEM without FBS. The cells were photographed at 0 and 48 h to record the wound width. Three independent replicates were conducted and quantified.



Transwell Migration Assays

The migratory capability was detected using transwell chambers (8 μm pores, BD Bioscience, Cat. 353097, USA). Briefly, 5,000 cells were plated on the surface of each upper chamber. The media containing 10% FBS was injected into the lower chambers to stimulate cell migration. After 36-h incubation, cells on the lower filter surface were fixed with 4% paraformaldehyde and then stained with 0.1% crystal violet stain solution (Cat. G1063, Solarbio, China). Images were taken by an optical microscope.



Cell Proliferation Assays

Cell proliferation assays were performed as described previously (13). Briefly, LO2 or BEL7402 cells with expressing SETD3 or PLK1 constructs or stably knockdown of SETD3 were treated with PLK1 inhibitor BI6727 at the indicated concentrations and measured using a Cell Counting Kit-8 (CCK-8, Cat. EC008, Engreen Biosystem Ltd., New Zealand) according to manufacturer’s instructions. Cell numbers in each well were normalized using Automatic Cell Counter (JSY-SC-031N, Guangzhou Bodboge Technology Co., Ltd.). Each time point was repeated in three wells, and the experiments were independently performed for three times. The effects of cell proliferation were characterized by a growth curve, which was plotted by the value of OD450.



Clinical Specimens

The 18 pairs of liver cancer tissues were collected from patients in Hubei Cancer Hospital. The liver cancer tissue microarrays (HLivH020PG02-M-209, Xi’an Alenabio Company, China), which contained samples from 30 pairs of human hepatocellular carcinoma and adjacent tissues, were purchased from Shanghai Outdo Biotech. Informed consents were obtained from all subjects in accordance with the protocol approved by the individual institutional ethics committees.



Hydrodynamic Injection and Animal Experiment

WT C57BL/6 mice (8 weeks old) were subjected to hydrodynamic injection procedures as described previously (25). Briefly, 1 μg pCMV-CAT-T7-SB100X, 6.4 μg pT3-Myr-AKT-HA, 6.4 μg pT3/Caggs-NRAS-V12, and either 6.4 μg pT3-U6-shCtrl or equal amount of pT3-U6-shSETD3 were mixed well and diluted in 2 ml of 0.9% NaCl, filtered and injected into the lateral tail vein of mice within 9 s. Five control mice were injected with 0.9% NaCl solution. After 4 weeks post-injection, all mice were sacrificed in groups to monitor liver tumorigenesis. Livers were separated from each mouse, and liver lesions were diagnosed macroscopically and several biochemical indexes described below.



Immunohistochemical Staining

Human tissue microarray slides were deparaffinized as described previously (13). For mice tissue staining, mice livers were isolated from the indicated male mice, rinsed in ice-cold PBS, fixed in 4% polyformaldehyde for 48 h at 4°C, and then dehydrated, embedded in paraffin, and sectioned. Tissue sections (4 μm) were used for staining. Slides were then incubated with the α-SETD3 or α-PLK1 antibody at 1:1,000, respectively, followed by biotin-conjugated goat anti-rabbit IgG antibody or goat anti-mouse IgG antibody at 1:10,000, respectively. Detections were performed using a 3,3′-diaminobenzidine (DAB) reagent (Cat. E-BC-K227-S, Elabscience, Wuhan, China), and nuclei were stained with hematoxylin before examination by a microscope. At least four mice per group were used for assay. The intensity score was determined by evaluating staining intensity of positive staining as described previously (13).



Measurement of Total Cholesterol and Triglyceride

For serum triglyceride (TG) and total cholesterol (TC) content measurements, blood plasma samples were obtained just before necropsy and deposited for 30 min at room temperature. Serum was harvested by centrifugation at 3,000 rpm for 10 min at 4°C. Serum TG and TC contents were determined using the Triglyceride Assay Kit (Cat. A1101-1-1, NJJCBIO, Nanjing, China) and Total Cholesterol Kit (Cat. A1111-1-1, NJJCBIO, Nanjing, China), respectively. The operation was performed according to the manufacturer’s manual.



Measurement of Alanine Aminotransferase and Aspartate Aminotransferase in Serum

For measurement of the content of alanine aminotransferase (ALT) and aspartate aminotransferase (AST), serum was harvested as described above. The ALT and AST contents were determined using the Alanine Aminotransferase Assay Kit (Cat. C009-2, NJJCBI, Nanjing, China) and Aspartate Aminotransferase Assay Kit (Cat. C010-2, NJJCBIO, Nanjing, China), respectively. The operation was performed according to the manufacturer’s manual.



Dual-Luciferase Reporter Assays

The luciferase (LUC) reporter plasmid pGL4 vector was generously gifted from Dr. Xiao-Dong Zhang’s laboratory (the College of Life Sciences, Wuhan University). The ~2-kb fragment of PLK1 promoter extending −1,867 to +27 was amplified by PCR from genomic DNA of HeLa S3 cells as described previously (26) and cloned into pGL4 vector’s multiple cloning site just before LUC gene. For Luciferase reporter assays, 60 ng pGL4-PLK1 (−1,867/+27) reporter vector, 4 ng pRL-TK (Renilla), and 300 ng pCS2-3xHA-SETD3 were transfected into 293T cells. After 24–36 h, cells were lysed, and the luciferase activity was tested according to the manufacturer’s instructions (Cat. E1910, Promega, USA). The primer sequences used to generate various pGL4-PLK1 reporter constructs are listed in Supplementary Table S1.



Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were modified as described previously (27). Briefly, ~ 1 × 107 cells were fixed with 1% formaldehyde and then quenched with glycine to a final concentration of 0.125 M. The cells were washed three times with PBS and then harvested in cell lysis buffer (5 mM PIPES, pH 8.0, 85 mM KCl, 0.5% NP-40) with the protease inhibitors and phenylmethylsulfonyl fluoride (PMSF) (1 mM final concentration). DNA in nuclei lysis buffer (50 mM Tris–HCl, pH 8.0, 10 mM EDTA, 1% SDS, and protease inhibitors) was sonicated for 20–25 cycles (high output, 30 s on, 30 s off) using the Bioruptor (Diagenode). After centrifugation, four volumes of ChIP dilution buffer (16.7 mM Tris–HCl pH 8.1, 167 mM NaCl, 0.01% SDS, 1.1% Triton X-100, and 1.2 mM EDTA) were added to the supernatant. The lysate was then incubated with anti-Flag affinity beads (SA042001, SMART LifeSci, China) at 4°C overnight. The beads were washed five times, and DNA was eluted by ChIP elution buffer (0.1 M NaHCO3, 1% SDS, and 30 μg/ml proteinase K). The eluent was incubated at 65°C overnight, and DNA was extracted with DNA purification kit (Cat. DP214, Tiangen Biotech, Beijing, China). Purified DNA was analyzed by quantitative PCR.



Statistical Analysis

Unless otherwise indicated, all data are presented as the mean ± SD from at least three biological replicates, and statistical differences between any two groups were compared by unpaired t-tests using Prism 7 software. The relative immunohistochemical staining (IHC) staining scores of human liver tissue microarrays were compared by unpaired Student’s t-tests. A p-value of <0.05, 0.01, 0.001, or 1 × 10−4 was considered statistically significant and marked as “*,” “**,” “***,” and “****,” respectively. “NS” indicates “not significant.”



Ethics Approval

All procedures were conducted in accordance with the Animal Guidelines for the Care and Use of Laboratory of Wuhan University (No. WDSKY0202001). All mice were housed, fed, and treated in accordance with protocols approved by the Animal Experimentations Ethics Committee of the Wuhan University.




Results


Genome-Wide RNA-Seq Analysis Reveals That SETD3 Regulates PLK1 Level in Hepatocellular Tumor Cells

Our previous study indicated that SETD3 level is upregulated in liver tumor BEL7402 cells, and overexpression of SETD3 led to mice xenograft tumorigenesis. To investigate underlying mechanism of how SETD3 involves in hepatocellular carcinogenesis in situ, RNA-Seq analysis were performed, and the differentially expressed genes (DEGs) in knockdown of SETD3 cells relative to WT BEL7402 hepatocellular tumor cells were analyzed (Figure 1A). We totally identified 1,344 DEGs (threshold set as 1.4-fold change, p < 0.05), including 590 upregulated genes and 754 downregulated genes overlapped at two pairs of shSETD3 cells vs. shControl cells (Figure 1B). Interestingly, gene ontology (GO) analysis indicated that the downregulated DEGs are mainly enriched in cell-cycle-related process, including cell division, cell proliferation, and cell cycle (Figure 1C). The gene set enrichment analysis (GSEA) showed that knockdown of SETD3 is closely correlated with lower expression of genes participated in cell cycle-related pathways (Figure 1D). Based on these data, we hypothesized that SETD3 might promote liver tumorigenesis mainly through regulating cell-cycle-related gene expression.




Figure 1 | SETD3 regulates PLK1 level in liver tumor cells. (A) Volcano plots indicate DEGs from biological duplicates in shSETD3 cells relative to shCtrl cells. The red circles represent differential genes with p <0.05. (B) Expression heatmap of 590 upregulated genes and 754 downregulated genes from duplicated biological repeats in shSETD3 cells compared with shCtrl cells. The color scales indicate the log2 ratio of relative expression levels (log2 >0.5, p <0.05). (C) GO analyses of biological processes show DEGs in panel (B). (D) GSEA shows plots of enrichment in “Cell Division,” “Cell Proliferation,” and “Cell Cycle” pathways in WT and shSETD3 cells, respectively. (E) RT-qPCR analyses were used to examine mRNA levels of various cell proliferation-related genes upon knockdown of SETD3 in BEL7402 cells. (F) SETD3 and PLK1 protein levels from the indicated samples shown in panel (E) were examined using Western blotting. (G) RT-qPCR analyses were used to examine mRNA levels of various cell proliferation-related genes upon overexpression of either vector or WT SETD3 in LO2 cells. (H) SETD3 and PLK1 protein levels from the indicated samples were examined using Western blotting. (I) Rescue experiments were performed in shSETD3 cells in transfection with either WT or Y313A mutant of SETD3, respectively, and PLK1 protein levels were examined by Western blotting. exo, exogenous expressed SETD3; endo, endogenous SETD3. Data are presented as mean ± SD from three biological replicates. NS, not significant; *p <0.05; **p <0.01; ***p <0.001.



To further verify genome-wide RNA-seq data, expression levels of several top candidates were examined using RT-qPCR analysis. Consistent with whole-genome RNA-seq data, knockdown of SETD3 significantly reduced mRNA levels of several genes, including PLK1, BOP1, FOXC1, and PCNA. In contrast, mRNA level of SF3A2, a control gene, was not affected (Figure 1E). Consistently, we also observed that knockdown of SETD3 decreased PLK1 protein levels (Figure 1F). Meanwhile, we also chose liver immortalized LO2 cells with overexpression of SETD3 to phenocopy tumorigenesis of normal liver cell line. Consistently, we found that overexpression of SETD3 in LO2 cells increased mRNA levels of these genes except the control gene SF3A2 (Figure 1G). Moreover, overexpression of WT but not Y313A mutant of SETD3 enhanced PLK1 protein levels (Figure 1H). We also found that transient expression of WT SETD3, but not Y313A mutant, in shSETD3 cells was also capable of rescuing protein levels of PLK1 (Figure 1I). Altogether, these results indicate that SETD3 regulates PLK1 level in human hepatocellular tumor cells, likely in a catalytic-dependent manner.



The Effect of SETD3 on Cell Proliferation Is Dependent on PLK1 Kinase Activity

A growing body of evidence demonstrated that hyperactive PLK1 is required for cell proliferation (28, 29). To investigate whether the effect of SETD3 on liver tumor cell proliferation relies on PLK1 kinase activity, cell growth assays were performed using SETD3-overexpressed LO2 cells treated with a PLK1 inhibitor BI6727. We observed that overexpressing WT, but not the Y313A mutant of SETD3, facilitates cellular proliferation compared to the control cells (Figure 2A, a). As expected, cells treated with higher doses of BI6727 (>20 nM) significantly attenuated cell proliferation, even supplemented with overexpression of WT SETD3 (Figure 2A, b–d). Western blot analysis showed an equal expression of SETD3 and PLK1 in the indicated cells (Figure 2B). Furthermore, the effect of PLK1 kinase activity on BEL7402 tumor cell proliferation was also examined. In agreement with previous results, knockdown of SETD3 retarded cell growth relative to the control cells (Figure 2C, a), whereas overexpression of WT, but not catalytic inactive K82M mutant of PLK1, promoted cell growth (Figure 2C, b). The difference of cell growth rates between WT and K82M mutant does not result from the divergent expression levels, as comparable PLK1 protein levels were displayed (Figure 2D). Interestingly, overexpression of WT PLK1, but not K82M mutant, can only partially restore decreased cell proliferation caused by knockdown of SETD3 in BEL7402 cells (Figure 2C, c,d), suggesting that PLK1 may only act as one of the downstream targets regulated by SETD3.




Figure 2 | Inhibition of PLK1 activity attenuates the effect of SETD3-enhanced cell proliferation. (A) Cell proliferation was determined by CCK-8 assay in LO2 cells transfected with the indicated SETD3 constructs. Cells were treated with different doses of the PLK1 inhibitor of BI6727 (A, b–d). (B) Protein levels of SETD3 and PLK1 were examined by Western blotting. (C) Cell proliferation was determined by CCK-8 assay in either WT (a, b) or shSETD3 (c, d) BEL7402 cells overexpressing the indicated plasmids including WT or K82M mutant of PLK1. (D) Protein levels of SETD3 and PLK1 were examined by Western blotting. Data are presented as mean ± SEM. NS, not significant; *p <0.05; **p <0.01; ***p <0.01; ****p <0.0001.





PLK1 Kinase Activity Is Required for Rescuing Attenuated Cell Migration Ability Caused by Downregulation of SETD3

To explore whether SETD3 is important for cellular migration, wound healing and transwell assays were performed in both LO2 and BEL7402 cells. We noticed that overexpression of WT SETD3, but not Y313A mutant, promoted cell migration in normal liver LO2 cells (Figures 3A, B). In contrast, knockdown of SETD3 reduced cell migration in tumor liver BEL7402 cells (Figures 3C, D). Consistently, overexpression of WT but not Y313A mutant of SETD3 facilitated cell migration ability (Figures 3E, F), whereas knockdown of SETD3 reduced cell migration (Figures 3G, H). These data suggest the important role of SETD3 in liver cell migration.




Figure 3 | PLK1 kinase activity is required for rescuing decreased cell migration by knockdown of SETD3. (A–D) Examine cell migration in LO2 cells overexpressed with either WT or Y313A mutant of SETD3 (A, B) or in BEL7402 cells transfected with shSETD3 construct (C, D). Representative images at the indicated time points were present in panels (A, C), and quantitative data from three independent replicates are shown in panel (B) or (D), respectively. Scale bar, 500 μm. (E–H) Transwell assays were performed in the cells transfected with the indicated constructs. Representative images are present in panels (E, G), and quantitative data from three independent replicates are shown in panel (F) or (H), respectively. (I–L) Wound healing and cell migration assays were performed in shSETD3 BEL7402 cells transfected with WT or K82M mutant of PLK1. Representative images are presented in panel (I) or (K), and quantitative data from three independent replicates are shown in panel (J) or (L). Scale bar, 500 μm. Data are presented as mean ± SD. NS, not significant; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001.



Next, we want to know whether the effect of SETD3 on cell migration is dependent on PLK1 kinase activity. Wound healing assays showed that overexpression of WT PLK1, but not the K82M catalytic-dead mutant, promoted cell migration (Figure 3I, top panel). However, knockdown of SETD3 was able to partially compromise phenotypes of accelerated cell migration caused by overexpression of PLK1 (Figures 3I, J). Meanwhile, cell migration assays also showed similar results, in which overexpression of WT PLK1, but not K82M mutant, increased cell migration, whereas knockdown of SETD3 can rescue the accelerated phenotype caused by PLK1 overexpression (Figures 3K, L). Together, we conclude that SETD3 is required for PLK1-promoted liver cell migration.



SETD3 Levels Are Positively Correlated With PLK1 Expression in Human Hepatocellular Carcinoma

Next, we sought to investigate whether upregulated SETD3 and higher PLK1 levels are concurrent in vivo. Therefore, 18 pairs of human tumor and adjacent liver tissues were collected, and SETD3 and PLK1 levels were examined by Western blot analysis (Figure 4A). We observed that 15 out of 18 pair tissues displayed simultaneously increased SETD3 and PLK1 levels in tumor samples compared to their corresponding adjacent samples (Figures 4B, C). Correlation analysis indicated that upregulated SETD3 was positively correlated with higher levels of PLK1 in hepatocellular carcinoma samples (R = 0.4847, p = 0.021, Figure 4D). To further consolidate this result, commercial purchased liver tumor tissue microarrays containing 24 pairs of human hepatocellular carcinoma and adjacent pairs of tissues were immunostained with α-SETD3 or α-PLK1 antibodies, respectively (Figure 4E). Consistently, we observed that higher levels of SETD3 are positively correlated with higher levels of PLK1 (R = 0.6623, p = 0.0006, Figures 4F–H). Overall, we unveil a positive correlation of SETD3 and PLK1 in human liver tumors.




Figure 4 | SETD3 levels are positively correlated with PLK1 expression in liver tumors. (A–C) Eighteen pairs of human liver samples including adjacent tissues (P) and tumor tissues (T) were examined using Western blotting (A). Relative protein levels of SETD3 (B) or PLK1 (C) in the tumor tissues compared with the corresponding adjacent tissues were quantified. (D) The correlation of SETD3 and PLK1 levels from Western blots in panels (B, C) were plotted (R =0.4847, p =0.021). The dots represent the relative levels from each tumor sample overlapped as one dot in the graphs. (E–G) IHC staining of SETD3 and PLK1 in human liver cancer and adjacent tissues obtained from tissue microarrays (24 pairs). Representative IHC staining images of SETD3 and PLK1 from the same arrays are shown in panel (E). Scale bar, 100 μm. Scores of the staining of SETD3 or PLK1 in panel (E) are plotted as in panel (F) or (G), respectively. n =24. (H) The correlation of SETD3 and PLK1 levels from IHC staining in panel (E) were plotted (R =0.6523, p =0.0006). Data are presented as mean ± SD. **p < 0.01; ***p < 0.001.





Knockdown of Mouse Setd3 Represses AKT-Induced Hepatocarcinogenesis In Vivo

Several mouse experimental models have been widely used to simulate hepatocarcinogenesis, including xenograft model, diethylnitrosamine (DEN)-induced HCC model, oncogene-induced HCC model, and transgenic HCC model (30). Compared to DEN-induced or transgenic HCC model that needs over 6 months to induce HCC, an elegant and simple method was developed for liver-specific transgenesis that combines hepatic overexpression of the human oncogene AKT and NRAS and somatic integration mediated by Sleeping Beauty (SB) transposase system, which allowed generation of HCC transgenic model with reduced time and resource (25).

Thus, transposons encoding HA-tagged myristylated AKT (myr-AKT) plus NRAS-V12 (G12V) were mixed with plasmids expressing the SB transposase (named as SB-MIX1) in the presence of shControl or shSetd3 construct and then hydrodynamically delivered to the livers of 8-week-old C57BL/6 male mice via tail vein injection. A group of mice was injected with 0.9% NaCl solution as a control. Livers were harvested at 12 weeks post-hydrodynamic injection (Figure 5A). As expected, livers in the control mice group looks normal, whereas livers in the mice with myr-AKT plus NRAS transfected group showed a spotty and paler appearance and were substantially enlarged, suggesting a prominent tumor development (Figures 5B, C). However, livers in the mice group injected with myr-AKT plus NRAS plasmids with shSetd3 displayed a rather normal morphology and smaller liver sizes and showed compromised tumor development, although liver sizes were still 1.1-fold larger than the control group, but 3-fold smaller than the shCtrl group (Figures 5B–D). The protein levels of mouse Setd3 in different groups of liver tissues were examined by Western blot, and decreased Setd3 levels were only found in the liver tissue with transfection of shSetd3, but not found in the lung or heart tissue (Supplementary Figures S1A, B). Immunochemical staining confirmed that Setd3 levels did not alter in mice transfected with myr-AKT plus NRAS plasmids and were visually decreased in mice cotransfected with shSetd3 and myr-AKT plus NRAS constructs (Supplementary Figures S1C, D). Consistently, the total cholesterol (TC) and total triglyceride (TG) levels in serum were significantly increased in the myr-AKT plus NRAS group compared to the control group, but decreased upon transfection of shSetd3 construct (Figure 5E). Moreover, markers of liver injury, such as ALT and AST in serum, also remarkably increased in the myr-AKT plus NRAS group, but restored to the control levels when co-transfected shSetd3 construct (Figure 5F). These results indicate that Setd3 is critical for hepatocellular tumor development.




Figure 5 | Knockdown of Setd3 rescued myr-AKT- and NRAS-induced hepatic tumorigenesis in mice. (A) Experimental procedure of development of hepatocarcinogenesis in mice by hydrodynamics-based DNA transfection. Each injection represents delivery of different components as indicated on the right. (B) Macroscopic appearance of livers and tumors from mice injected the indicated genes. (C) The representative enlarged images of livers from different mice are shown. The red arrows indicate the positions of liver tumors. Scale bar, 1 cm. (D) Relative ratios of liver weights vs. body weights in each group of hydrodynamic-injected mice (n =7, 9, or 12 in saline, shCtrl, or shSetd3, respectively). (E, F) Quantification of serum TC and TG in panel (E) or serum AST and ALT in panel (F) of the indicated mice (n = 5, per group). Data are presented as mean ± SD. NS, not significant; **p <0.01; ***p <0.001; ****p <0.0001.





Knockdown of Mouse Plk1 Represses Setd3 Overexpression-Induced Hepatocarcinogenesis In Vivo

To examine whether Plk1 indeed acts at the downstream of Setd3-induced hepatocarcinogenesis in vivo, the same hydrodynamics-based injection procedure was utilized (Figure 6A). In agreement with the observations shown above, overexpression of Setd3 in the presence of myr-AKT plus NRAS constructs facilitated liver tumor development, accompanied with obvious spotty and paler appearance and larger liver sizes, compared to the control group (Figures 6B–D). As expected, knockdown of Plk1 co-transfected with Setd3 and myr-AKT plus NRAS constructs was able to restore normal liver morphology and liver sizes (Figures 6B–D). The Plk1 knockdown efficiency and overexpressed Setd3 levels in different mice groups were validated by Western blot analysis and IHC staining (Supplementary Figure S2). We also examined several body indexes that present the liver status in these mice. In line with previous results, serum TC and TG levels and AST and ALT levels were significantly increased in mice with overexpression of Setd3 relative to the control group, but were restored in mice with shPlk1 construct (Figures 6E, F). Taken together, we speculate that Plk1 very likely functions at the direct downstream of Setd3 in hepatocarcinogenesis.




Figure 6 | Knockdown of Plk1 rescued Setd3 overexpression-induced hepatic tumorigenesis in mice. (A) Experimental procedure of development of hepatocarcinogenesis in mice by hydrodynamics-based DNA transfection. Each injection represents delivery of different components as indicated on the right. (B) Macroscopic appearance of livers and tumors from mice injected the indicated genes. Scale bar is shown below. (C) The representative enlarged images of livers from different mice are shown. The red arrows indicate the positions of liver tumors. Scale bar, 1 cm. (D) Relative ratios of liver weights vs. body weights in each group of hydrodynamic-injected mice (n =7, 10, and 12 in saline, OE-Setd3+shCtrl, and OE-Setd3+shPlk1, respectively). (E, F) Quantification of serum TC and TG in panel (E) or serum AST and ALT in panel (F) of the indicated mice (n = 5, per group). Data are presented as mean ± SD. NS, not significant; *p <0.05; **p <0.01; ***p <0.001.





SETD3 Targets PLK1 Promoter to Regulate PLK1 Expression

To testify our assumption, we examined whether SETD3 directly regulates PLK1 transcriptional level using dual-luciferase reporter assays. We engineered the PLK1 promoter containing ~2,000 bp upstream of PLK1 coding region into 5′ end of LUC gene encoding luciferase as described previously (26) and tested the effect of SETD3 on the activation of LUC gene expression. We noticed that the expression of WT SETD3 was able to activate luciferase activity, and the catalytic activity of SETD3 is required for this activation, which does not result from lower protein level of SETD3 Y313A mutant compared with the WT (Figures 7A, B). To narrow down the targeted region on PLK1 promoter by SETD3, we systematically truncated the PLK1 promoter and generated a series of LUC reporter constructs (Figure 7C). These reporter constructs were stably expressed in HEK 293T cells, and a 3xHA-SETD3 plasmid was individually transfected into the indicated cells. The relative luciferase activity was examined after 24 h transfection. We noticed that once there is removal of the region of −1,376/−1,139 bp on the PLK1 promoter, the activation of luciferase expression was impaired (Supplementary Figure S3). Intriguingly, if only retaining the nearest 242 bp of the PLK1 promoter, the luciferase activity was even higher than the longest LUC reporter construct (Supplementary Figure S3). To rule out a possible heterogeneous effect using different types of cell line, the dual luciferase reporters were co-transfected with 3xHA-SETD3 into immortalized liver LO2 cells. Consistent with previous results, the removal of the region of −1,376/−1,139 bp on the PLK1 promoter compromised the luciferase activity, whereas the nearest 242 bp of the PLK1 promoter was also required to activate luciferase gene expression (Figure 7D). We confirmed that the epitopic-expressed SETD3 protein levels were relatively comparable in each stable cell line (Figure 7E). To validate which region of the PLK1 promoter is more critical for SETD3 to activate luciferase activity, we constructed several truncated forms of LUC reporter gene that lack the indicated DNA fragments (Figure 7F), and relative luciferase activity was examined. As shown in Figure 7G, deletion of the second region (Δ2, −1,376/−1,139 bp), but not the other two regions (Δ1, −1,856/−1,630 bp; Δ3, −835/−610 bp), is critical for its activation by SETD3. We also confirmed that SETD3 protein levels were comparable in these samples (Figure 7H). Intriguingly, deletion of the nearest promoter region of PLK1 (Δ4, −201/+0 bp) abolished a basal luciferase activity compared to that expressing the empty pGL4 vector alone, suggesting that this region may be essential for binding of certain transcriptional factor. To confirm that SETD3 regulates PLK1 expression by association of the PLK1 promoter, ChIP-qPCR analysis was performed. We observed that, compared to the enrichment of SETD3 at the VEGF promoter that served as a positive control reported previously, the enrichment of SETD3 at the promoter of PLK1 gene was also obvious, especially the second but not the fourth region of the promoter, indicating a potential role of SETD3 in PLK1 expression (Figure 7I). Altogether, we conclude that SETD3 could target PLK1 locus at the −1,400/−1,000 bp region and facilitate its expression.




Figure 7 | SETD3 targets the promoter of PLK1 gene to regulate its expression. (A) Dual-luciferase assays were performed using the indicated SETD3 constructs, which were co-transfected with a luciferase reporter containing PLK1 promoter and a Renilla construct. Relative luciferase activity was measured by quantitative PCR. (B) SETD3 protein levels expressed in panel (A) were examined using Western blotting. (C, F) The diagram shows the indicated constructs used in panel (D) or (G), respectively. (D, G) Dual-luciferase assays were performed using the indicated luciferase reporter constructs bearing different PLK1-promoter regions co-transfected with SETD3 and Renilla constructs. (E, H) SETD3 protein levels expressed in panel (D) or (G) were examined using Western blotting, respectively. (I) ChIP-qPCR analyses were performed to examine the association of SETD3 with the indicated regions of PLK1 promoter. The binding of SETD3 with the VEGF promoter served as a positive control. The relative enrichment of SETD3 was normalized to input and relative to the association of protein G beads. Data are presented as mean ± SD. NS, not significant; *p <0.05; **p <0.01; ***p <0.001.






Discussion

In this study, we utilized unbiased bioinformatics analysis to find that SETD3 positively regulates the transcriptional levels of many genes, particularly PLK1, in hepatocellular tumor cells (Figure 1). We also showed that overexpression of SETD3 promoted tumor cell migration, whereas inhibition of PLK1 activity compromised these phenotypes (Figures 2, 3). Importantly, by taking advantage of a Sleep Beauty transposase system, we confirmed that SETD3 levels in the liver are positively correlated with hepatocarcinogenesis in situ, but knockdown of Plk1 attenuates Setd3-caused tumorigenesis in mice model (Figures 5, 6). Mechanistically, we found that SETD3 binds to the promoter of PLK1 gene and activates its transcriptional level (Figure 7). Therefore, our data suggest that elevated SETD3 induces hepatocellular carcinoma by enhancing PLK1 expression.

PLK1 belongs to a serine/threonine kinase family that plays a critical role in the control of cell cycle progression. Active PLK1 regulates DNA checkpoint, G2/M transition, mitosis, spindle assembly, and cytokinesis. However, overexpressed PLK1 or overactivated PLK1 signaling brings up various defects during cell cycle progression, which leads to multiple tumors, including HCC (31–33). Clinical data indicated that PLK1 levels increased progressively from non-neoplastic liver tissues to HCC, reaching maximal expression in tumors with poorer survival compared with normal livers (34, 35). Considering its crucial functional node in the oncogenic network, PLK1 has been proposed to serve as a potential target for the treatment of cancer. Although several small molecular inhibitor of PLK1 have been used as a chemotherapeutic drug in the clinical trials, less intratumoral efficacy and resistance remain to be omnipresent problems (36, 37). Therefore, other effective druggable targets should be explored further. In this work, we uncover that SETD3 likely regulates PLK1 levels directly, which might provide a combinational way through simultaneous inhibition of PLK1 activity and reduction of PLK1 transcriptional levels to deal with drug resistance of cancer cells.

In recent years, increasing evidence indicates that SETD3 is a histidine methyltransferase but not a lysine methyltransferase, in which only H73 of beta-actin, but not any other residues on other proteins, can be methylated by SETD3 (9). In contrast, a line of studies reported that SETD3 either directly or indirectly regulates expression of multiple genes under different circumstances (11, 14–18). In this work, we found that SETD3 regulates expression of PLK1 gene (Figure 1). We further verified that SETD3 could directly target to the promoter of PLK1 gene and may facilitate PLK1 expression (Figure 7). Of note, it has been extensively demonstrated that E2F1, FoxM1, p21, p53, or DDX5 directly or indirectly interacts with upstream regions of PLK1 to modulate its expression, suggestive of dynamic regulation of PLK1 (26, 38–40). Therefore, it is likely that histidine residues on histones or the transcriptional factors could be modified by SETD3, thereby facilitating gene transcription. Indeed, Levy’s group has demonstrated that SETD3 and its activity is required for p53 recruitment to its target genes and for the activation of their expression (14). Therefore, it is likely that SETD3 modulates some unknown transcription factors to regulate PLK1 expression. More investigation needs to be further explored. It is worthy to point out that lysine methylation commonly served as epigenetic markers to recruit diverse transcriptional modifiers to modulate chromatin structure and subsequently to alter gene expression (41). Currently, whether and how SETD3-mediated histidine methylation regulates gene expression is still unclear. Of note, METLL9 and METLL18, two novel identified histidine methyltransferases, have also been demonstrated to be associated with HCC or gastric cancer (42–44), which implicates a critical role of histidine methylation in cancers.

In this study, we took advantage of SB transposase system with hydrodynamic injection technique to verify the connection of Setd3 and Plk1 upon in situ generation of HCC in mice. We clearly showed that overexpression of Setd3 facilitates myr-AKT plus NRAS-dominated hepatocarcinogenesis, whereas knockdown of Setd3, at least partly, compromises this phenotypes (Figure 5). Since Plk1 is one of the target genes of Setd3, we decided to knock down Plk1 accompanied with overexpression of Setd3 in the mouse liver to examine the relationship. As expected, the knockdown of Plk1 alleviated severe liver carcinoma caused by Setd3 (Figure 6). Thus, we believe that elevated Setd3-Plk1 axis may be one of the critical signaling pathways involved in HCC. However, whether the enzymatic activity of Setd3 is required for the activation of Plk1 and Plk1-associated HCC should be extensively studied.

In summary, our study provided clear evidence showing that SETD3 upregulation in HCC regulated PLK1 expression, a central player in cell cycle and cell division, which is required for HCC formation and tumorigenesis. We should point out that our study has not fully addressed at what pathological conditions SETD3 is activated to upregulate PLK1 expression and whether the enzymatic activity of SETD3 post-translationally regulates of PLK1 at protein level. In addition, to downregulate PLK1 expression, the molecular inhibitors of SETD3 should be urgently developed. Recently, actin-based peptidomimetics as an inhibitor of human SETD3 was reported (45). Whether this peptide could be used to effectively treat HCC or whether other small molecule inhibitors of SETD3 can be explored needs further investigation. Nevertheless, given the clinical failure of PLK1 inhibition in the treatment of HCC, the development of small molecular inhibitors of SETD3 might be a promising strategy to inhibit PLK1 expression for the effective treatment of HCC.
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Glucose, the central macronutrient, releases energy as ATP through carbon bond oxidation and supports various physiological functions of living organisms. Hepatocarcinogenesis relies on the bioenergetic advantage conferred by glucometabolic reprogramming. The exploitation of reformed metabolism induces a uniquely inert environment conducive to survival and renders the hepatocellular carcinoma (HCC) cells the extraordinary ability to thrive even in the nutrient-poor tumor microenvironment. The rewired metabolism also confers a defensive barrier which protects the HCC cells from environmental stress and immune surveillance. Additionally, targeted interventions against key players of HCC metabolic and signaling pathways provide promising prospects for tumor therapy. The active search for novel drugs based on innovative mutation targets is warranted in the future for effectively treating advanced HCC and the preoperative downstage. This article aims to review the regulatory mechanisms and therapeutic value of glucometabolic reprogramming on the disease progression of HCC, to gain insights into basic and clinical research.
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Introduction

Hepatocellular carcinoma (HCC) is globally the most common and primary form of liver cancer, ranking fourth in cancer-related deaths (1). Radical surgical resection is the most effective way to ensure highest survival time of HCC patients (5-year survival rate> 60%), however strict surgical restrictions are difficult for most patients to meet. Sorafenib has been the standard of care and the only systemic treatment for advanced HCC for more than 10 years. In 2018, lenvatinib was approved as a first-line alternative, but did not improve the median overall survival (OS) compared to sorafenib. The combination of atezolizumab and bevacizumab was the first to show clinically meaningful improvements in all efficacy outcomes compared to sorafenib. According to the randomized phase III IMbrave150 study, the OS was 19.2 months with atezolizumab and bevacizumab versus 13.4 months with sorafenib (2). Although the current systemic treatment strategies for HCC have been improved, there is still a huge gap in the OS of patients compared with those undergone radical resection. Novel treatment strategies are still urgently needed to further improve the OS of patients with advanced HCC.

HCC cells rewire numerous metabolic pathways to achieve diverse physiological and metabolic advantages. The reprogrammed metabolism not only allows the cancer cells to sustain their uncontrolled proliferation, but also helps in creating an immune inert tumor microenvironment (TME) by interaction with non-malignant cells and extracellular matrix (3, 4). Nutrients required for the survival of organism are mainly divided into two categories: macronutrients and micronutrients. Macronutrients can be regarded as the main components of different tissues, and they are also the main energy source of the human body, represented by carbohydrates, proteins and lipids. In contrast, micronutrients are components that do not contribute significantly to caloric intake, but are still essential for important physiological functions, including vitamins and minerals (5). Glucose, the central macronutrient, releases energy as ATP through carbon bond oxidation and supports various physiological functions of living organisms. Tumor tissues prefer the metabolic mode of converting pyruvate to lactate, even under aerobic conditions, leading to a tenfold increase in glucose consumption that of nontumor tissues. This form of metabolism is called the “Warburg effect” (6), and is recognized as one of the defining hallmarks of cancer (7). Besides glycolysis, the pentose phosphate pathway (PPP) and the TCA cycle together constitute the network of central carbon metabolism, which modulates the alternative energy distribution to meet the biosynthetic requirements of HCC cells. We discussed how this unique metabolic mode promoted the aggressiveness and resistance of HCC cells, and provided promising therapeutic opportunities for novel and personalized treatments in the light of altered metabolic pathways.


Alternative of metabolic pattern

To meet the high energy and biosynthetic demands for rapid proliferation, HCC cells switch their energy metabolism. Contrary to the nontumor cells which rely mainly on mitochondrial oxidative phosphorylation (OXPHOS) for energy production, HCC cells consume an excessive amount of glucose and glycolytically convert it to lactate to obtain energy, even under aerobic conditions (Figure 1) (8). Sufficient glycolysis flux seems to have formed an inefficient production model, but its shorter time-consuming to some extent compensates for the efficiency shortcomings. Furthermore, aerobic glycolysis provides several other unmatched metabolic advantages, such as generation of metabolic intermediates and substrates for biosynthesis, maintenance of redox balance and providing conducive immunosuppressive microenvironment (9), for HCC cells.




Figure 1 | The rewiring of glucose metabolism in HCC cells. Glycolysis is abnormally active in HCC cells, even in a well-oxygenated environment. This reprogrammed metabolic pattern is manifested not only by increased glucose uptake, but also by increased lactate production. Enhanced aerobic glycolysis provides more carbon intermediates for the biosynthesis of nucleotides (NTPs), amino acids (AAs), and fatty acids (FAs), promoting anabolism in HCC cells. Purple lines represent metabolism-targeted drugs in clinical studies.




Aerobic glycolysis

The rewiring of glucose metabolism is accompanied by altered expression of three rate-limiting enzymes of glycolysis. (1) HK2, an isozyme of Hexokinase (HK), catalyzes the conversion of glucose into glucose-6-phosphate (G6P) and is overexpressed in HCC tissues. HK2 activates the voltage-dependent anion-selective channel protein 1 (VDAC1), promotes glycolysis and triggers rapid ATP production (10). (2) Phosphofructokinase 1 (PFK1) catalyzes the phosphorylation of fructose 6-phosphate (F6P) to produce fructose-1,6-bisphosphate (F-1,6-BP) (11). PFK1 activity increases in HCC. Dimeric or tetrameric PFK1 is rapidly formed from the unstable yet active monomers, thus, increasing the glycolytic flux (12). (3) Pyruvate kinase (PK) catalyzes the transfer of phosphate from phosphoenolpyruvate (PEP) to ADP producing pyruvate and ATP. PKM2, one of the isoforms of PK, forms tetramers in the cytoplasm to increase the catalytic efficiency (13), or transfers to the nucleus in its dimeric form to activate the transcription factors associated with tumorigenesis (14). Pyruvate is subsequently catalyzed by lactate dehydrogenase (LDH) to lactate and yields NAD+ from NADH and H+ (15). As the main isoenzyme in HCC, LDHA drives the rapid conversion of pyruvate to lactate, enhancing the Warburg effect and the flux of glycolysis, which is essential for keeping the glycolytic pathway activated (7). To manage the excessive intracellular acidic metabolites generated due to rapid aerobic glycolysis, the expression of monocarboxylate transporter (MCT) is elevated. This transporter on the plasma membrane of HCC cells accelerates the transport of lactate to the extracellular microenvironment (15). CD147, a transmembrane glycoprotein, can induce the expression of matrix metalloprotease (MMP), which along with MCT4, synergistically facilitates the secretion of lactate (16). Detailedly, each domain of CD147 can interact with different proteins and exhibit different functions. N-glycosylation of the asparagine residue at the 44th position of the ECI domain is critical for its MMP-inducing activity and homotypic interactions (17). The interaction of the ECII domain with caveolin-1 has also been shown to regulate CD147 aggregation at the plasma membrane and modulate its MMP-inducing activity. Furthermore, the transmembrane domain of CD147 can interact with proteins such as MCT-1 and MCT-4, which may be attributed to the interaction of the glutamate residue of CD147 with the arginine residue of MCT (18).



Glycolysis related signaling alternations

The rapid progression of HCC is often accompanied by a severe imbalance in oxygen levels at the center of the tumor. The tumor cells at the core are challenged with oxygen deprivation and hence must adapt to the environmental challenge of hypoxia by activating the hypoxia-inducible factor-1 α (HIF-1α) transcription factor (19). By binding to the hypoxia responsive elements (HRE) of the target gene promoter, HIF-1α induces the overexpression of glycolytic enzymes, GLUTs, and pyruvate dehydrogenase kinase (PDK). This steers the metabolic switch from OXPHOS to glycolysis (20). HIF-1α also mediates vascular endothelial growth factor (VEGF)-stimulated formation of new blood vessels in hypoxic conditions (21). Additionally, HIF-1α can also stimulate the metastasis of HCC to more oxygenated tissues by activating carcinogenic growth factors such as transforming growth factor beta3 (TGF-β3) and epidermal growth factor (EGF), etc. (22). Besides, there are other signaling pathways involved in the metabolic regulation in HCC. For instance, phosphatidylinositol 3-kinase (PI3K)/Akt signaling, a convergence point of receptor tyrosine kinases and extracellular matrix signals, can act as a crucial regulator of glucose uptake. It promotes the expression of glucose transporter 1 (GLUT1) and its transport from the inner membrane to the cell surface (23). By interacting with AMP-activated protein kinase (AMPK) and HIF-1α, PI3K/Akt indirectly regulates the expression of glycolytic enzymes (24), and further activates HIF-1α by stimulating the downstream regulators of the mammalian target of rapamycin (mTOR), which favors aerobic glycolysis and angiogenesis (25). c-Myc has been confirmed to be involved in the occurrence and development of various tumors. The oncogenes KRAS and ERK can partially increase the levels of c-Myc by alleviating its stability (26). c-Myc activates the expression of key enzymes of glycolysis and favors the expression of specific mRNA splice variants, such as PKM2 over PKM1 (27). The accumulation of glycolysis intermediates driven by c-Myc has long-standing effects on other metabolic pathways. Due to the c-Myc-driven glucose shunt, PPP uses glycolysis-derived G6P as the starting substrate to produce the reduction equivalent of NADPH and the central molecule of nucleotide biosynthetic pathway, ribose (28). Additionally, c-Myc-regulated, serine hydroxymethyltransferase-2 (SHMT2)-dependent NADPH production is considered necessary for the maintenance of redox balance and survival of myc-transformed cells under hypoxic conditions (29).



Mitochondrial dysfunction and dynamic network

The lack of histone proteins, the protection rendered by them, and effective DNA repair mechanisms make mitochondrial DNA (mtDNA) extremely vulnerable to DNA damage, which contributes to the dysregulation of the OXPHOS system, enhanced ROS generation and Ca2+ mobilization, leading to further occurrences of mutations in DNA (Figure 2) (30). Mutations and copy number reduction of mtDNA may contribute to mitochondrial dysfunction, and its pro-oncogenic effect can be attributed to the functional attenuation of some gene products. Mitochondrial gene inactivation and dysfunction result in the increase of ROS levels in the cytoplasm as well as in mitochondria caused due to the escape of electrons from the respiratory chain (31). Most importantly, mitochondrial dysfunction renders a multi-faceted effect on various pathways, including the integrin pathway, the platelet-derived growth factor (PDGF) signaling pathway, and the cadherin signaling pathway. Altered signal transduction in all these pathways stimulates metastasis of the HCC to a certain extent (32). However, mtDNA depletion is sometimes compensated by upregulating manganese superoxide dismutase (MnSOD) and other antioxidant enzymes to restore the metabolic adaptability of cells in oxidative stress conditions (33).




Figure 2 | Mitochondrial dysfunction and fission promote HCC progression. Mutations in mtDNA and defects in mitochondrial enzymes, such as SDH, FH and IDH are closely related to familial and sporadic cancers. The accumulation of ROS, Ca2+ or carcinogenic metabolites can participate in tumor transformation. Moreover, mitochondrial morphology is interchangeable between fused and fission states. Mitochondrial fission begins with interaction with endoplasmic reticulum. DRP1 is recruited to mitochondria upon stress, where it interacts with its mitochondrial receptors. DRP1 is responsible for mitochondrial fission as it physically confines mitochondria by forming a ring structure in the region of future mitochondrial fission. The level of mitochondrial fission significantly affects the malignant biological behaviors of HCC.



Mitochondria exist in the form of a dynamic network, whose remodeling is mechanically regulated by key dynamin-related fission and fusion gene products, responsive to changes in energy requirements or stress (34). HCC cells with high metastatic potential lower the expression of mitochondrial fusion protein mitofusin-1 (MFN1), steering the mitochondrial dynamics specifically toward fission. This disruption in the dynamic balance between fission and fusion leads to more fragmented mitochondria. The lack of functional mitochondria prompts the transformation of the metabolic phenotype of HCC cells from OXPHOS to aerobic glycolysis (35). On the contrary, the fusion of mitochondria can promote respiration by enhancing the dependence of Opa-1 on cristae density and the formation of respiratory chain supercomplexes. Additionally, fusion also accelerates the uptake of pyruvate or other OXPHOS substrates (36). Interestingly, some proteins that are not originally mitochondrial proteins or transported to mitochondria under unperturbed physiological conditions can be transferred to mitochondria under pathological conditions. This phenomenon of aberrant mitochondrial transport is known as mitochondrial translocation, which is another feature commonly observed in HCC. Phosphorylation in Ser34 position of the macroautophagy/autophagy-related protein autophagy related 4B cysteine peptidase (ATG4B) can promote its own enrichment in mitochondria in HCC. The translocated ATG4B interacts with the ATP5C1-containing complex in the mitochondria and inhibits F1Fo-ATP synthase activity. Thus, inhibition of ETC suppresses the mitochondrial function and promotes the Warburg effect, with a minor effect on autophagy flux (37). PDSS2 is downregulated in HCC. This diminishes the concentration of CoQ10 and weakens the transport of electrons and the antioxidant defense mechanism in the mitochondrial respiratory chain. Thus, the oxidative respiration ability of cells is abolished by downregulating the key enzymes of the TCA cycle (38). Unlike non-cancer stem cells (CSCs), the maintenance of stemness of hepatic CSCs largely depends on the enhanced mitochondrial function induced by mitochondrial ribosomal protein S5 (MRPS5). The increased activity of mitochondria is characterized by the production of a large number of NAD+, NAD+ precursors and ROS. The elevated levels of NAD+ dependent deacetylase, sirtuin-1 (SIRT1) in hepatic CSCs maintains the deacetylation of MRPS5. The mitochondrial function is strengthened by the translocation of MRPS5 from the nucleus to the mitochondria (39).




Linking glucometabolic reprogramming to stress responses


Oxidative and energy stress

Glycolysis-mediated increased glucose directly or indirectly eventually drives the flux to PPP to produce NADPH (40), which is further required for the conversion of oxidized glutathione (GSSG) to reduced GSH (41). This conversion restores a conducive reducing environment to resist oxidative stress. The increased activity of the overexpressed TKT enzyme (the key player in the non-oxidative phase of PPP) in HCC contributes to the production of NADPH, producing the reducing power and maintaining the balance between NADPH/NADP and GSH/GSSG ratios (42). However, during the rapid growth process, HCC cells often face the disparity between the high glucose demand for rapid proliferation and the deficient supply. Under metabolic stress, the production of NADPH from glycolysis is suppressed due to the reduced utilization of PPP (43). Additionally, glucose unavailability leads to excessive burden for energy on mitochondria, restoring the metabolism from glycolysis to OXPHOS, and the subsequent production of pro-oxidants causes ROS overload (44). The imbalance between the production and elimination of ROS causes oxidative stress, leading to varied deleterious outcomes including, disruption of cellular structural integrity, DNA mutation and damage to genome integrity, eventually leading to cell senescence and death (45). This environment prompts HCC cells to utilize a compensatory mechanism to neutralize the energy and oxidative stress in the TME. Overexpression of O-GlcNAc transferase (OGT) in HCC can combat hyperactive mtOXPHOS by triggering aberrant O-GlcNAcylation of Rab3A in HCC (46). MRPS5 and NAD+/SIRT1 signaling are involved in maintaining the NAD+/NADH ratio in hepatic CSCs, reducing punctate mitochondria and disorganized cristae, and inducing the mitochondrial unfolded protein response (UPRmt). All these compensatory measures are taken to recover from the oxidative damage in hepatic CSCs due to enhanced oxidative respiration (39). Moreover, the death of HCC cells triggered by depletion in carbon source causes the cells to release thymidine and other remaining carbon sources. Thymidine phosphorylase (TP) catalyzes the extracellular metabolism of thymidine to ATP and amino acids via the pentose-Warburg effect. This provides energy for the remaining surviving cells (47).



Autophagy

Autophagy is a catabolic process of degradation mediated by lysosomes. In this process, cells recycle intracellular macromolecules and organelles to regenerate building blocks. Stimulation of autophagy facilitates HCC cells’ survival under stressful metabolic and environmental conditions and combats the potentially deleterious effects of mitochondrial dysfunction and ROS generated by organelles (Figure 3). Because catabolism is in contrary to the rapid mass accumulation required for hepatocarcinogenesis, inhibition of autophagy driven by oncogenes such as Ras, PI3K, and myc is often an early event (48). PI3K/AKT/mTOR, an important regulatory pathway upstream of autophagy, also plays a key regulatory role in hepatocarcinogenesis. Activated AKT and PI3K in HCC cells contribute to the activation of mTORC1. When active, the downstream effectors of mTORC1, S6K and 4E-BP, are phosphorylated to promote anabolic processes such as protein, lipid, and nucleotide synthesis, thereby inducing cell growth and proliferation. Simultaneously it inhibits the catabolic program through unc-51-like autophagy activating kinase 1 (ULK1), thereby inhibiting autophagy (49, 50). Moreover, DNA damage and chromosomal instability due to defects in autophagy also render cells with unique tumorigenic properties (51). The phosphorylated autophagy chaperone proteins p62 and Keap1 accumulate in tumors deficient in autophagy genes (Atg5, Atg7) and form aggregates, leading to the continued activation of Nrf2 (52). On one hand, the transcription factor Nrf2 can mediate the phosphorylation of p62 at Ser349 to drive glucose to the glucuronic acid pathway, non-oxidative PPP, and purine nucleotide synthesis, and steer glutamine to glutathione synthesis, thereby conferring HCC the tolerance against anticancer drugs, sorafenib and cisplatin (53). On the other hand, Nrf2 along with atypical protein kinase Cs PKCλ/ι can oppose PPAR-α-dependent OXPHOS by inhibiting the expression of PKCζ and minor phosphorylation of LC3 to further prevent hepatocyte autophagy (54).




Figure 3 | Linking oxidative stress to autophagy in HCC cells. Oxidative stress can be triggered by any dangerous or inflammatory signal and affects many cells in the liver. Superoxide (O2−) and H2O2 are the main ROS produced by mitochondria during nutrient deprivation. Three main regulatory pathways are involved the positive regulation of autophagy by ROS: 1) S-glutathionylation of cysteine located in the α and β subunits of AMPK (SH → S-SG); 2) The oxidation of Cys81 (SH → Sox) of Atg4 leads to the accumulation of LC3 II; 3) decrease of GSH : GSSH ratio. Furthermore, with oxidative and electrophilic stress, the oxidation of cysteine residues regulated by Keap1 will inhibit the ubiquitination of Keap1 and Nrf2, resulting in canonical Nrf2 activation and induction of target gene expression. When p62 is phosphorylated at Ser349, it binds to Keap1, causing its autophagy degradation. After that, Nrf2 freely transfers to the nucleus and induces target gene expression (non-canonical Nrf2 activation). When autophagosomes fuse with lysosomes that provide hydrolytic enzymes, the cargo is degraded. The breakdown products of autophagy are released into the cytoplasm, where they are recycled into metabolic and biosynthetic pathways.



The above studies corroborates the tumor suppressor effect of autophagy during the development of HCC. However, assessing the complete time course of tumor formation, it seems that autophagy may also protect cancer cells from the metabolic pressure inflicted by chemotherapy and the environment (55). For instance, hepatocyte growth factor (HGF) and its receptor tyrosine kinase MET were first discovered in the 1980s due to their over-activation in liver cancers. HGF-MET axis can accelerate the glucose-to-lactate and glutamine-to-glutamate transformation and effectively induce HCC. Autophagy is highly active in cells resistant to drugs targeting the HGF-MET kinase. Under the conditions where kinase is inhibited, Y1234/1235 dephosphorylated MET drives mTOR-dependent autophagy for cancer biogenesis (56). Another potent drug, CP-91149, an allosteric inhibitor of glycogen phosphorylase (GP), limits the availability of glucose derived from cellular glycogen, mediates the nutrient starvation state of cells, and accompanies autophagy. Autophagy adaptively neutralizes the effect of changes in glucose and pyruvate levels on cells, reducing the drug efficacy of CP-91149 (57). Since markers of increased autophagic activity often highly expressed in tumor tissues, previous studies have established that autophagy may be repressed at the initial stage of transformation, but is upregulated after the tumor is fully formed (58). However, research to date has not yet elucidated the transformation node of the inhibitory/promoting effect between autophagy and liver cancer and the specific underlying molecular mechanism of the transformation. The treatment strategy aims at limiting the progression of HCC by increasing or reducing the autophagy flux of the patient’s tumor tissue. However, further research is warranted to unravel how to meticulously balance the promotion and inhibition of autophagy to effectively treat HCC.




HBV-induced metabolic switch

Changes in the metabolic network in HBV-infected liver cells activate many downstream carcinogenic pathways that contribute to the cancerous transformation of cells (59). The key enzymes of glycolysis pathways (HK2, ALDOA, PKM2, etc.) are significantly upregulated in HBV-associated HCC, which indicates an increased glucose metabolism. HBV core protein (HBc) activates the expression of aldolase, fructose-bisphosphate C (ALDOC) and phosphoenolpyruvate carboxykinase 1 (PCK1) by recruiting the transcription factor MAX-like protein (MLX) (60). Additionally, in catenin beta 1 (CTNNB1) mutant HCC, the increased phosphorylation of ALDOA at Ser36 can also promote glycolysis and subsequently facilitate tumor growth (61). Chronic HBV infection is also accompanied by a metabolic mode of CD8+ T cells centered on mitochondrial dysfunction and overwhelming ROS production (62), which makes it difficult for T cells to drive the metabolic reprogramming from glycolysis to OXPHOS and meet the biosynthetic needs of T cells (63).

The insertion of viral DNA into the host genome does not contribute to HBV replication but is an important step in viral pathogenesis both due to the cis-acting mechanisms and the constitutive expression of trans-acting wild-type and truncated hepatitis B virus x protein (HBx) (64). On one hand, HBx can induce the formation of HBx-p62-Kelch-like ECH-associated protein 1 (Keap1) complex in the cytoplasm, promoting the PPP pathway by activating nuclear factor erythroid 2–related factor 2 (Nrf2) and subsequent transcription upregulation of G6PD (65); On the other hand, HBx can inhibit the expression of Glycogen synthase 2 (GYS2), an inhibitor of MDM2-mediated ubiquitination and degradation of p53, in HBV-related HCC by forming a HBx/histone deacetylase 1 (HDAC1) complex to promote the progress of HCC, exhibiting an antagonistic effect on glycogen synthesis (66). The breakpoints at the 3’-end of the HBx gene occur in tumor-specific events that lead to the production of truncated Ct-HBx protein (67). Ct-HBx accelerates glucose uptake through the interaction of transcriptional repressor nuclear factor of activated T cells 2 (NFACT2) and the negative regulator of glucose uptake, thioredoxin interacting protein (TXNIP). This interaction activates HIF-1α through the p-mTOR, inducing the overexpression of the regulators of the glycolysis cascade (68). The oncoprotein Hepatitis B virus X-interacting protein (HBXIP) can positively regulate methyltransferase-like 3 (METTL3), an RNA N6-adenosine methyltransferase. METTL3 catalyzes the methylation of adenosine forming N6-methyladenosine (m6A) thereby inhibiting aerobic glycolysis and OXPHOS of HCC cells. This promotes the malignant behaviors of tumor cells (69). Additionally, the upregulation of ATP-binding cassette sub-family G member 2 (ABCG2)-dependent stem-like side population (SP) cells, regarded as liver tumor stem cells, compared to the HBx-expressing HCC cells suggests the plausible participation of HBx in acquiring the stemness in HCC cells. BNIP3-like (BNIP3L) signaling is one of mitophagy regulatory pathways. BNIP3L located in the outer mitochondrial membrane interacts with processed LC3 to promote the occurrence of autophagy. BNIP3L-dependent mitochondrial autophagy is activated in SP cells and HBx-expressing HCC cells, steering the metabolic shift towards glycolysis. However, the intervention of glycolysis can attenuate the tumor stem-like phenotype (70). However, to elucidate the precise regulatory correlation between HBx and mitochondrial autophagy or glycolytic transformation further investigation is required.



Crosstalk between HCC and immunosuppressive microenvironment

The interaction between HCC cells, the infiltrating immune cells, and their secreted cytokines significantly affects the process of tumorigenesis. Surprisingly, various immune cells which are generally regarded as the principal effectors of the host defense system might also promote tumorigenesis in the inflammatory environment. The immunosuppressive microenvironment of HCC is primarily associated with T cells, natural killer (NK) cells and tumor-associated macrophages (TAMs). The dysfunction of immune cells reduces inflammation and suppresses immune response which changes the microenvironmental functions ultimately contributing to the progress of HCC (Figure 4).




Figure 4 | Metabolic crosstalk within the immunosuppressive microenvironment. M1 macrophages rely on the production of lactate, ROS and NO to kill tumor cells, while M2 macrophages mainly promote tumor growth through β-oxidation of fatty acids and polyamines and L-proline produced by the TCA cycle. In HCC, TME reprogram macrophage metabolism through immunosuppressive metabolites and induces the repolarization of M1 to M2. Similarly, the interaction of immune regulatory cells and cytokines disables the anti-tumor T cell response. PD-1 accompanied with PD-L1 directly inhibits T cell receptor signaling by preventing phosphorylation of ZAP70. Meanwhile, the PI3K/Akt and Ras/MEK/Erk pathways required to initiate T cell activation are also be disrupted.



One of the most abundant types of stromal cells in TME is tumor-infiltrating macrophages, which originate from circulating monocyte precursors. These macrophages are stimulated by tumor cell-derived regulatory factors and differentiate into mature macrophages (71). Based on different activation states, macrophages can be classified into M1 and M2 subtypes. TAMs are M2-like macrophages (72). TAMs are typically characterized by their production of anti-inflammatory factors (IL-6, IL-10, TGF-β) and ability to induce angiogenesis, immune escape, causing tumorigenesis (73). Mediators of signaling derived from tumors or immune cells induce the immune imbalance of the TME, in a way that the macrophages lose their innate anti-tumor activity, while enhancing their tumor-promoting activity. The conversion of pyruvate to lactate by aerobic glycolysis and the accumulation of lactate lowers the pH to 6.0-6.5 leading to acidosis in HCC (74). On one hand, the accumulated lactate induces the expression of VEGF mediated by HIF-1α, and activates the NF-κB and PI3K signals of endothelial cells to promote angiogenesis (75). On the other hand, it promotes the polarization of M2-like macrophages by activating G protein-coupled receptor 132 (Gpr132) (76), deactivates dendritic cells (DC) and T cells, and prevents the migration of monocytes to participate in the formation of the immune microenvironment (77). In addition, the upregulated glycolytic regulator 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) in TAMs is associated with the expression of programmed cell death ligand 1 (PD-L1) to promote immune escape and recurrence of HCC (78). HCC-derived ectosomal PKM2 induces glycolytic reprogramming in monocytes, by mediating the phosphorylation of signal transducer and activator of transcription 3 (STAT3) in the nucleus. Thereafter, STAT3 can be recruited to the promoters of the related transcription factors (MafB, c-Maf, Egr-1, and Klf4) to stimulate their overexpression, leading to the differentiation of monocytes into M2-like macrophages instead of DCs. On the other hand, glycolysis can increase the concentration of acetyl-coenzyme A (CoA) thereby promoting the acetylation of histone H3K9 and H4K8 in monocytes. This leads to increased levels of H3K9 and H4K8 acetylated by the pro-differentiation TFs promoter, thereby driving monocytes to differentiate into M2-like macrophages and remodel the TME. Sulfonylated PKM2 interacts with arrestin-domain-containing protein 1 (ARRDC1) to induce its transport to plasma membrane surface and subsequent ectosomal excretion. This contributes to the ectosomal secretion of PKM2 from HCC cells. In addition, the cytokines/chemokines secreted by macrophages enhance the association of PKM2-ARRDC1 in a CCL1-CCR8 axis-dependent manner. This further induces the secretion of PKM2 from HCC cells creating a positive feedback regulatory loop promoting tumorigenesis (79).

Differential regulation of transcription drives the differentiation of activated T cells into effector T cells and memory T cells, with entirely different metabolic characteristics. Mitochondria are not only essential for survival of T cells but also for its activation. Partly through the generation of ROS, mitochondria facilitates the activation of nuclear factor of activated T cells (NFAT) and the production of IL-2, which is an important factor in T cell function. The T-cell receptor (TCR) signal in effector T cells promotes mitochondrial fission which leads to lower respiratory activity. On the contrary, the increased number of mitochondria in memory T cells and the fused ultrastructure confer enhanced respiratory capacity, which supports cell survival in the absence of antigen (80, 81). However, continuous antigen stimulation such as HCC or chronic viral infections induces T cells to exhibit a unique exhaustion phenotype where they gradually lose their proliferation potential and productivity of effector cytokines. The expression of programmed cell death protein-1 (PD-1) and Tim-3 are suppressed and while that of the Lag-3 receptors gradually increase (82, 83). The immunomodulatory cells and HCC cells in TME can exert metabolic stress on the tumor-infiltrating lymphocytes (TILs). They can also coordinate to impair the anti-tumor response of T cells, and induce T cell exhaustion in various ways. 1) Firstly, CD8+ TILs induce mitochondrial depolarization due to the decreased expression of transcriptional co-activator peroxlsome proliferator-activated receptor-γ coactlvator-1α (PGC-1α), leading to the substantial production of mtROS and the terminal failure characteristics of TILs (84). 2) Also, the lack of CD4+ T cell nuclear immunosuppressive factors, the inhibitory effect regulating T cells (Treg cells) and the continued inhibitory receptor signals can also result in T cell failure (85). 3) Additionally, the increased accumulation of TAMs can also lead to T cell failure due to the production of IL-10 and the expression of PD-L1, which weakens their anti-tumor response (86). Immune checkpoints can also become negative regulators of immune response by inhibiting effector T cells. PD-1 and cytolytic T lymphocyte-associated antigen-4 (CTLA-4) are the most abundant checkpoints of T cells, which are intricately correlated with glucose metabolism (87). Moreover, elevated levels of PD-1 are characteristic of exhausted T cells (88). HCC cells expressing myocyte specific enhancer factor 2D (MEF2D) can upregulate their PD-L1 expression which increases their binding to PD-1 (89). PD-1 can induce metabolic reprogramming of T cells by inhibiting the expression of principal glucose transporter GLUT1 and the key glycolytic enzyme HK2. At the same time, it also promotes mitochondrial dysfunction, ultimately leading to shift in the metabolism of HCC.

Unlike CD8+ T cells, NK cells can quickly and spontaneously recognize and kill viral infections as well as HCC cells, independent of specific neoantigen recognition (90). NK cells release cytotoxic granules containing cytolytic enzymes perforin and granzymes to lyse target cells. Among the two human NK cell subgroups CD56dim and CD56bright, CD56dim exhibits stronger cytotoxicity, while CD56bright is superior cytokine producer and exhibits stronger metabolic activity (91). Glycolysis is necessary for NK cells to maintain the production of IFN-γ and granzyme B and is regulated by mTOR (92). The rapid proliferation of HCC cells results in the lack of glucose, glutamine, and oxygen in the TME, while end-product metabolites such as lactate accumulate in large quantities (93). NK cells are adversely affected by glucose depletion. TGF-β causes aberrant F-1,6-BP expression, which inhibits glycolysis and leads to NK cell dysfunction by impairing its viability (94). In addition, the inhibitory TME metabolite adenosine produced by the hypoxia-driven exoenzyme CD73 downregulates the expression of genes involved in metabolism. This significantly impairs the glycolytic and other metabolic functions of NK cells (95). Hypoxia-induced mitochondrial fission results in the increase of small and fragmented mitochondria in HCC cells. This inhibits the viability of NK cells and impairs their cytotoxic effects against HCC cells to a certain extent, which enables HCC to evade the immune response (96). Hypoxic tumor-resident NK cells can also upregulate VEGFR-1 by overexpressing HIF-1α, thereby inhibiting non-productive VEGF-driven angiogenesis, and promoting HCC growth by generating functional blood vessels (97). Moreover, lactate can reduce the cytotoxicity of NK cells and inhibit the upregulation of NFACT (98, 99).



Therapeutic strategies targeting rewired metabolism


Targeting aerobic glycolysis

The reprogrammed glucose metabolism cascade not only ensures a steady supply of energy for the HCC cells, but also promotes the functions of many cancer proteins. At the same time, oncogenic signal molecules such as Akt can also help reprogram the progress of glucose metabolism by increasing the expression of glucose transporters on the cell surface and regulating the enzyme activity in the glucose metabolism cascade. This bi-directional interplay highlights the important role of glucose metabolism in hepatocarcinogenesis and makes targeted metabolic changes an attractive treatment strategy for HCC.

Canagliflozin (CANA) is a new energy-dependent sodium/glucose cotransporter 2 (SGLT2) inhibitor that can block SGLT2-mediated glucose uptake. The dual inhibitory function of CANA against β-catenin signaling leads to a significantly improved survival rate of HCC-bearing mice (100). Diabetes is an independent risk factor for the development of HCC in patients with nonalcoholic steatohepatitis (NASH). Dipeptidyl peptidase-4 inhibitor (DPP4i), an antidiabetic agent, can significantly inhibit the volume and number of in situ tumors in NASH-associated HCC mouse models. DPP4i significantly improves the hepatic steatosis and increases the levels of 6-phosphogluconic acid and ribose 5-phosphate. It also downregulates PPP by inhibiting the p62/Keap1/Nrf2 pathway (101). Another drug, Shikonin suppresses glycolysis by specifically inhibiting PKM2. The combination of doxorubicin and Shikonin are synergistic at a higher level of cytotoxicity, whereas the combination of Shikonin with cisplatin has an additive effect. Adding PKM2 inhibitors to the Transarterial Chemoembolization (TACE) procedure can overcome drug resistance and optimize the therapeutic effect of TACE (102). As discussed earlier PI3K/Akt signaling pathway promotes cell proliferation, and PI3K/Akt/mTOR signaling pathway promotes aerobic glycolysis. In this regard, an Akt inhibitor, MK2206, can reduce glucose consumption and lactate production, and significantly inhibit the growth of HCC cells. Corroborating this, oral administration of MK2206 showed an inhibitory effect on the growth of transplanted HCC in nude mice (103). Verteporfin targets the interface between Yes-associated protein (YAP) and TEA domain transcription factor (TEAD), which prevents the formation of YAP-HIF1α. Another potent drug is the direct inhibitor of HMGB1, glycyrrhizin. Both Verteporfin and Glycyrrhizin can limit the proliferation of HCC cells and the growth of HCC tumors, by suppressing the expression of genes involved in glycolysis. Inhibition of HMGB1-YAP-HIF-1α pathway can prevent the increased glycolysis and subsequently the tumor growth in mice (104). Aminooxyacetate (AOA), an inhibitor of transaminase activity, abrogates the alanine aminotransferase glutamic-pyruvic transaminase 1 (GPT1) activity and effectively reduces the level of intracellular ATP in HCC. Therefore, AOA reverses the alanine-mediated proliferation of HCC and transforms the growth pattern of tumor cells to a non-invasive pattern. In addition, the naturally occurring alkaloid, berberine (BBR), can also inhibit the activity of GPT1 in a dose-dependent manner. The alanine-dependent metabolic reprogramming, production of ATP and the glucose-alanine cycle of HCC is abolished by BBR, which inhibits the growth of HCC without inducing cytotoxicity (105). Another potent competitive inhibitor of p300, B029-2, occupies the binding pocket of Acetyl-CoA and specifically abrogates the acetylation of H3K18 and H3K27, thereby interfering with the metabolic reprogramming of HCC cells. B029-2 retards the growth of xenografts by inhibiting the major biosynthetic pathways of proteins, amino acids, and nucleotides in HCC cells. It also substantially reduces the glycolytic capacity and reserves and exhibits negligible side effects in vivo and in vitro (106). Natural polyphenolic proanthocyanidins-B2 (OPC-B2) is another useful anti-tumor drug. OPC-B2 is composed of two epicatechins, with strong antioxidant activity due to its phenolic hydrogen atoms. This antioxidant activity can effectively intercept free radicals in free radical chain reactions. In addition, OPC-B2 can bind to the catalytic and regulatory domain of oncogenic kinase Akt and locks it in a “closed” conformation to inhibit its activity. Therefore, OPC-B2 effectively abrogates HK1-mediated glycolysis in a dose-dependent manner. It also exhibits a encouraging synergistic effect in combination with the allosteric inhibitor of Akt, MK-2206 (107).



Combined therapy with multikinase inhibitors

Sorafenib, a multiple-target tyrosine kinase inhibitor (TKI), can inhibit the proliferation of HCC cells by inhibiting the kinase activity of Raf-1, B-Raf, and Ras/Raf/MEK/ERK signaling pathways. However, only close to 30% of patients benefit from monotherapy with sorafenib alone, and even this population often acquires drug resistance within 6 months of treatment, thereby limiting the success rate of sorafenib. In this context, the combination of drugs used in conjunction with sorafenib might ameliorate resistance and prolong the survival of HCC patients.

Sometimes the compensatory upregulation of OXHPOS and the metabolic reprogramming associated with increased glycolysis can still support the survival of HCC cells under high-dose of sorafenib treatment (108). In this regard, metformin is used along with sorafenib to produce a synergistic therapeutic effect on liver CSCs tumor-bearing mice. Metformin has an inhibitory effect on complex I which strengthens the anti-tumor effect of sorafenib, and restricts the proliferation of liver CSCs thereby impeding tumorsphere formation (39). Another important enzyme of glucose metabolism, PDK can enhance the chemoresistance of HCC cells by repressing mitochondrial PDH Complex. PDK inhibitor dicoumarol (DIC) or dichloroacetate can decelerate the metabolic transformation of HCC cells from glycolysis to OXPHOS and improves the sensitivity of HCC cells to sorafenib or cisplatin (109, 110). HCC cells can often adapt to increased oxidative stress. Malic enzyme (ME) catalyzed reduction of NAD(P)+ to NAD(P)H can effectively prohibit the accumulation of ROS in HCC cells and favors their survival. LaCl3, the competitive inhibitor of MEs, exhibits potential anti-tumor effects both in vivo and in vitro by reducing the NADPH/NADP+ ratio (111). ME1 and ME3 are positively regulated by Nrf2 and super-enhancers, respectively. Nrf2 inhibitor, clobetasol propionate (CP), and super-enhancer inhibitor JQ1 both effectively increase ROS levels in a dose-dependent manner. The combination of CP or JQ1 with sorafenib efficiently reduces the mass and volume of subcutaneous HCC without causing any cytotoxicity as reflected by the unaltered body weights of mice (111). Therefore, the combined drug therapy continues to be one of the preferred treatment strategies in ameliorating HCC.

The development of HCC is accompanied by the transformation of the anti-tumor effects and cancer-promoting effects of autophagy. Regarding the regulation of drug resistance against multi-kinase inhibitors, the diverse role of autophagy is environment-dependent. Phosphorylated p62 and Keap1 accumulate in autophagy-deficient tumors and form aggregates, leading to the continued activation of Nrf2, which eventually contributes to HCC growth. Phosphorylated p62-dependent Nrf2 activation can be abrogated by K67, which is a specific inhibitor of the interaction between phosphorylated p62 and Keap1. K67 proficiently inhibits the proliferation of HCC and diminishes the tolerance of HCC to anticancer agents (sorafenib and cisplatin), especially in patients diagnosed with HCV (53). Conversely, HCC cells sometimes compensate by accelerating autophagy flux to enhance their own growth and resist the anti-tumor effects of HGF-MET kinase-targeted drugs, such as Onartuzumab (Genentech) and Tivantinib (ArQule). Chloroquine (CQ) effectively abrogates the autophagy flux and can significantly increase the inhibitory effect of HGF-MET kinase-targeted inhibitor on the growth of HCC. These drugs when applied in combination, synergistically block the synthesis of DNA, triglyceride, and aspartate with negligible cytotoxicity (56).



Novel therapeutic strategies

Recent advances in cancer therapeutics have demonstrated that oncolytic Newcastle disease virus (NDV) can selectively treat tumors without affecting the noncancerous healthy cells. In addition to direct oncolysis, NDV can also activate the immune system and prompt tumor rejection by eliciting specific or non-specific anti-tumor immune responses. However, NDV infection can induce aerobic glycolysis in HCC cells thereby establishing the immunosuppressive microenvironment. To circumvent this limitation, dichloroacetate (DCA), an inhibitor of PDK, which can inhibit glycolysis in a dose-dependent manner, is used in conjunction to prevent establishing an immunosuppressive microenvironment. DCA improves the anti-tumor efficacy of NDV by enhancing the anti-tumor immune response and prolongs the survival time of ascites and subcutaneous HCC mouse models. In addition, DCA increases the replication of NDV in HCC in a PDK-1-dependent manner (112). Another promising treatment option is the use of Lauric acid. It is a 12-carbon fatty acid (C12), metabolized by hepatocytes to produce dodecanedioic acid (DDDA), a highly toxic dicarboxylic acid. In hepatoblastoma (HB) mouse models, C12 and/or DDDA diet induces extensive necrosis of tumor cells and exhibits a survival benefit compared to normal diet (22.8-28.6 weeks vs 14.2 weeks). C12 or DDDA dietary supplements provide a non-toxic, inexpensive, and possibly compatible treatment combined with standard radiotherapy (113). Research about transplanted tumors in nude mice has demonstrated that tumor growth can be inhibited by downregulating HK2 and PKM2 mediated by miR-119a. An efficient delivery system has been designed using cholesterol-modified miR-199a oligo (agomiR-199a) formulated with a lipid-based delivery reagent. This can be successfully injected into the tail vein of nude mice ensuring systemic delivery of miR-199a (114). Obviously, the development of new therapeutic strategies based on targeted metabolic reprogramming in HCC also continuously enriches the patterns and prospects of future tumor therapy.





Conclusion and perspectives

Since the Warburg effect was proposed, the research on tumor metabolism has continued to expand and renewed the impact of rewired metabolism and its contribution to carcinogenesis. The reprogrammed metabolism is rapidly gaining attention and appearing to be more pleiotropic the more it is studied. Aerobic glycolysis was initially regarded as an adaptive response due to “irreversible injuring of respiration”. Later it was amended to an active and strategized regulation of tumor cells in response to the increased demand for biosynthesis to discard the inhibitory effect of TCA cycle-induced accumulation of NADH on glucose metabolism. The unique network of metabolic regulation in HCC provides a strong foundation for the development of targeted therapeutics. Several glycolytic enzyme inhibitors have exhibited encouraging therapeutic effects in vivo and in vitro. Moreover, the combined application of sorafenib not only circumvents the problem of drug resistance, but also confers a synergistic effect of multi-drug action. In addition, the development of novel therapeutic strategies targeting HCC metabolic reprogramming, such as T3, metformin, oncolytic viruses, and intravenous delivery systems for oncolytic miRNAs, has enriched the future methods and prospects of cancer treatment.

However, the current research on tumor metabolism is mostly limited to macromolecular nutrients such as glucose, glutamine, and lipids. Research on effects of micronutrients like vitamins, trace metals, choline and other substances on HCC progression is largely generally neglected and hence poorly understood. This aspect of cancer research still needs to be explored in depth. The ability of HCC cells to seek alternative nutrient supply pathways under conditions of glucose unavailability may be a key inducing factor triggering transformation or tumorigenesis. At the same time, the molecular heterogeneity within tumors is also worth considering. Even in the same tumor, there may be diversified outcomes, such as different gene mutations leading to differential regulation of molecular networks, regional differences in nutrient supply, localized effects of stromal and inflammatory cells, and the cell-autonomous effects regulated by mutant clone expansion. All these factors may alter the metabolic preference and flexibility of tumor cells. The focus of future cancer metabolic research should be on elucidating how to combine metabolomics and/or in vivo isotope perfusion with histological and molecular studies, map out different metabolic domains, and associate them with specific mutation combinations or microenvironmental influences.
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Introduction

Anatomical liver resection is the optimal treatment for patients with resectable hepatocellular carcinoma (HCC). Laparoscopic Couinaud liver segment resection could be performed easily as liver segments could be stained by ultrasound-guided indocyanine green (ICG) injection into the corresponding segment portal vein. Several smaller liver anatomical units (liver watersheds) have been identified (such as S8v, S8d, S4a, and S4b). However, since portal veins of liver watersheds are too thin to be identified under ultrasound, the boundaries of these liver watersheds could not be stained intraoperatively, making laparoscopic resection of these liver watersheds demanding. Digital subtraction angiography (DSA) could identify arteries of liver watersheds with a diameter of less than 2 mm. Yet, its usage for liver watershed staining has not been explored so far.



Purpose

The aim of this study is to explore the possibility of positive liver watershed staining via trans-arterial ICG injection under DSA examination for navigating laparoscopic watershed-oriented hepatic resection.



Methods

We describe, in a step-by-step approach, the application of trans-arterial ICG injection to stain aimed liver watershed during laparoscopic anatomical hepatectomy. The efficiency and safety of the technique are illustrated and discussed in comparison with the laparoscopic anatomical liver resection via ultrasound-guided liver segment staining.



Results

Eight of 10 HCC patients received successful trans-arterial liver watershed staining. The success rate of the trans-artery staining approach was 80%, higher than that of the ultrasound-guided portal vein staining approach (60%). Longer surgical duration was found in patients who underwent the trans-artery staining approach (305.3 ± 23.2 min vs. 268.4 ± 34.7 min in patients who underwent the ultrasound-guided portal vein staining approach, p = 0.004). No significant difference was found in major morbidity, reoperation rate, hospital stay duration, and 30-day and 90-day mortality between the 2 groups.



Conclusions

Trans-arterial ICG staining is safe and feasible for staining the aimed liver watershed, navigating watershed-oriented hepatic resection under fluorescence laparoscopy for surgeons.





Keywords: hepatocellular carcinoma, liver watershed, arterial ICG staining, laparoscopic surgery, minimal invasive



Introduction

Surgery remains the most effective therapy for patients with resectable hepatocellular carcinoma (HCC) (1). Furthermore, anatomical resection of liver segment decreases the risk of HCC recurrence and surgical complications (2, 3). Yet, many HCC patients were also diagnosed with chronic liver diseases, like cirrhosis (4). These patients with limited liver function might suffer more from postoperative complications and prolonged hospital days if they received routine liver segmentectomy, like segment 8 resection, even if the future liver volume (FLV) is sufficient (5). Regional liver resection is mainly performed for these patients. However, regional resection would increase the recurrence rate of HCC among these patients (6). It has been proved that there are liver anatomical units smaller than the Couinaud liver segment, like sub-segment S8V, S8D, S4A, and S4B (7, 8). The connotation of an anatomical liver unit is the watershed of liver where a specific branch of hepatic artery, portal vein, and bile duct dominates the region according to the Glission system, like a Couinaud segment, sub-segment, or even smaller segment (9). If surgeons could perform laparoscopic liver resection based on the watershed of the HCC, the surgical trauma could decrease to the lowest extent without harming the oncological effect of hepatectomy for HCC patients.

However, because liver is a solid organ, it is difficult to determine the border of liver watershed, although with the development of fluorescence laparoscopy, laparoscopic Couinaud liver segment resection has become possible (10). Surgeons could identify the border of the Couinaud segments by ultrasound-guided indocyanine green (ICG) injection of the corresponding segment portal vein. However, liver watershed (or sub-segments) staining under laparoscopy is almost impossible due to the limitation of the ultrasound-guided portal vein puncture technique, under which it is difficult to puncture branches of the segment portal vein. This study has created a trans-arterial ICG staining under digital subtraction angiography (DSA) to visualize liver watersheds (or sub-segments) so as to navigate laparoscopic watershed-oriented hepatic resection, which minimized surgical trauma for HCC patients while ensuring the oncological treatment effect.



Method

A cohort study was conducted between September 2021 and February 2022 at Beijing Tsinghua Changgung Hospital. This study was approved by the Ethics Committee of Beijing Tsinghua Changgung Hospital under the Declaration of Helsinki and registered at http://www.chictr.org.cn/index.aspx (registration number ChiCTR2100054461). All patients included in this study provided written informed consent at Beijing Tsinghua Changgung Hospital.


Patients

Patients for the trans-arterial positive ICG staining (Group A) were eligible for inclusion if (1) they were diagnosed with liver tumor (2); the longest diameter of the tumor was shorter than 4 cm (3); patients have Child–Pugh Grade A (4); patients have ASA Grade I–II (5); patients have no contraindication of laparoscopic surgery (6); patients have no contraindication of DSA operation; and (7) patients are not allergic to ICG. A control cohort (Group C) was composed of 68 patients who underwent fluorescent laparoscopic hepatectomy for pathologically confirmed HCC from January 2018 to February 2022. The exclusion criteria for Group C were as follows: (1) non-anatomical liver resection; (2) ICG-free laparoscopic surgery; (3) open conversion of the surgery; and (4) previous history of abdominal operation. A total of 10 and 20 HCC patients were included in Group A and Group C (Figure 1).




Figure 1 | Flowchart of patient selection.





Protocol

The pre-operative procedures for patient in both Groups A and C were similar. Patients received an enhanced CT scan. AI-based 3D liver remodeling software (Jingzhen Technology) was used to build a 3D liver model automatically (11), based on which the surgical plan was made. Surgical plans for patients in Group A was liver watershed resection according to the tumor location (for example, patients with tumor in S8v received a S8v resection), while surgical plans for patients in Group C received Couinaud segment resection according to the tumor location (for example, patients with rumor in S8v received an S8 resection).

All the patients received liver resection with the margin wider than 10 mm. However, the surgical protocol for the 2 groups is different. Patients in Group C underwent routine laparoscopic liver segmentectomy. Ten milliliters of ICG (diluted to 0.0125 mg/ml) was prepared. After abdominal entry, surgeons used an ultrasound-guided technique to puncture the aimed portal vein (portal veins of the Couinaud segments) and inject ICG at the speed of 1 ml/s for positive liver segment staining. After the aimed Couinaud segment was observed on fluorescence laparoscopy, the pringle maneuver was applied and the surgery was performed under fluorescence laparoscopy.

After entering the hybrid operation room, patients in Group A received a femoral artery catheterization after anesthesia. After abdominal entry, the guide wire (DSA examination) entered the aimed hepatic artery (arteries of the liver watersheds). After confirmation, the far end of the selected artery, which was supplying the tumor, was embolized with gelatin sponge first. Then, ICG (diluted to 0.0125 mg/ml) was injected at the speed of 1 ml/s into the targeted artery. When the aimed liver watershed (sub-segment) was observed on fluorescence laparoscopy, the artery was embolized with gelatin sponge. Finally, the surgery was performed under fluorescence laparoscopy according to the staining border (Figure 2).




Figure 2 | Protocol for patients who underwent liver watershed or segment resection.





Data collection

Demographic, anesthetic, and surgical information of all patients was documented to detect any statistical difference between the 2 groups. The definition of a successful liver watershed, sub-segment, or segment staining is that a clear border of the aimed area could be observed under fluorescence laparoscopy. One surgeon of the Hepatobiliary Pancreatic department, who was blinded to the trial, was assigned to evaluate whether the staining is successful. Post-hepatectomy liver failure (PHLF) was assessed according to the criteria established by the International Study Group of Liver Surgery (ISGLS); post-operative complications were classified using the Clavien–Dindo classification.



PSM analysis

PSM analysis was employed to reduce bias in patient selection to investigate the differences between Group A and Group C. 1:2 PSM was performed based on the “nearest neighbor” method with a caliper width of 0.02. Variables including age, gender, α-fetoprotein, hemoglobin, total bilirubin, albumin, alanine aminotransferase (ALT), aspartate aminotransferase, gamma-glutamyl transferase, prothrombin time, international normalized ratio, HBsAg, HCV-RNA, Child–Pugh score, ASA grade, the number of tumors and maximal tumor size, and tumor location were comprehensively included in the calculation of the propensity score. All the matched indicators were measurements before surgery.



Statistics

Statistical analyses were performed using SPSS software version 25.0 (IBM Corp., Armonk, NY), R software version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria), and GraphPad Prism 8 (LLC, San Diego, CA). Continuous variables were presented as medians (SD). Mann–Whitney U-test (Wilcoxon rank-sum test), Student’s t-test, Pearson χ2 test, and Fisher’s exact test were used to assess statistical significance as appropriate. A repeated measures analysis of variance (ANOVA) was used for indicator analysis of multiple measurements postoperatively. p < 0.05 was considered statistical significance in the study.




Results


Patient characteristics

A total of 10 HCC patients who underwent hepatic artery staining (Group A) and a total of 20 HCC patients who underwent portal vein staining (Group C) were included in the study. The patients’ characteristics are shown in Table 1. There was no significant difference between two groups in demographic information, including age, sex, pathologic diagnosis, BCLC stage, MVI, ASA Grade, Child Pugh Grade. All patients had a single HCC located in one of the following segments: S3, S4b, S5, S8v, and S8d. Patients in Group A received liver watershed resection according to the tumor location (for example, patients with tumor in S8v received an S8v resection), while patients in Group C received Couinaud segment resection according to the tumor location (for example, patients with rumor in S8v received an S8 resection).


Table 1 | Basic characteristics of HCC patients in Group A and Group C after PSM.





Intraoperative findings


Eight out of 10 HCC patients in Group A received successful positive ICG staining of the aimed liver watershed, including S8v, S8d, and S3 (Figures 3–6). The staining of the 8 patients lasted until the end of the surgery. Twelve out of 20 HCC patients in Group C received successful segment staining, including S3, S4, S8, and S8, via portal vein puncture. Yet, no sub-segment (or watershed) staining was achieved in Group C. The overall staining success rate in Group A was 80%, while the success rate in Group C was 60%; however, no statistical difference was found (p > 0.05) (Table 2). Furthermore, in the 8 patients who received successful arterial staining in Group A, anatomical structures indicating the liver watershed borders were identified at the staining margin. Also, anatomical structures for the Couinaud segments were observed at the staining margin in the 12 patients who received successful conventional staining in Group C. The duration of the surgery was 305.3 ± 23.2 min in Group A, which was significantly longer than the 268.4 ± 34.7 min in Group C (p = 0.004) (Table 2).




Figure 3 | Case 1 (patent with HCC in S8v). (A) CT scan of HCC in S8v. (B) 3D modeling of the HCC and its watershed region. (C) Selected hepatic artery under DSA examination. (D) Positive ICG staining of S8v.






Figure 4 | Case 2 (patent with HCC in S8v). (A) Selected hepatic artery on 3D modeling. (B) Selected hepatic artery under DSA examination. (C) 3D modeling of the HCC and its watershed region. (D) Positive ICG staining of S8v. (E) Surgical specimen. (F) Surgical specimen under fluorescence laparoscopy.






Figure 5 | Case 5 (patent with HCC in S8d). (A) Selected hepatic artery under DSA examination. (B) Positive ICG staining of S8d.






Figure 6 | Case 7 (patent with HCC in S3). (A, C, E) 3D modeling of the HCC and its watershed region (S3). (B, D, F) Positive ICG staining of.




Table 2 | Surgical outcome in Group A and Group C.





Outcome

We next examined postoperative outcomes (Table 2) and found no significant difference in the average postoperative hospital stay for HCC patients in Group A and Group B (7.5 vs. 7.4 days, p > 0.05). Although no statistical difference was found in major morbidity between the 2 groups according to the Clavien–Dindo criteria, 2 of 20 patients in Group C underwent ultrasound-guided puncture and catheterization due to effusion at the surgical site or thoracic cavity (p > 0.05). The 90-day mortality rate for Group C was 5.0% (1/20); the patient died 2 months after his hepatectomy, most likely from pulmonary embolism as the patient suffered from diabetes and varicose vein before the surgery; also, ultrasound confirmed the existence of lower extremity deep venous thrombosis when the patient arrived at the emergency room 2 months after the surgery. Meanwhile, no deaths were reported within 90 days of hepatectomy in Group A. Yet, the difference in the 90-day mortality rates for the 2 study groups was not significant (p > 0.05).




Discussion

Our results showed that trans-arterial ICG injection could stain liver watershed like Couinaud segments or sub-segments to assist surgeons performing complete laparoscopic watershed-oriented hepatic resection. Also, the technique showed great repeatability.

The concept of precision in liver surgery was proposed in 2013, in which the 3 pillars of precision liver surgery was safety, efficiency, and minimal invasion (12). That means an HCC patient should receive hepatectomy with the maximum surgical treatment effect and the minimum removed liver volume plus surgical invasion. Laparoscopic Couinaud segmentectomy is the most ideal therapy for patients with resectable HCC. However, many patients with HCC have limited liver function; for example, a Child–Pugh B patient might not survive resection of the liver segment 8. Troisi et al. have found that patients without preoperative portal hypertension and Child–Pugh B7 cirrhosis may benefit most from laparoscopic liver surgery, while the most of the remaining Child–Pugh B patients had a poor outcome because of surgical complications rather than tumor prognosis (13).

Fortunately, several liver sub-segments (S4A, S8V, S8D, etc.) have been identified. Also, the concept of liver watershed (liver anatomic unit) was proposed as the liver region dominated by the same branch of hepatic artery, portal vein, and bile duct (14). Various approaches have been tried to realize liver sub-segment (or liver watershed) resection. These approaches mainly include counterstaining techniques (injection of ICG through peripheral vein after separation and ligation of the target hepatic pedicle, or compression of the target portal vein in open surgery) (15, 16). Although laparoscopic S8d guided by counterstaining has been achieved by the Spanish scholars, the delicate skills required for the separation of the target hepatic pedicle under laparoscopy make it difficult to repeat in other patients or medical centers (17). In addition, dye invasion into the surgical targeted area is common in counterstaining technique, which could eventually lead to the failure in border identification. Moreover, the separation of the hepatic pedicle of the sub-segment could sometimes be impossible and dangerous, which might result in extra bleeding or other surgical complications.

As a branch of hepatic artery, portal vein, and bile duct dominates a certain liver watershed according to the Glisson system (9), hepatic artery staining, as well as portal vein staining, should represent the liver watershed, which was proved by a pre-clinical study on pigs using trans-arterial staining (18). Meanwhile, DSA has been proven to be both efficient and safe for intravascular therapy, including extremely small intracranial aneurysm of less than 2 mm (19). With the guidance of DSA examination, Grade 4 (or higher) hepatic arteries could be reached; thus, the liver watershed (or sub-segment) staining could be achieved via injection of the ICG through the aimed hepatic artery. Li et al. have proved that intra-arterial ICG injection provided a real-time image-guided intraoperative demarcation of targeted liver Couinaud segments (20). However, the liver watershed (or sub-segment) staining via the hepatic artery has not been explored in that study.

Our result showed that positive liver watershed (or sub-segment) staining via selected arterial ICG injection could be realized and repeatable, with an 80% success rate, higher than that of Group C (60%), although no statistical difference was observed (p > 0.05). Also, the anatomical structures of the liver watersheds were found at the margin of the staining area, indicating that the staining area was consistent with that of the portal vein approach. Possible reasons for this are as follows: (1) It is easier to identify vessels by DSA examination as contrast agent could be used during the process (21). (2) Surgeons can directly observe the location of the tumor during DSA examination, which makes it much easier to find the corresponding artery of the liver watershed. (3) The flow direction is always forward in the artery while it might be turbulence in the portal vein (22). (4) Embolism of the targeted artery is certain under DSA.

The reason for 2 failure cases in the arterial staining group (one tumor located in S5; another tumor located in S4b) is that we did not block the far end of the selected liver watershed artery (the part of artery supplying the tumor). When ICG was injected, the majority of the blood flow might flush into the tumor instead of the whole liver watershed because of tumor steal syndrome (23). Thus, we improved our protocol to embolize the far end of the selected liver watershed artery. This approach has led us to the successful staining in the rest of the patients in Group A.

The surgical duration is 37 min longer in Group A than in Group C, which was caused by the DSA examination and embolism of the targeted artery. Yet, no difference was found in other surgical outcomes from both groups, including postoperative major morbidity, reoperation rate, hospital stay duration, and 30- and 90- day mortality, according to which we believed prolonged duration of an average of 37 min is fully acceptable for patients who underwent hepatectomy.

Based on the above evidence, we believed that this approach might also allow more surgeons to perform laparoscopic liver watershed or sub-segment resection as DSA examination has become a routine technique in many medical centers worldwide. Our study does have limitations. The mean flaw was the relatively small number of patients enrolled. With an increased number of participants, a statistically significant increase in staining success rate might be observed in HCC patients who underwent trans-arterial positive liver watershed staining. However, as all the techniques used in the study were proved and common in clinical settings, the results of the study could infer that it is feasible to stain liver watershed via selected hepatic arterial ICG injection to navigate laparoscopic liver watershed resection. Further studies could be focused more on the surgical and oncological outcomes of the procedure in HCC patients with limited liver function, like patients in Child–Pugh B stage. Also, the trans-arterial ICG staining method might promote multiple liver watershed staining (like staining the combination of S8v and S4b so that the patient could receive resection of S8v+S4b instead of resection of S8+S4) as every hepatic artery of the targeted watershed could be located, injected with ICG, and embolized. These results are worth looking forward to.



Conclusion

The present study demonstrated that trans-arterial ICG staining is safe and feasible for positive liver watershed staining to navigate watershed-oriented hepatic resection under fluorescence laparoscopy to minimize surgical trauma without harming the therapeutic effect of anatomic liver resection.
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Increasing evidence indicates that the oncoprotein murine double minute (MDM2) binding protein (MTBP) can be considered a pro-oncogene of human malignancies; however, its function and mechanisms in hepatocellular carcinoma (HCC) are still not clear. In the present work, our results demonstrate that MTBP could function as a co-activator of transcription factor E26 transformation-specific sequence (ETS-1), which plays an important role in HCC cell proliferation and/or metastasis and promotes proliferation of HCC cells. Using luciferase and real-time polymerase chain reaction (qPCR) assays, MTBP was found to enhance the transcription factor activation of ETS-1. The results from chromatin co-immunoprecipitation showed that MTBP enhanced the recruitment of ETS-1 to its downstream gene’s (mmp1’s) promoter region with ETS-1 binding sites. In cellular and nude mice models, overexpression of MTBP was shown to promote the proliferation of MHCC97-L cells with low endogenous MTBP levels, whereas the knockdown of MTBP led to inhibition of the proliferation of MHCC97-H cells that possessed high endogenous levels of MTBP. The effect of MTBP on ETS-1 was confirmed in the clinical specimens; the expression of MTBP was positively correlated with the downstream genes of ETS-1, mmp3, mmp9, and uPA. Therefore, by establishing the role of MTBP as a novel co-activator of ETS-1, this work expands our knowledge of MTBP or ETS-1 and helps to provide new ideas concerning HCC-related research.




Keywords: Hepatocellular carcinoma, MDM2 binding protein, E26 transformation specific sequence 1, proliferation, transcription factor activation, protein interaction



Introduction

Hepatocellular carcinoma (HCC) is one of the most fatal and common malignancies in China due to the high rates of hepatitis virus infection (hepatitis B and C viruses [HBV and HCV, respectively]) (1–4). Therefore, elucidation of the molecular mechanisms related to the tumorigenesis, metastasis, and/or progression of HCC is important and valuable for HCC treatment (5, 6). Although it is well known that HCC is related to aberrant activation of receptor tyrosine kinases (RTKs) or RTK-activated intracellular cascades (mitogen-activated protein kinase [MAPK] or phosphoinositide-3-kinase/protein kinase B [PI3K/AKT]), the genetic alterations related to the tumorigenesis, metastasis, and/or progression of HCC remains poorly understood and the in-depth research work is a necessity (7–10). Transcription factor E26 transformation specific sequence 1 (ETS-1), which belongs to the ETS transfection factor family that is structurally featured as the ETS domain, mediates proliferation, development, metastasis, and/or angiogenesis of multi-kinds of human cancerous cells by binding to the ETS-binding elements (EBS motif; 5’-GGAA/T-3’ sequences), located in the promoter or enhancer of its downstream genes (11–13). The aberrant expression or activation of ETS-1 is associated with poor prognosis of human malignancies (14, 15); thus, ETS-1 is also a potential therapeutic target and it is valuable to further explore the roles and mechanisms of ETS-1 in HCC.

MTBP (MDM2 binding protein) has been regarded as a novel pro-oncogene of human cancer cells (16, 17). Some publications revealed that MTBP could promote the proliferation or metastasis of human cancerous cells, however, the detailed mechanism of MTBP is still not clear (16, 17). A promising mechanism of MTBP-associated function is to act as the co-activator of pro-oncogenes, such as cellular-myelocytomatosis viral oncogene (c-Myc) or Zinc Finger E-Box Binding Homeobox 2m (ZEB2) (17–20). Our previous results showed that MTBP was found to act as a co-activator of the Pregnane X receptor (PXR), a nuclear receptor/transcription factor in HCC cells (21). However, the association between MTBP with HCC remains unclear. In this study, our results showed that MTBP functioned as a novel co-activator of ETS-1 and promoted HCC cellular proliferation via enhancement of ETS-1 activation.



Materials and methods


cDNA samples from HCC clinical specimens and hepatic cell lines

The cDNA samples from a total number of 52 patients with advanced HCC were described in our previous publications and frozen at −80°C (22, 23). The hepatic cell line, MHCC97-H (a highly aggressive HCC cell line), MHCC97-L (a low aggressive HCC cell line) or Huh-7 cells (a HCC cell line with deficient P53) and HEK293 cells were prepared in our lab and described in our previous work (22, 23). In cellular experiments, 10% (v/v) fetal bovine serum (FBS, Invitrogen, Thermo Fisher Scientific Corporation, Waltham, MA, USA) in Dulbecco’s Modified Eagle Medium (DMEM, Hyclone, Thermo Fisher Scientific Corporation, Waltham, MA, USA) was added to cell cultures at 37°C in 5% CO2. The inhibitor of the hepatocyte growth factor (HGF)/c-MET/ETS-1 pathway, ARQ-197 (Cat No.: S2753) (24), was purchased from Selleck Corporation, Houston, TX, USA. The pure powder of ARQ-197 was formulated into a drug solution according to the method reported in the publications/references (25–28). The agonist of the c-MET/ETS-1 pathway, HGF, was purchased from Pepro-Tech Corporation, Rocky Hill, NJ, USA. HGF was diluted phosphate-buffered saline (PBS) and stored at −80 °C.

The expression vectors containing full length sequences of MTBP or siMTBP for cellular experiments were described in our previous publication (21). For animal experiments, the full-length sequences of MTBP or MTBP siRNA were prepared as lentivirus particles (Vigene Corporation, Jinan City, Shandong Province, China). The HCC cells were cultured and stably transfected (MHCC97-H cells for MTBP knockdown and MHCC97-L cells for MTBP overexpression) with the lentivirus particles according to the instruction obtained from the manufacture (Vigene Corporation). The HCC cells were cultured and counted (using a fully automated cell counter), and approximately 109 pfu amount of lentivirus was added to about 5 × 106 amount of HCC cells, followed by the screening for stable transfection (the MTBP overexpression was screened by using the G418, and MTBP knockdown was screened by using the puromycin).



Luciferase assay

The activity of ETS-1 in HCC cells and the effect of MTBP on ETS-1 were measured using the luciferase assay. Detection of ETS-1 downstream gene reporter activity was done after MTBP overexpression or MTBP knockdown in HCC cells. In the present work, luciferase reporters included EBS-Luc (a gift from Professor and Dr. Yinjie Gao in the Beijing 302nd hospital) or MMP1-Luc, uPA-Luc (gifts from Professor and Dr. Fan Zhang in the General Hospital of Chinese PLA) (29, 30). These luciferase reporters were prepared as: the promoter region sequence containing the binding sites of mmp1 or uPA was cloned into the pGL3-Basic plasmids. For luciferase reporter of EBS-Luc, the octamerEBS (ETS binding site) sequence (GGAA)8 was synthesized by using chemical synthesis methods and cloned into the pGL3-Promoter plasmids (29, 30).

The HCC cells (MHCC97-H, MHCC97-L, HEK293 cells or Huh-7) transfected with plasmids (MTBP or siMTBP co-transfected with luciferase reporters) were prepared as a single cell suspension and then seeded onto 24-well cell culture plates (Corning, Corning, NY, USA) in phenol red-free DMEM (Gibco Corporation, Grand Island, NY, USA) with 0.5% charcoal-stripped FBS (Hyclone, Logan, UT, USA) with or without 20 ng/ml HGF. After 34 h, luciferase and β-galactosidase activities were examined according to previously described methods (31, 32). The results are shown as histogram based on relative luciferase activation (fold of control).



Quantitative polymerase chain reaction

The expression of MTBP, mmp3, mmp9, and/or uPA in the cDNA of the patients was directly examined by quantitative polymerase chain reaction (qPCR; the one-step real-time PCR). For cellular experiments, the cells were cultured and transfected with plasmids. These mRNA samples were then extracted from the HCC cells and reverse-transcribed into cDNA. This reverse transcription was performed by RNeasy Mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions (Qiagen, Valencia, CA, USA). The qPCR experiments were performed according to the methods provided in references (33, 34). The endogenous level of β-actin’s mRNA was measured and used as a loading control to determine the relative expression level of genes’ mRNA. The sequences of primers used in the qPCR experiments are listed: (1) MTBP forward sequences 5′-TCCTGTAGTTTCGTCAGATCCT-3′ and reverse sequences 5′-CCGTTTCAATCGGGATACTTCA-3′, (2) MMP-3 Forward sequences 5’-CACTCACAGACCTGACTCGGTT-3’ and Reverse sequences 5’-AAGCAGGATCACAGTTGGCTGG-3’, (3) MMP-9 Forward sequences 5’-GCCACTACTGTGCCTTTGAGTC-3’, Reverse sequences 5’-CCCTCAGAGAATCGCCAGTACT-3’, (4) uPA/PLAU Forward sequences 5’-TTGCTCACCACAACGACATT-3’ and Reverse sequences 5’-ATTTTCAGCTGTCCGGATA-3’, and (5) loading control β-actin forward sequences 5’-CACCA TTGGCAATGAGCGGTTC-3’ and reverse sequences 5’-AGGTCTTTGCGGATGTCC ACGT-3’.



The co-immunoprecipitation and western-blot

For co-immunoprecipitation experiments, MHCC97-H cells were transfected with FLAG-MTBP vector. After that, the cells were disrupted by sonication, centrifuged at 12000 rpm at 4°C for about 5 min, and the supernatant was separated to obtain a cell sample. After that, use high-salt IP buffer to mix well with the supernatant of the previous step and beads coupled with FLAG-tagged monoclonal antibody (FLAG-beads, stored in this laboratory, 4°C), and then rotate on a low-speed rotary shaker. Incubate overnight at 4°C. After enrichment is completed, centrifuge at 800 rpm for 3 min at 4°C to separate the FLAG-Beads, that is, to complete the co-immunoprecipitation. At this time, FLAG-MTBP and ETS-1 are bound to FLAG-beads (that is, a ternary complex of FLAG-MTBP, FLAG-beads and ETS-1 is formed. In this step, such a ternary complex/separated out is removed from the system). The isolated FLAG-beads were further analyzed by western blot.

The protein samples from the FLAG-beads or extracted from HCC cells were analyzed by western blot experiments. For FLAG-beads, the beads were directly subjected to a boiling water bath for 15 minutes, and then centrifuged at 12,000 rpm for about 5 minutes, and the supernatant was collected as the protein sample. For cell samples, use a plastic scraper to detach the cells from the surface of the dish or flask, and then collect the cells and wash them gently with PBS 2-3 times (each time gently mix the cells with PBS and centrifuge at 800rpm, 4°C) About 5min is washed once), then take a boiling water bath for 15-20min, and finally centrifuge at 4°C for about 5-10min, collect the supernatant as a protein sample. After that, the two protein samples were subjected to SDS-PAGE, membrane transfer, blocking, and antibody incubation, respectively, following the methods described in our previous publications. During these steps, the antibodies against FLAG or ETS-1 were purchased from Abcam Corporation, Cambridge, UK. The blots/membranes were visualized via the chemiluminescence by use of an ECL kit (Amersham Biosciences, Piscataway, NJ, USA) and the images of western blot were quantitatively analyzed by Image J software.



The ChIP experiments

Chromatin co-immunoprecipitation ChIP detection was performed after transfection of the corresponding vector in HCC cells. The MTBP was overexpressed in MHCC97-L cells and MTBP was knocked down using its siRNA in MHCC97-H cells. After transfection, the cells were treated with 20 ng/ml rifampicin for 30 min. Cells were then harvested for ChIP analysis and the experiments were performed following the methods described by Ma et al. and Wang et al. (35, 36). The primers used to amplify the promoter region (the PXRE region [−362/+52]) of the promoter of cyp3a4 included several sets: (1) forward primer: 5’-AGATCTGTAGGTGTGGCTTGTTGG-3’, (2) reverse primer: 5’-TGTTG CTCTTTGCTGGGCTA TGTGC-3’, (3) Input (genome DNA sequence): forward primer: 5’-AA CCTATTAACTCACCCTTGT-3’, and (4) reverse primer: 5’-CCTCCATTCAAAAGATCTTATTATTTAG CATCTCCT-3’. Recruitment of ETS-1 to its downstream gene’s promoter was revealed by the relative recruitment (fold-value of the input) (37).



The MTT and transwell experiments

The in vitro proliferation, invasion or migration was examined by the MTT and transwell experiments. For MTT experiments, HCC cells (including MHCC97-H, MHCC97-L, and Huh-7 cells) were cultured, transfected, and then seeded in 96-well cell culture plates (about 2000-3000 cells per well) (38, 39). Then cells were cultured in DMEM supplemented with 10% FBS, and the MTT experiment was performed after 48 h. The general procedure of MTT experiment is: add MTT reagent (50mmol/L dose) to 96 wells seeded with cells. After 5-6 h of incubation, the entire liquid in the wells was discarded, and the cell samples were finally lysed with DMSO. During this process, the 96-well plate was shaken by a vortex shaker, and finally the plate was centrifuged, and the supernatant sample was collected to detect the absorbance value at 490nm wavelength (O.D. 490nm).

For Transwell experiments (40, 41), HCC cells were prepared as a cell suspension, and then added the cell-suspension into the upper chambers of the Transwell plates. At this time point, DMEM containing 10% FBS was added to the lower layer of the Transwell plates, and then the chamber was placed in the lower layer and incubated at 37°C. For in vitro invasion experiments, the ECM at the bottom of the chamber was added before the cell suspension; for in vitro migration experiments, the cell suspension was directed added into the the bottom of the chamber. The Tanswell plates were incubated at 37°C (14-16h for invasion transwell; 6-8h for migration transwell). After incubation, the Chambers were fixed with methanol, and then stained with 0.5% (v/v diluted by 70% ethanol) for about 15 min. After staining, use a cotton swab to gently wipe off non-transferred or invaded cells. After washing the chambers three times with deionized water, and finally soaking the outside of the chambers with absolute ethanol to extract the crystal violet in the cells, read the absorbance value using a full-wavelength multi-function microplate reader at a wavelength of 546nm.



In vivo HCC tumor model

The effect of MTBP on the proliferation of HCC cells in vivo, especially the activity of ETS-1, was detected using a nude mouse tumorigenic model (42, 43). MHCC97-H, MHCC97-L cells or Huh-7 cells were cultured, and siMTBP was stably transfected in MHCC97-H cells, the expression vector of MTBP was stably transfected into MHCC97-L cells or the siRNA of MTBP/expression vector of MTBP was stably transfected into Huh-7 cells after which the cells were collected to prepare the cells as a single cell suspension. The suspension was injected subcutaneously into nude mice (the specific location was near the inner groin vein of the lower limbs of nude mice). After the injection was completed, the nude mice were continuously reared under specific pathogen free (SPF) conditions, and the status of the mice such as whether they survived and/or whether any skin ulcerations had occurred, was observed every other day.

After continuous feeding, HCC cells formed tumor tissues in nude mice (MHCC97-L cells, took 8-10 weeks to grow; MHCC97-H cells took about 6 weeks; Huh-7 cells took about 8 weeks). After continuous feeding, HCC cells were able to form tumor tissue in nude mice (MHCC97-L cells took 8–10 weeks to grow; MHCC97-H cells took about 6 weeks; Huh-7 cells took about 8 weeks). Thereafter, tumor tissue was collected, and the weights and volumes of the tumor tissue were determined. Finally, the tumor tissue was ground in liquid nitrogen, and then total RNA samples were extracted for reverse transcription and qPCR detection (44, 45). The expression levels of mmp3 and other related factors were detected in the tumor tissues of each group, and the results were shown as histograms.



The ethics statement

The use of clinical specimen’s related materials and human resourced cell lines were approved by the ethics committee of the Fifth Medical Center, General Hospital of Chinese PLA (People’s Liberation Army). All experiments were carried out in accordance with the Helsinki Declaration policy. For animal experiments, the purchase, preservation, feeding and use of experimental animals, in addition to the complete experimental design and technology of animal experiments were approved and filed by the Animal Ethics Committee of the Fifth Medical Center of the Chinese People’s Liberation Army General Hospital.



Statistical analysis

Statistical significance analyses were analyzed by using the statistical software (software version: SPSS 9.0, the IBM corporation, Armonk, NY, USA). The statistical significance was analyzed by Bonferroni correction with or without two-way analysis of variance (ANOVA).




Results


MTBP enhances the transcription factor activation of ETS-1 in HCC cells

First, the effect of MTBP effects on the transcription factor activation of ETS-1 was examined by luciferase. As shown in Figure 1, overexpression of MTBP not only enhances the activation of EBS-Luc (Figure 1A) but also enhances the activation of MMP1-Luc (Figure 1B) and uPA-Luc (Figure 1C) in MHCC97-L cells. Knockdown of MTBP led to a decrease in the activation of luciferase reporters of ETS-1 in MHCC97-H cells (Figures 1D-F). Moreover, MTBP was found to modulate the activation of ETS-1 in the presence of HGF (in a ligand/agonist-dependent manner) (Figure 1). Next, the specificity of MTBP on ETS-1 was examined. As shown in Figure 2, knockdown of ETS-1 with its siRNA or treatment of ARQ-197 in MHCC97-L caused a decrease in the effect of MTBP overexpression on EBS-Luc’s activation. Therefore, MTBP appears to enhance the activation of luciferase reporters via ETS-1.




Figure 1 | Oncoprotein murine double minute (MDM2) binding protein (MTBP) causes enhancement of the transcription factor activation of transcription factor E26 transformation specific sequence (ETS-1) in hepatocellular carcinoma (HCC) cells. (A–C) The effect of MTBP overexpression in MHCC97-L cells on the activation of luciferase reporters (A [ETS-Luc]; B [mmp1-Luc]; C [uPA]) induced by hepatocyte growth factor (HGF). (D–F) The effect of MTBP knockdown (MTBP siRNA) in MHCC97-H cells on the activation of luciferase reporters (A [EBS-Luc]; B [mmp1-Luc]; C [uPA]) induced by HGF. *P < 0.05.






Figure 2 | MTBP leads to enhancement of the activation of luciferase reporter EBS-Luc in an ETS-1 dependent manner in HCC cells. The effect of siETS-1 or ARQ-197 with MTBP overexpression in MHCC97-L cells on the activation of luciferase reporters (EBS-Luc) induced by HGF. *P < 0.05.



The above results were obtained from luciferase activation, and qPCR was performed to further examine the effect of MTBP on ETS-1. As shown in Figures 3A–C, overexpression of MTBP led to enhancement of the mRNA level of mmp3, mmp9, or uPA, three typical downstream genes of ETS-1, in the presence of HGF; whereas knockdown of MTBP caused a decrease in the mRNA level of mmp3, mmp9, or uPA in the presence of HGF (Figures 3D–F). These results indicate that MTBP lead to enhancement of the transcription factor activation of ETS-1 in HCC cells.




Figure 3 | MTBP leads to enhancement of the mRNA level of ETS-1’s downstream genes in HCC cells. (A–C) The effect of MTBP overexpression in MHCC97-L cells on the RNA level of ETS-1’s downstream genes (A [mmp3]; B [mmp9]; C [uPA]) induced by HGF. (D–F) The effect of MTBP knockdown (siRNA of MTBP) in MHCC97-H cells on the RNA level ETS-1’s downstream genes (A [mmp3]; B [mmp9]; C [uPA]) induced by HGF. *P < 0.05.





The expression level of MTBP positively related to the expression of ETS-1’s downstream genes in HCC clinical specimens

The previous results indicate that MTBP can act as a co-activator of ETS-1 and then upregulate the expression levels of downstream genes of ETS-1. This finding was further validated in clinical specimens. The results are shown in Figure 4. In HCC tumor tissues, MTBP positively correlated with the downstream genes of ETS-1, mmp9 (Figure 4A), mmp3 (Figure 4B), or uPA (Figure 4C) in the HCC clinical specimens and the regression equation and P values of Figures 4A-C were P < 0.0001, Y = 0.3041*X + 0.6444; P < 0.0001, Y = 0.1828*X + 0.8096; P < 0.0001, Y = 0.5420*X + 0.3892; respectively. However, MTBP was not correlated with ETS-1 expression (P = 0.5588, Y = 0.06590*X + 0.9662). This result further confirms the specificity of MTBP actions on ETS-1.




Figure 4 | Co-relations between MTBP with ETS-1’s downstream genes in HCC clinical specimens. The scatter plot was drawn with the expression level of MTBP as the abscissa and the expression levels of mmp9 (A), mmp3 (B), uPA (C), and ETS-1 (D) as the ordinate. The results also show the P-value and regression equation of the linear regression fitting results.





MTBP interacts with ETS-1 in the presence of HGF

To further examine the effect of MTBP on ETS-1, the potential protein-protein interaction between MTBP with ETS-1 was examined by co-immunoprecipitation. As shown in Figure 5, FLAG-MTBP could interact with ETS-1 in MHCC97-H cells in the presence of HGF. Therefore, MTBP interacts with ETS-1 in the presence of HGF.




Figure 5 | MTBP interacts with ETS-1 in MHCC97-H cells. MHCC97-H cells were cultured and transfected with FLAG vectors or FLAG-MTBP vectors. Then, MHCC97-H cells were harvested for co-immunoprecipitation assays in the absence or presence of HGF. The interaction between MTBP or ETS-1 was shown as “IP: FLAG; IB: ETS-1”.





MTBP enhances the recruitment of ETS-1 to its downstream gene’s promoter region in the presence of HGF

To further examine the effect of MTBP on ETS-1, the recruitment of ETS-1 to its downstream gene’s promoter region was examined using ChIP assays. As shown in Figure 6, treatment of HGF induced the recruitment of ETS-1 to mmp1’s promoter region. Overexpression of MTBP enhances the recruitment of EST-1 to mmp1’s promoter region in MHCC97-L cells (Figure 6A) induced by HGF, whereas knockdown of MTBP led to a decrease in HGF-induced recruitment of EST-1 to mmp1’s promoter region in MHCC97-L cells (Figure 6B) induced by HGF. Therefore, MTBP appears to enhance the HGF-induced recruitment of ETS-1 to its downstream gene’s promoter region.




Figure 6 | Effects of MTBP on the recruitment of ETS-1 to its downstream gene mmp1’s promoter region. (A) The effect of MTBP overexpression in MHCC97-L cells on the on the recruitment of ETS-1 to its downstream gene mmp1’s promoter region induced by HGF. (B) The effect of MTBP knockdown (MTBP siRNA) in MHCC97-H cells on the on the HGF-induced recruitment of ETS-1 to its downstream gene mmp1’s promoter region. *P < 0.05.





The specificity of MTBP enhancing the activation of EBS-Luc in HEK293 cells

To further confirm the effect and specificity of MTBP on ETS-1’s transcription factor activation, the co-transfection of MTBP, ETS-1 and EBS-Luc in HEK293 cells, a cell line with negative ETS-1 and MTBP expression, was performed. As shown in Figure 7, in HEK293 cells, MTBP alone did not affect the activity of EBS-Luc; transfection of ETS-1 could induce the activity of EBS-Luc in the presence of HGF; transfection of MTBP could significantly up-regulate the effect of ETS-1 on the activity of EBS-Luc in the presence of HGF. Therefore, MTBP enhances the activation of EBS-Luc by targeting ETS-1 in the presence of HGF.




Figure 7 | MTBP enhances the activation of EBS-Luc in HEK293 cells. HEK293 cells were cultured and co-transfected with MTBP, siMTBP or ETS-1 with EBS-Luc plasmids and treated with control or HGF. The cells were harvested for luciferase examination. *P < 0.05.





MTBP promotes the in vitro proliferation, invasion or migration of HCC cells

The above results indicated that MTBP enhances the activation of ETS-1 which is an important regulator of cellular proliferation or invasion. To further reveal the roles of MTBP, the effect of MTBP on the proliferation, invasion or migration on HCC cells was examined. As shown in Figure 8, overexpression of MTBP in MHCC97-L significantly enhanced the proliferation of MHCC97-L cells (Figure 8A); whereas knockdown of MTBP in MHCC97-H cells decreased the proliferation of MHCC97-H cells (Figure 8B). Similar results were obtained from the transwell experiments: overexpression of MTBP in MHCC97-L significantly enhanced the in vitro invasion or migration of MHCC97-L cells (Figure 8C); whereas knockdown of MTBP in MHCC97-H cells decreased the in vitro invasion or migration of MHCC97-H cells (Figure 8D). However, the effect of MTBP on HCC cell invasion is much higher than its effect on HCC cell migration.




Figure 8 | MTBP promotes the in vitro proliferation, invasion or migration of HCC cells. (A–C) MHCC97-L cells were transfected with control or MTBP expression vectors, and (B–D) MHCC97-H cells were transfected with control or siMTBP. The cells were analyzed by MTT(A, B) or transwell assays (C, D). *P < 0.05.





MTBP can upregulate the activity of ETS-1 in tumor tissue

The aforementioned results were all obtained in cultured cells and were further tested in subcutaneous tumor tissues of nude mice. The results are shown in Figure 9, overexpression of MTBP in MHCC97-L cells was found not only to enhance the subcutaneous growth of MHCC97-L cells in nude mice, but also up-regulate the activity of ETS-1 and promote a higher expression levels of ETS-1 downstream genes. However, using siRNA to knock down MTBP in MHCC97-H cells could inhibit the tumorigenesis of MHCC97-H cells in nude mice and lead to downregulation of the activity of ETS-1 in the cells and the expression levels of ETS-1’s downstream genes (Figure 10). This finding indicates that MTBP could act as a novel co-activator (Figure 11) of ETS-1 to promote the proliferative activity of HCC cells in vivo and in vitro.




Figure 9 | Overexpression of MTBP enhances in vivo growth and ETS-1 activation in HCC tumor tissues. MTBP was overexpressed in MHCC97-L cells via stable transfection, and cells were injected into nude mice to form subcutaneous tumor tissues. (A) the tumor tissues formed by MHCC97-L cells overexpressed MTBP. (B, C) the volumes or weights of tumor tissues formed by MHCC97-L cells overexpressed MTBP. (D) the expression level of ETS-1, MTBP, MMP3 or MMP9 in the tumor tissues. (E) the images of western blot was shown to indicate the stable transfection of MTBP. *P < 0.05.






Figure 10 | Knockdown of MTBP via its siRNA causes a decrease in in vivo growth and ETS-1 activation in HCC tumor tissues. The MTBP was knockdown in MHCC97-H cells via its siRNA via stable transfection and cells were injected into nude mice to form subcutaneous tumor tissues. (A) the tumor tissues formed by MHCC97-H cells knockdown MTBP via MTBP siRNA. (B, C) the volumes or weights of tumor tissues formed by MHCC97-L cells’ knockdown MTBP via MTBP siRNA. (D) Expression levels of ETS-1, MTBP, mmp3, ormmp9 in the tumor tissues. (E) the images of western blot was shown to indicate the stable transfection of siMTBP. *P < 0.05.






Figure 11 | MTBP effects on ETS-1. ETS-1 is a downstream effector (transcription factor) of HGF/c-MET, and HGF can finally activate ETS-1 through activation of c-MET. ETS-1 can promote the proliferation of malignant tumor cells such as HCC by mediating the expression of its downstream genes. MTBP can act as a transcriptional activation cofactor (coactivator) of ETS-1, upregulate the activity of HGF/c-MET/ETS-1 pathway, and ultimately promote the proliferation of HCC cells.





The effect of MTBP on ETS-1 in Huh-7 cells

To further confirm the specificity of MTBP on ETS-1, Huh-7 cell, a P53 deficient HCC cell line was used. As shown in Figure 12, overexpression of MTBP enhanced the activation of EBS-Luc in Huh-7 cells and knockdown of MTBP decreased the activation of EBS-Luc, in the presence of HGF. Moreover, the effect of MTBP on Huh-7 cells proliferation, in vitro invasion or in vitro migration was also examined. As shown in Figure 13, overexpression of MTBP enhanced the proliferation (Figure 13A), in vitro invasion or in vitro migration of Huh-7 cell (Figure 13B); whereas knockdown of MTBP repressed the proliferation, in vitro invasion or in vitro migration of Huh-7 cells.




Figure 12 | MTBP enhances the activation of EBS-Luc in Huh-7 cells. Huh-7 cells were transfected with control, MTBP or siMTBP and co-transfected with EBS-Luc. Then, cell were analyzed by luciferase. *P < 0.05.






Figure 13 | MTBP promotes the in vitro or in vivo proliferation of Huh-7 cells. Huh-7 cells were stably transfected with control, MTBP or siMTBP. (A) Huh-7 cells were analyzed by MTT. (B) Huh-7 cells were analyzed by the transwell. (C–G) Huh-7 cells were injected into the nude mice to form the subcutaneous tumor model. The results were shown as images of the tumors (C), tumor volumes (D), tumor weights (E), the mRNA level of MTBP, ETS-1, mmp3, mmp9 in tumor tissues via qPCR. (F) the images of western blot to indicated the stable transfection of MTBP or siMTBP in Huh-7 cells. *P < 0.05.



Next, the effect of MTBP on the in vivo proliferation of Huh-7 cells or the ETS-1 pathway in tumor tissues was examined by using the subcutaneous tumor models. As shown in Figures 13C-G, overexpression of MTBP enhanced the subcutaneous growth of Huh-7 cells in nude mice and knockdown of MTBP repressed the subcutaneous growth of Huh-7 cells. Moreover, MTBP also up-regulated the activity of ETS-1 (enhanced the expression of ETS-1’s downstream genes, mmp3 or mmp9) and using siRNA to knock down MTBP lead to downregulation of the activity of ETS-1 (decreased the expression of ETS-1’s downstream genes, mmp3 or mmp9) (Figure 13F). Therefore, MTBP could act as a novel co-activator of ETS-1 to promote the proliferative activity of HCC cells in vivo and in vitro and did not related to P53/MDM2.




Discussion

HCC seriously endangers people’s physical and mental health, and its clinical diagnosis, treatment, and related issues have always been the focus of research. At present, it is generally believed that the main risk factor for the occurrence and progression of HCC is the inflammation caused by long-term infections, such as HBV and HCV (46, 47). Under repeated stimulation caused by such inflammation, overexpression of vascular endothelial growth factor receptor (VEGFR) in hepatocytes and continuous and abnormal activation of related pathways, HCC is finally induced, ultimately causing the occurrence and progression of HCC cells (48, 49). This process makes VRGFR and other key factors of cell survival, proliferation, metastasis and invasion, especially tumor angiogenesis, the main intervention targets for HCC anti-tumor therapy (50, 51). However, the problem with targeting VEGFR and other therapeutic sites is that inhibiting a single signaling pathway may have anti-tumor activity that can be easily compensated by other signaling pathways (52–55). To solve this problem, the current anti-tumor drug treatment strategies for HCC are mainly molecularly-targeted drugs such as various multi-targeted tyrosine kinase inhibitors (TKIs) (56–58). Although the existing multi-target TKIs, such as Sorafenib, Regorafenib, Lenvatinib and Cabozantinib can target on multiple pathways to avoid compensation between signaling pathways to a certain extent, the efficacy of these drugs are still unsatisfactory (59). Moreover, the toxic and side effects of these TKIs could not be ignore (60–63). Patients with advanced HCC are often accompanied by different degrees of liver fibrosis or liver cirrhosis (64, 65). Portal hypertensive gastrointestinal disease caused by liver fibrosis or liver cirrhosis not only induces injuries of gastrointestinal digestive system; but also affects the absorption of TKIs and significantly increased risk of gastrointestinal bleeding in patients receiving TKIs (66–69). At the same time, TKIs can damage the function and regeneration of the mucosa and epithelium of the digestive tract, causing serious toxic side effects by targeting the RTKs represented by VEGFR which is essential for the integrity and cellular regeneration of mucosal epithelium (70, 71). Therefore, the need for research and development of new therapeutic targets is present.

Transcription factor ETS-1 is an important regulator of cell proliferation, survival, metastasis, and invasion, and its activity is mainly affected by upstream cascade HGF/c-MET and can be regulated by AKT or MAPK (56–58, 72). In addition to this step, the transcription factor activity of ETS-1 is mainly affected by various transcriptional regulators/cofactors (73, 74). In this study, MTBP can act as a novel co-activator of ETS-1 and lead to upregulation of the transcription factor activity of ETS-1. MTBP was first identified as a regulator of MDM2 (the MDM2-interacting protein) (16–20). Some recent evidence has revealed that MTBP can function as a pro-proliferative and oncogenic regulator in human malignancies by some potential mechanisms (16–20): MTBP may promote the proliferation of cancer cells by function as a co-amplified of c-MYC, which is a typical oncogene, or ZEB2, one of the key regulators of the epithelial–mesenchymal transition (EMT) process (16–20, 75–77). Based on the evidence that MTBP is an MDM2 interaction protein, MTBP could also inhibit apoptosis via suppression of the MDM2/P53 pathway and promotion of cancer cell metastasis through the MDM2-mediated the degradation of E-Cadherin, a typical indicator of epithelial features (78). EMT is an important physiological process of tumor cells, which can reduce cell polarity and is closely related to cell proliferation, metastasis, invasion, and drug resistance 54–87). These existing results suggest that MTBP is closely related to cellular EMT. Based on these studies, the results of this study further expand our understanding of MTBP: MTBP functions as a novel co-activator of ETS-1. This finding is reflected in MTBP interaction with ETS-1 and enhancement of the transcription factor activation of ETS-1. In this study, the transcription factor activity of ETS-1 was detected by luciferase and qPCR assay, and the recruitment of ETS-1 in the promoter region of its downstream gene mmp1 could also directly reflect the effects of MTBP on ETS-1. The role of ETS-1 in HCC has been widely reported (88, 89). It is worth mentioning that the inhibitor of ETS-1 used in this study was ARQ-197, which is an inhibitor of c-MET (88, 89). A report by Jie et al. also showed that small molecular inhibitors of ETS-1 can effectively achieve antitumor activity in HCC cells (90). Further studies using inhibitors of ETS-1 will be conducted in the future (90). The results of Shao et al. showed that ETS-1 could act as a co-activator of PXR to upregulate the activity of PXR and induce drug resistance in HCC cells (91). Our previous results also showed that MTBP could act as a co-activator of PXR (21). Therefore, in the future, whether MTBP is associated with ETS-1 and PXR form a ternary complex will be further explored.

It is worth mentioning that, the function of MTBP is closely related to MDM2 and P53 (P53/MDM2 pathway) (92, 93), but MDM2 and P53 are not the only molecular mechanisms of MTBP, and MTBP can also function via other proteins (such as the interaction between MTBP and PXR in the previous results of our group; the interaction of MTBP with ETS-1 in the presence work). To this end, the overexpression or knockdown of MTBP in a P53-deficient cell line, Huh-7 cells, was examined. Our results showed that MTBP enhanced the activation of ETS-1 in Huh-7. This further confirms the specificity of the action of MTBP: its effect on ETS-1 is independent of the P53/MDM2 pathway. Meanwhile, since ETS-1 is a key regulator of cell proliferation, metastasis, and invasion, our results used MTT, Transwell, and nude mouse tumorigenic models to examine the effects of MTBP on HCC cell proliferation, invasion, and metastasis, respectively. The results showed that MTBP could promote the proliferation, metastasis and invasion of three HCC cells. Interestingly, the effects of MTBP overexpression or knockdown on the in vitro invasion of HCC cells greatly outweighed the effects on in vitro migration of HCC cells. The reason may be that the main mechanism of ETS-1 is to induce the expression of matrix metalloproteinases, and then destroy the tissue matrix through mmps, and finally induce the invasion of HCC and other cancerous cells (94–97). However, ETS-1 is a transcription factor with a wide range of functions, and MTBP can also promote the proliferation and in vitro migration of HCC cells through ETS-1. It is worth mentioning that MTBP can up-regulate the expression levels of ETS-1 downstream genes in HCC tumor tissue.

Finally, to summarize the main points of this paper, we reported and elucidated the interaction between MTBP and ETS-1 and its clinical significance for the first time in HCC cells, which not only expands our understanding of MTBP and ETS-1, but also provides HCC-related research provides more insights. At the same time, we also highlight the areas that can be improved in the future: (1) It is necessary to locate the interaction between MTBP and ETS-1, and try to determine the key amino acid residues of the interaction between the two; (2) Try to develop small molecules of MTBP Inhibitors; (3) Attempt to establish transgenic animals
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Purpose

Glypican-3 (GPC-3) expression is abnormal in the occurrence and development of hepatocellular carcinoma (HCC). To explore whether GPC-3 has diagnostic accuracy and prognostic significance of HCC, we did a systematic review and meta-analysis.



Method

PubMed, Embase, Cochrane Library, and China National Knowledge Infrastructure were searched with keywords “GPC-3” and “HCC” and their MeSH terms from inception to July 2022. We applied the hierarchical summary receiver operating characteristic model and evaluated the diagnostic value of GPC-3 alone and combination, and the correlation between high and low GPC-3 expression on clinicopathological features and survival data in prognosis.



Results

Forty-one original publications with 6,305 participants were included, with 25 of them providing data for diagnostic value and 18 records were eligible for providing prognostic value of GPC-3. GPC-3 alone got good diagnostic value in patients with HCC when compared with healthy control and moderate diagnostic value when compared with patients with cirrhosis. In addition, combination of GPC-3 + AFP and GPC-3 + GP73 got great diagnostic value in HCC versus cirrhosis groups; the combination of GPC-3 can also improve the diagnostic accuracy of biomarkers. Moreover, we discovered that overexpression of GPC-3 was more likely found in HBV infection, late tumor stage, and microvascular invasion groups and causes shorter overall survival and disease free survival, which means poor prognosis.



Conclusion

GCP-3 could be used as a biomarker in HCC diagnosis and prognosis, especially in evaluated diagnostic value in combination with AFP or GP73, and in forecasting worse survival data of overexpression GPC-3



Systematic Review Registration

https://www.crd.york.ac.uk/PROSPERO/, identifier [CRD42022351566].
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Introduction

Hepatocellular carcinoma (HCC) is a kind of high-degree malignancy, with incidence rate and mortality rising year over year, and ranking sixth and fourth respectively in the world (1). HCC onset was hidden in the early stage, which can only be found in imaging scans (2–4). In addition, the malignancy develops rapidly in the middle to late stage, leading to the poor prognosis of patients with HCC. Moreover, for patients with cirrhosis, the risk of progression to HCC is high, so early diagnosis of HCC, especially in patients with cirrhosis, is particularly important (5–9). At present, alpha-fetoprotein (AFP), the most commonly used tumor marker in HCC, has a poor diagnostic performance (10, 11). Hence, it is particularly important to improve the diagnostic value of early HCC, especially HCC in cirrhosis. Recent studies have found that Glypican-3 (GPC-3) expression is abnormal in the occurrence and development of HCC (12, 13), which may be related to the diagnosis and prognosis of HCC.

GPC-3 protein is a heparan sulfate glycoprotein on the cell membrane surface, which is connected to the cell membrane surface through glycosylphosphatidylinositol anchor (14). GPC-3 anchored to the cell surface is a key glycoprotein that interacts with cells and extracellular matrix components. It has a strong potential to bind to functional biological macromolecules such as proteins and sugars, especially to a variety of cell growth factors, including vascular endothelial growth factor, epidermal growth factor, hepatocyte growth factor, fibroblast growth factor, and transforming growth factor–β. GPC-3 binds to a variety of growth factors to form receptor signal transduction complexes, which activate the tyrosine kinase activity of growth factor receptors, thereby regulating cell growth, differentiation, adhesion, proliferation, and migration, which may be related to the occurrence and progression of HCC (15–18).

However, the diagnostic accuracy and prognostic significance of GPC-3 have not yet been determined. The aim of our meta-analysis was to explore the role of GPC-3 in the diagnostic accuracy and prognostic significance of HCC versus controls. None of the published meta-analyses (19–21) provide a comprehensive overview of the diagnostic and prognostic roles of GPC-3 in tumorigenesis.



Methods

The selected publications and synthesis program followed the Predesigned Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement for diagnostic test accuracy and prognostic test significance (22, 23). In addition, the protocol of our study were pre-designed and registered with the PROSPERO website (No. CRD42022351566) (24).


Search strategy and selection criteria

Four online electronic databases (PubMed, Embase, Cochrane Library, and China National Knowledge Infrastructure) were searched using keywords “Glypican-3”, “GPC-3”, “Hepatocellular Carcinoma”, “Liver cancer”, and “HCC” and their MeSH terms from their inception to July 2022. Two researchers (DJ and YZ) independently screened titles, abstracts, and full text. Moreover, the disagreements were discussed with the sophisticated reviewer (WW).

Eligible studies should meet the following criteria: research studies should focus on the diagnostic test accuracy and/or prognostic test significance of GPC-3, and patients should be diagnosed with HCC, with useful data available. For diagnostic type study, both data from HCC group and non-HCC group were considered to evaluate the diagnostic value of GPC-3. For prognostic type study, the data of correlation between high and low GPC-3 expression were considered. No language restriction was set, and non-English articles were translated. Reviews and original studies with no control group and with a study population being patients with HCC recurrence were excluded. Moreover, the reference list of previously published articles was also checked to avoid omissions of potential articles.



Data extraction and quality assessment

Baseline characteristic and clinical diagnostic and prognostic data were extracted from every potential included research studies and were categorized into pre-set forms by two independent researchers (DJ and YZ). For studies that reported data of GPC-3 diagnostic accuracy, baseline characteristic of the first author, publication year, region, sample type, control type, detection method, cutoff value of GPC-3, sample size, gender, age, hepatitis B virus (HBV) infection (present/absent), hepatitis C virus (HCV) infection (present/absent), cirrhosis (present/absent), Child–Pugh score (B–C vs. A), and diagnostic value data of true positive (TP), false negative (FN), true negative (TN), and false positive (FP) were also extracted for assessment.

For studies that reported data of GPC-3 prognostic significance, baseline characteristic of the first author, publication year, region, detection method, cutoff value of GPC-3, sample size, gender, age, clinicopathological features of tumor size (small vs. big), HBV (present/absent), HCV (present/absent), cirrhosis (present/absent), AFP(<20 ng/ml/>20 ng/ml), tumor grade (I–II/III–IV), microvascular invasion (present/absent), Child–Pugh score (A vs. B–C), BCLC grade (A–B vs. C–D), differentiation (Well-moderate vs. high), and survival data of overall survival (OS) rate (high expression vs. low expression) and disease-free survival (DFS, high expression vs. low expression) in high versus low expression of GPC-3 were also extracted for assessment.

In diagnostic studies for the quality assessment process, modified Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) tool was used (25). QUADAS-2 consists of four domains: patient selection, index test, reference standard, and flow of patients through the study, which could be included without high-risk options. None of the above domains could contain high-risk options; otherwise, the original research will not be allowed to be included in this meta-analysis. In prognostic studies for the quality assessment process, the Newcastle–Ottawa Scale (NOS) scale (26) was used. If a study got NOS score of less than 4 (max 10), the observational study then cannot be included in this meta-analysis.

In addition, the quality of evidence for both types of research was assessed on the basis of the GRADE system. For diagnostic outcomes, grades for recommendations, assessments, developments, and evaluations were estimated (27). In addition, for prognostic study, the risk of bias, imprecision, inconsistency, indirectness of the every outcome, and publication bias were evaluated (28). Moreover, quality assessment programs were also independently assessed by two independent researchers.



Outcomes and data synthesis

To pool outcomes from diagnostic research, we applied the hierarchical summary receiver operating characteristic (ROC) model (29) and evaluated the diagnostic value of overexpression GPC-3, GPC-3 + AFP, GPC-3 + GP73, and GPC-3 + GP73 + AFP as biomarkers under investigation. Moreover, sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, diagnostic odds ratio, and their 95% confidence intervals (CIs) as well as the area under the ROC curves were obtained from diagnostic models of overall participants. Subgroup analysis and meta-regression for each subtype of control include cirrhosis and hepatitis, cirrhosis only, and healthy control. A P-value less than 0.05 from the meta-regression indicates that this grouping method had a great impact on the overall results. Moreover, Deeks’ asymmetry test was used to determine potential publication bias.

To merge outcomes from prognostic research, random-effects models were applied to consider significant difference from odds ratios (ORs), hazard ratio (HR), or standardized mean differences (SMDs) with their 95% CIs in both clinicopathological features and survival data. I2 > 50% or P-value < 0.05 indicates high heterogeneity. Moreover, Begg’s and Egger’s tests were used to determine the publication bias among the included studies (30, 31). MetaDisc (version 1.4) and STATAMP (version 14.0) software were used to perform this meta-analysis.Results




Results


Study characteristics and quality assessment

From the four online electronic databases, 931 non-repetitive publications have been screened. After checking titles and abstracts, 89 full-text articles have been assessed for eligibility. After careful screening, 40 articles (31–72) could be included in this meta-analysis, 25 of them (3,717 participants) reported data of GPC-3 diagnostic accuracy and 18 of them (2,588 patients with HCC) reported data of GPC-3 prognostic significance (Figure 1). The sample size of our included studies was 22–261, and most of them were published in Asia. We also summarized the control type, indicator type, detection method, and cutoff value; the cutoff value varied widely among the included studies that could have great influence on the overall results (Table 1; see details in Tables S1, S2). Moreover, we also meta-analyzed baseline indicator to determine whether the baseline is balance. We could notice that from diagnostic type baseline, there are more male patients with HCC, older, and more patients with HCC with liver cirrhosis and worse liver function grades (Child–Pugh score B–C). Moreover, baseline characteristic was balanced in data from prognostic significance studies (Table 1). Moreover, the quality assessment of the included studies is presented in Tables S3, S4; all of them got acceptable score.




Figure 1 | Preferred reporting items for systematic reviews and meta-analyses flowchart of the identification of eligible research studies.




Table 1 | Summarized of baseline characteristic of the included research studies.





Diagnostic value of GPC-3

First, we meta-analyzed data for the diagnostic value of GPC-3 alone in HCC. We can notice that the diagnostic value of GPC-3 alone in HCC vs. all control type is good with AUC of 0.8006 (Figure 2A), and the good diagnostic value could also be found in HCC vs. healthy control subgroup (AUC = 0.8835; Figure 2C). Nonetheless, the diagnostic value of HCC vs. cirrhosis and hepatitis/cirrhosis alone was ordinary, with AUC = 0.7203 and 0.7326 (Figure 2B). Meta-regression did not declare the main source of the difference. No publication bias was found from Deeks’ asymmetry test in the meta-analysis of GPC-3’s diagnostic value, and the quality of evidence was low to moderate. These results demonstrate that GPC-3 alone has good diagnostic efficacy in patients with HCC compared with healthy people (Table 2; Figure S1). However, for patients with liver cirrhosis progressing to HCC, its diagnostic efficiency is not high, so improving the diagnostic efficiency in this population has more clinical value.




Figure 2 | The pooled diagnostic accuracy of overexpression of GPC-3 alone in diagnosing HCC vs. all controls (A), HCC vs. cirrhosis and hepatitis (B), HCC vs. healthy control (C), and combination diagnostic accuracy of GPC-3 + AFP (D), GPC-3 + GP73 (E), and GPC-3 + GP73 + AFP (F) in diagnosing HCC vs. all controls. AUC, area under the curve; GPC-3, Glypican-3; HCC, hepatocellular carcinoma; SROC, summary receiver operating characteristic curves.




Table 2 | Summarized of pooled sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, diagnostic odds ratio, and SROC curve of GPC-3 in diagnosing hepatocellular carcinoma patients from controls.



Then, to improve the diagnostic value of HCC compared with liver cirrhosis, we studied the combined diagnostic value of GCP-3 combination with AFP and GP73. In combination diagnostics value of GPC-3 + AFP, great diagnostics value could be found in HCC vs. all control type of AUC of 0.9277 (Figure 2D). However, publication bias could also be found in this group of 0.031 and moderate GRADE. In addition, great diagnostics value could be found in HCC vs. cirrhosis and hepatitis, with AUC of 0.8883 with low grade; the value of HCC vs. healthy control is low due to small sample size. Subsequently, great diagnostics value could also be found in HCC vs. all control group in GPC-3 + GP73 (AUC = 0.9659; Figure 2E) and GPC-3 + GP73 + AFP (AUC = 0.8726; Figure 2F) diagnostic groups (Table 2; Figure S1). In general, the diagnostic efficacy of GPC-3 combined with AFP or GP73 has been improved; especially, GPC-3+ AFP group can improve the diagnostic value of HCC in patients with liver cirrhosis.



Prognostic value of GPC-3

First, we summarized the clinicopathological features of high GPC-3 vs. low GPC-3 expression in patients with HCC. We could notice that significant differences could be found in HBV (present/absent) group (OR = 1.340; 95% CI: 1.015 to 1.768) with low heterogeneity (P = 0.465, I2 = 0.0%), tumor grade (III–IV/I–II) group (1.653, 1.201 to 2.276) with low heterogeneity (1.653, 1.201 to 2.276), and microvascular invasion (present/absent) group (1.830, 1.009 to 3.318) with substantial heterogeneity (0.011, 59.7%). No publication bias was found in all clinicopathological features with low to moderate grade. These results indicate that high GPC-3 expression is not good for the prognosis of patients with HCC, especially patients with HCC with HBV infection, late tumor stage, and microvascular invasion.

Second, in evaluating survival data of high expression vs. low expression of GPC-3 in HCC, OS and DFS were taken into account. In terms of OS, seven research studies have reported ordinary data, and the merged outcome was (HR = 1.57; 95% CI: 1.11 to 2.03) with low heterogeneity (P = 0.510, I2 = 0.0%). When considering DFS, only four studies provide data, and the outcome from meta-analysis was (1.75, 1.14 to 2.35; 0.760, 0.0%) (Figure 3). The above data prove that the high expression of GPC-3 has a poor prognosis for patients with HCC.




Figure 3 | Forest plot for high GPC-3 expression versus low GPC-3 expression for overall survival and disease-free survival in patients with HCC. GPC-3, Glypican-3.






Discussion

This work focuses on the diagnostic accuracy and prognostic significance of GPC-3 as a biomarker of HCC, with 41 original publications and 6,315 participants included. First, we did a meta-analysis to explore whether the baseline level is balanced or not. The baseline indicators were not balanced in gender, age, liver cirrhosis numbers, and Child–Pugh liver function in diagnostic accuracy research studies (Figure 1; Table 1). Second, we did a diagnostic meta-analysis to evaluate the diagnostic value of GPC-3 alone. We determine that, compared with healthy control, the diagnostic value of GPC-3 alone is relatively great. However, in comparison with liver cirrhosis, the diagnostic value of GPC-3 alone is moderate. As a result, combination diagnostic value of GPC-3 was researched, and we detected that combination use of GPC-3 + AFP and GPC-3 + GP73 group got great diagnostic value of AUC > 0.9 in HCC versus cirrhosis groups (Figure 2; Table 2). These results demonstrate that the combination of GPC-3 can also improve the diagnostic accuracy of tumor biomarkers that have already been used in clinical practice (e.g., AFP). Third, the clinicopathological features and survival data in prognosis of HCC were meta-analyzed. We discovered that overexpression of GPC-3 was more likely found in HBV infection, late tumor stage, and microvascular invasion groups and causes shorter OS and DFS, which means poor prognosis (Figure 3; Table 3).


Table 3 | Summarized of association between high GPC-3 expression and clinicopathological features in prognosis of patients with hepatocellular carcinoma from low GPC-3 expression.



Our systematic review and meta-analysis followed PRISMA checklist (22, 23) and was registered with PROSPERO website (24). The review by Yu et al. presented an idea that GPC-3 is a new HCC biomarker discovered after AFP, which is expressed not only in tissue but also in serum. GPC-3 has high sensitivity and specificity in the diagnosis of HCC, especially in the early stage of tumorigenesis. It has great clinical application value and brings hope for the diagnosis of early HCC (73). In addition, GPC-3 combined with AFP could use as a novel risk scoring model for predicting early recurrence of HCC after curative resection, which were shown to be effective at predicting early recurrence of HCC after curative resection (74). The research study by Zhou et al. showed that diagnosis of sarcomatoid HCC is rare and has a relatively poor prognosis. A panel of markers HSP70, GS, and GPC-3 served as an independent prognostic factor for sarcomatoid HCC (75). The research study by Kaseb et al. showed that a greater GPC-3 expression is associated with a worse HCC prognosis and may be a promising prognostic marker (76). The results in the study by Miura et al. revealed that the preoperative GPC-3 levels in patients with recurrence were significantly higher than those in patients without recurrence, suggesting that GPC-3 could be a better predictive marker of risk of recurrence than AFP, and the validation of GPC-3 as a predictive marker of HCC recurrence in a larger population is warranted (77). The above studies support our results, both in terms of diagnosis and prognosis.

Our results have been confirmed not only in clinical research but also in basic experimental research. The experiment by Aydin et al. showed that the expression of p62 and GPC-3 was significantly increased in HCC tissues compared with adjacent cirrhotic liver, and GPC-3–positive exosomes can be used for HCC detection and prediction of treatment outcomes (78). Moreover, data from the study by Montalbano reveal new aspects of the role of GPC-3 in early hepatocyte transformation. In addition, we concluded that GPC-3 may serve as a new HCC immune-therapeutic target (79). All the above studies confirmed that GPC-3 should be a valuable tumor biomarker in HCC diagnosis and prognosis.

None of the previous publications related to this topic have pooled diagnostic and prognostic data (19–21). Therefore, our study shows that GPC-3 can be used as a marker for the diagnosis and prognosis of HCC more effectively. GPC-3 belongs to heparin sulfate protein polysaccharide family and anchors to cell surface by glycosylphosphatidylinositol. Glypicans interact with growth factors and play significant roles in cell proliferation, differentiation, and migration (80, 81). GPC-3 could be used as a biomarker, in which GPC-3 gene could be a potential target for promoting hepatoma cell apoptosis and inhibiting metastasis through the Wnt/β-catenin and Hedgehog signaling pathways  (80–82). The expression of GPC-3 is related with tumor size of HCC, which suggests that GPC-3 may potentially become an early diagnostic biomarker of HCC. Mechanism research has suggested that the accuracy and sensitivity for early diagnosis of HCC by using combined serum GPC-3 and AFP were better than AFP alone. Therefore, the above mechanisms and in vivo studies confirm our results.

There are also some limitations among our included studies. First, most of our included original research studies were from China, which may cause geographic heterogeneity. Moreover, cutoff values of GPC-3 in all studies were inconsistent, which may also lead to the heterogeneity among our studies (Tables 1, S1, S2). Second, baseline indicators were not balanced in diagnostic accuracy research studies. The cause maybe that HCC itself has a higher incidence in men, is more likely to be accompanied by cirrhosis, and has a worse Child–Pugh grading of liver function than the control group (Table 1). Third, few research studies provide data of combination diagnostic value of GCP-3 + AFP/GP73. However, we still suppose that the results were credible. Interestingly, the combination of GCP-3 + AFP + GP73 got lower diagnostic value than the combination of the above two, probably because only two articles provided the original data (Figure 2; Table 2). Last but not least, there was no combined prognostic data of GCP-3 and AFP to evaluate its combined prognostic value (Figure 3; Table 3), which did not correspond with the diagnostic studies.

In conclusion, our results suggested that GCP-3 could be used as a useful biomarker in HCC diagnosis and prognosis, especially in evaluated diagnostic value in combination with AFP or GP73, and in forecasting worse survival data of overexpression GPC-3. Therefore, we recommend that patients with cirrhosis should frequently diagnose whether there is HCC with detection by GPC-3 + AFP. Furthermore, for patients with HCC, if there was a GPC-3 overexpression, then the tumor can easily invade and affect survival. However, the conclusion still needs to be confirmed in large-scale diagnostic and prognostic research studies of GPC-3.
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In recent years, metal organic frameworks (MOFs) have attracted increasing attention in cancer therapy, because they can enhance the anticancer efficacy of photodynamic therapy (PDT), photothermal therapy (PTT), photoacoustic imaging, and drug delivery. Owing to stable chemical adjustability, MOFs can be used as carriers to provide excellent loading sites and protection for small-molecule drugs. In addition, MOFs can be used to combine with a variety of therapeutic drugs, including chemotherapeutics drugs, photosensitizers, and radiosensitizers, to efficiently deliver drugs to tumor tissue and achieve desired treatment. There is hardly any review regarding the application of MOFs in hepatocellular carcinoma. In this review, the design, structure, and potential applications of MOFs as nanoparticulate systems in the treatment of hepatocellular carcinoma are presented.
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INTRODUCTION
Hepatocellular carcinoma (HCC), a disease with a high incidence rate, will lead to 41,260 new diagnoses and 30,520 new deaths in the United States in 2022, according to the predictions of the National Cancer Institute. Accounting for 5% of all cancer deaths, the 5-year survival period for HCC is only 20.8%. Currently, surgery, radiotherapy, and chemotherapy based on targeted drugs are used to treat HCC (Chen et al., 2020; Rinaldi et al., 2021). Many patients with HCC do not have obvious symptoms, are usually diagnosed at an advanced stage, and are not suitable for surgery or transplantation (Du et al., 2021). Under the circumstances, chemotherapy, radiation therapy, and other treatment methods can effectively prolong the survival of patients and improve their quality of life (Yang et al., 2020; Zheng et al., 2021). However, chemotherapy or radiotherapy treatment faces many challenges, such as individual differences in HCC patients, poor sensitivity to chemotherapy or radiation therapy, and drug resistance (Mao et al., 2022). Furthermore, large doses of chemotherapy or radiotherapy can produce serious side effects, resulting in poor compliance of patients (Feng Y et al., 2020). Therefore, looking for new therapeutic methods with new mechanism, reducing the dose of drugs, and maintaining antitumor efficacy are urgent problems that must be solved in the treatment of HCC (Hao Y.N et al., 2021; Philips et al., 2021).
Metal organic frameworks (MOFs) are a new form of coordination polymer developed in recent years, which are self-assembled involving metal ions and organic molecules. They have advantages such as porous structure, good biocompatibility, large specific surface area, and easy modification. They are widely used in the fields of catalysis (Sadeghi and Sillanpää, 2021; Zhang et al., 2021), energy storage (Downes and Marinescu, 2017; Jayaramulu et al., 2021), separation (Li T et al., 2022), and biomedicine (Carrillo-Carrión, 2020; Chen J et al., 2021). In cancer treatment, MOFs can enhance the anticancer effects of PDT, PTT, chemodynamic therapy (CDT), photoacoustic imaging, and drug delivery (Chen J et al., 2021). Additionally, MOFs have good chemical adjustability and can be used as carriers to provide excellent loading sites and protection for small-molecule drugs. MOFs can be combined with a variety of therapeutic drugs, including chemotherapeutics, photosensitizers (Luo et al., 2021; Zhao et al., 2021), and radiosensitizers, to efficiently deliver drugs to tumor sites (Osterrieth and Fairen-Jimenez, 2021) and achieve effective treatment (Carrillo-Carrión, 2020).
PDT is a novel tumor intervention approach that can replace traditional antitumor methods (Lakshmi and Kim, 2019). The mechanism of PDT produced by MOFs is to provide MOF molecules (photosensitizers) with specific structures such as porphyrins in tumor tissue and then locally irradiate the tumor with light of specific wavelength to excite the photosensitizer (Neufeld et al., 2021). The excited photosensitizer will transfer its energy and electron to the surrounding oxygen atoms, thereby generating singlet oxygen and other reactive oxygen species (ROS), and then kill tumor cells (Feng G et al., 2020; Chen D et al., 2021). Unlike chemotherapeutics and radiotherapy, which can cause systemic toxicity, oxygen substances produced during PDT treatment have no toxic effect on the body. Due to a series of advantages, such as noninvasive, small side effects, and accurate administration, PDT has been widely used in the treatment of superficial tumors and adjuvant treatment after surgical resection of tumors (Yu et al., 2020).
PTT, characterized by low systemic toxicity and efficient targeted local treatment, can ablate tumor cells with heat generated by a specific MOF after near-infrared (NIR) radiation. This approach is an extension of photodynamic therapy, in which a photosensitiser is excited with specific band light. This activation brings the sensitiser to an excited state where it then releases vibrational energy (heat) and kills the targeted cells (Xiong et al., 2021; Dai et al., 2022). Furthermore, the combination of PDT and PTT can synergistically improve antitumor efficacy and reduce side effects. The heat generated by PTT can improve blood flow and oxygen supply, thus improving the sensitivity of tumor cells to oxygen-dependent PDT. Furthermore, ROS produced by PDT can interfere with tumor physiology and change the microenvironment, thus improving the thermal sensitivity of tumor cells (Sun X et al., 2021; Zeng et al., 2021).
CDT is an effective strategy to inhibit tumor cells by converting H2O2 into highly toxic •OH through Fenton or Fenton-like reaction (Liu et al., 2021a). In the Fenton reaction generated by MOFs, Fe2+ in MOFs acts as a catalyst to convert H2O2 into highly toxic •OH. In addition to Fe2+, generated Cu2+, Mn2+, and CO2+ can also catalyze the formation of •OH through Fenton-like reactions. In view of the characteristics of •OH produced during CDT, its combination with PDT can enhance the efficacy of PDT through the O2 produced, and the production of highly toxic •OH can also kill cells with O2, further inhibiting tumor cells. In recent years, PDT/CDT combination therapy has been methodically explored to enhance tumor oxidative stress and obtain better antitumor effect compared to monotherapy (Hao X et al., 2021; Tian et al., 2021).
Due to the advantages of the MOFs structure, several studies have attempted to utilize MOFs for anticancer applications. Such MOFs often are exploited for phototherapy, imaging effects, and drug loading functions. These studies have not only developed a variety of antitumor drugs with different structures but have also made remarkable achievements in drug delivery, loading and targeting (Lawson et al., 2021; Ma et al., 2021).
MOFS-MEDIATED PDT, PTT AND CDT TREATMENT OF HCC
Some MOFs with special structures can kill tumor cells through PDT, PTT or CDT effect. Therefore, MOFs have been applied in tumors treatment (Sun X et al., 2021; Wang et al., 2021; Zhou et al., 2021). Shi et al. (Shi et al., 2018) used a simple method to assemble Mn2+ and ICG and constructed new self-assembled nanoparticles (MINPs) under the protection of polyvinylpyrrolidone (PVP). in vitro experiments, under laser irradiation at 808 nm, MINPs achieved a clear inhibitory effect on HepG2 cancer cells (Figure 1). The MINPs solution was injected into the subcutaneous tumor model of mice, the photoacoustic (PA) signal around the tumor tissue during a 12-h period was recorded. The intensity of the PA signal obtained in the injection group was about three times higher than that of the control group (ICG administration group). After injection of MINPs, the positive signal of tumor magnetic resonance imaging (MRI) was enhanced and the average signal intensity gradually increased, indicating that MINPs achieved a time-dependent tumor accumulation. The quantitative detection results showed that the intensity of the MRI signal after 12 h of injection was 1.8 times higher than before injection. The results of in vitro PTT treatment and in vivo imaging revealed that cell necrosis and tumor damage could be observed in the tumor (HepG2 cells) treated by MINPs, while the control group did not present any obvious tumor damage. These experiments indicated that MINPs could be expected to become a highly effective PTT therapeutic drug and could be applied for imaging-guided PTT of HCC.
[image: Figure 1]FIGURE 1 | Synthesis and application of MINP. The schematic pieces were provided by Smart Medical Art and adapted [http://www.servier.com]. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.
Fu et al. (2020) developed a new therapeutic agent ZIF-8@Ce6-HA using a one-step method. In this therapeutic agent, ZIF-8 was loaded with Chlorin E6 (CE6) and then modified with hyaluronic acid (HA) ZIF-8@Ce6-HA exhibited a good encapsulation rate, cell absorption, and biocompatibility. Mass spectrometry test data showed that HA modification prolonged the blood circulation time of these particles and decreased toxicity (Figure 2). In vitro anticancer experiments showed that after 5 min of irradiation at 660 nm, free CE6 exhibited slight cytotoxicity at a higher concentration (3 mM), and approximately 29.5% of HepG2 cells died due to ROS generated by PDT. Free CE6 molecules tend to agglomerate in the aqueous phase to reduce the efficiency of PDT, while ZIF-8@Ce6-HA overcomes this problem. The ZIF-8@Ce6-HA group showed greater cytotoxicity than the free CE6 group after irradiation with death of all cancer cells (88.4%). That study innovatively introduces a new therapeutic agent CE6 for PDT.
[image: Figure 2]FIGURE 2 | Synthesis of ZIF-8@Ce6–HA.
Liu et al. (2017) constructed MOFs with biocompatible Zr ions and Meso-Tetra (4-carboxyphenyl) porphine (TCPP), then loaded doxorubicin (DOX) to build a new nanoparticle (NP), DOX@NPMOF. The content of DOX loaded on the particles was as high as 109%. In an in vitro HepG2 cell model, DOX@NPMOF administration with a 655 nm laser showed good inhibitory ability (IC50 = 67.72 μg/ml) and the lethality of HepG2 cells was as high as 90%. Subsequently, a mouse subcutaneous tumor model was used to investigate the anticancer effect of DOX@NPMOF. The experiment was divided into four groups, namely, the saline group, the PDT treatment group, the chemotherapy group, and the combined treatment group (DOX@NPMOF), to compare the results. First, the fluorescence intensity of the cancer area was recorded by imaging. After the accumulation of NPMOF reached its maximum, the tumor tissues of mice in each group were irradiated with a 655 nm laser (180 J/cm2) for 15 min. Subsequently, the size of the tumor in different groups was monitored. The experimental results showed that the combined treatment group achieved the best effect. After 2 days of treatment, the tumors of mice were significantly reduced and gradually completely eradicated. The effects obtained were superior to that of the chemotherapy group and the PDT treatment group, and no skin/tissue damage was observed in any mice.
Ding et al. (2020) constructed FeMOFs nanoparticles (NPs) with TCPP (Fe) and zirconium clusters, then loaded the hydrophobic chemotherapeutic drug camptothecin (CPT), and in situ, grew small gold (Au) NPs on its surface to gain novel NPs PEG-Au/FeMOF@CPT NPs. The Au NPs externally anchored were further modified by 1-dodecyl mercaptan (C12SH) and methoxypolyethylene glycol mercaptan (PEG-SH) (Figure 3). The MTT assay was used to evaluate the anticancer effects of CDT on HepG2 cells. The half maximum inhibitory concentration (IC50) of CPT monotherapy was 206 ± 22 μg/ml. Although the amount encapsulated in CPT was only 7.7%, the IC50 value of the chemokinetic treatment group (PEG-Au/FeMOF-NPs) still reached 3.51 ± 0.26 μg/ml. Conversely, the IC50 value of the combined chemotherapy and chemokinetic treatment group (PEG-Au/FeMOF@CPT NPs) was the lowest (0.31 ± 0.04 μg/ml). This indicates that the combination of CDT and CPT may achieve a good synergistic activity and can effectively inhibit tumor growth.
[image: Figure 3]FIGURE 3 | Synthesis and application of PEG-Au/FeMOF@CPT NPs. The schematic pieces were provided by Smart Medical Art and adapted [http://www.servier.com]. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.
MOFS FOR SYNERGISTIC CANCER TREATMENT
Chemotherapy, one of the main methods for treating tumors, uses chemical synthetic drugs to kill cancer cells. Some chemotherapeutic drugs, such as DOX and CPT can be combined with MOFs to overcome the problems of poor drug release, side effects of systemic administration, and drug resistance, to enhance the antitumor effect. MOFs achieve high drug loading by changing the binding sites and porosity, promoting accumulation in the tumor, and prolonging the drug release by appropriate modification. Therefore, MOFs achieve good synergistic effects with chemotherapy drugs to achieve antitumor goals.
Xiao et al. (2020) designed a biomimetic MOF particle (CDZ) loaded with dihydroartemisinin (DHA) based on the ZIF-8 structure. They first prepared Fe2+ doped ZIF-8 NPs using a simple method and loaded DHA into the NPs to form DZs. The DZs were then inserted into the shell prepared with cancer cell membrane to obtain CDZs, which able to accumulate and be released into the tumor tissue. When Fe2+ in particles combine with DHA, the hydrogen peroxide bridge will fracture reductively and oxygen center free radicals will be generated, which will lead to rearrangement of carbon center free radicals and induce DHA toxicity. DHA influences the mitochondrial-dependent apoptosis pathway and can inhibit the activation of the nuclear factor kB (NF-kB) signaling pathway, thus promoting tumor cell apoptosis (Figure 4).
[image: Figure 4]FIGURE 4 | Synthesis and application of CDZs. The schematic pieces were provided by Smart Medical Art and adapted [http://www.servier.com]. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.
In vivo antitumor effects of CDZs were evaluated in a mouse subcutaneous tumor model. In this experiment, tumors in both the normal saline group and the Fe/ZIF-8 (CZ) treatment group showed similar growth without inhibition. Treatment with DZs resulted in a 56.9% reduction in tumor volume, while a significant 90.8% reduction in tumor volume was observed after treatment with CDZ. Thus, CDZs had a marked anti-HCC effect and the efficacy of CDZs was significantly superior to that of DZS. The homogeneous aggregation of NPs induced by the cell membrane and the improvement of the stability of the NPs minimize drug loss and promote the antitumor efficacy of CDZs.
Fytory et al. (2021) constructed new types of MOFs based on Zr ion and UiO-66- NH2, which loaded DOX, and their surfaces were successively modified with folic acid (FA), lactonic acid (LA) and glycyrrhetinic acid (GA). Compared to the control group, treatment of HepG2 cells with DOX loaded in NMOF could stimulate cell death. The apoptosis rates of the single-ligation group (LA) and the double-ligation group (LA+GA) were 30.1% and 29%, respectively. The in vitro inhibitory activity experiment in HepG2 cells showed that the inhibitory ability (IC50) of the free DOX group, the NMOF group, the FA-NMOF group, the LA-NMOF group, the GA-NMOF group and the LA-GA-NMOF group were 1.200, 5.982, 1.887, 0.641, 0.986, and 0.520 µM, respectively. The experiment showed that the apoptosis rate of HepG2 cells induced by double ligation NMOF was higher than in the DOX treatment group. The results of this study further demonstrated the superiority of dual connectivity NMOFs as a drug delivery system for the treatment of HCC.
Liu et al. (2022) developed a multifunctional DOX loading NPs UiO-66/Bi2S3@DOX using a one-step solvothermal method, the particle could simultaneously achieve a photothermal effect and pH-triggered DOX release. The combination of transcatheter arterial chemoembolization (TACE) and PTT significantly inhibited tumor growth. Histopathological analysis showed extensive necrosis, decreased regulation of angiogenesis, and increased apoptosis in treated HCC. These results indicate that the nanosystem platform UiO-66/Bi2S3@DOX is a promising therapeutic agent to improve the TACE treatment of HCC.
The anticancer properties of UiO-66/Bi2S3@DOX were investigated in N1S1 tumor-bearing rats. MRI showed that there were no significant differences in preoperative tumor volume among seven treatment groups (total of 55 rats) in the study. On day 10 after the operation, the tumor volumes in the phosphate buffered saline solution (PBS), PBS+NIR, DOX, UiO-66/Bi2S3, UiO-66/Bi2S3@DOX, UiO-66/Bi2S3+NIR, and UiO-66/Bi2S3@DOX+NIR treatment groups were 8136 ± 799.5, 8043 ± 736.0, 4740 ± 954.9, 8461 ± 788.5, 4729 ± 658.3.0, 5219 ± 770.5, and 2826 ± 842.3 mm3, respectively. The tumor growth rate in the PBS group, the PBS+NIR group, and the UiO-66/Bi2S3 group on day 10 was higher than in the other four treatment groups, showing a poor inhibitory capacity of tumor volume. There were no significant differences between the DOX, UiO-66/Bi2S3@DOX, and the UiO-66/Bi2S3+NIR group, but tumor suppression in the UiO-66/Bi2S3@DOX+NIR group was significantly better than any other group. Moreover, compared to other groups, the average tumor weight in the UiO-66/Bi2S3@DOX+NIR group was the lowest, further demonstrating that the combination achieved better tumor inhibition. In conclusion, this in vivo antitumor study confirmed that simultaneous PTT and chemotherapy produce synergistic enhancement effects that cannot be achieved with a single treatment approach.
Samui et al. (2019) developed a NH2-MIL-53(Al)NMOF modified with LA and loaded with DOX. HepG2 cell line has high expression of the asialoglycoprotein receptor (ASGPR), and LA has strong binding affinity to this receptor, thus NMOF modified with LA achieves better anti-HCC activity. In their study, MTT analysis showed that NH2-MIL-53(Al)NMOF achieved stronger cytotoxicity against the HepG2 cell line compared to the normal cell line.
In another study, Chen et al. (2022) used ZIF-8 as the backbone and loaded with arsenic trioxide (ATO) to develop the NPs As@ZIF-8. These NPs were then encapsulated in COOH-PEG-COOH to obtain As@ZIF-8/PEG NPs, which improved their pharmacokinetic properties (Figure 5). A mouse subcutaneous tumor model was used to test the activity of As@ZIF-8/PEG. Mice were randomly divided into four groups (five mice in each group) until tumors grew to 200–400 mm3. The first group was the control group with only insufficient radiofrequency ablation (IRFA) treatment. The second group was treated with IRFA and free ATO. The third group was treated with IRFA+As@ZIF-8/PEG NPs and the fourth group with IRFA+ZIF-8 NPs. The tumor growth curve shows that the inhibitory effect of the As@ZIF-8/PEG NPs-treated group on residual tumor growth was the most obvious, while that of the ZIF-8 nanocarrier was almost negligible. It should be noted that ATO also partially delayed tumor growth, but the antitumor effect of ATO was lower than that of the control group As@ZIF-8/PEG NP. The anatomical image of the tumor tissue on day 21 showed that the tumor volume in the As@ZIF-8/PEG NP group was lower than in the other groups, and the tumor volume of the free ATO group was lower than that of the control group, but much larger than that of the As@ZIF-8/PEG NP group. This experiment indicated that As@ZIF-8/PEG NPs combined with IRFA could significantly improve the therapeutic effects of IRFA.
[image: Figure 5]FIGURE 5 | Synthesis and application of As@ZIF-8/PEG NPs. The schematic pieces were provided by Smart Medical Art and adapted [http://www.servier.com]. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.
Cheng et al. (2019) prepared magnetic nanocomposite Fe3O4-ZIF-8 carrying DOX for the treatment of HCC. The Cell Counting Kit-8 (CCK-8) assay and flow cytometry were used to determine the inhibitory effects of Fe3O4-ZIF-8, DOX and DOX@Fe3O4-ZIF-8 on MHCC97H cells. The results of the CCK-8 assay showed that Fe3O4-ZIF-8 was not toxic to MHCC97H cells, DOX@Fe3O4-ZIF-8 had an obvious inhibitory effect on MHCC97H cells. The cell uptake test showed that DOX@Fe3O4-ZIF-8 accumulated in the cytoplasm and nucleus, possibly because nanoscale DOX@Fe3O4-ZIF-8 can easily cross the cell membrane. Furthermore, due to effective drug accumulation, DOX@Fe3O4-ZIF-8 can induce apoptosis of MHCC97H cells. In sum, compared to free DOX, DOX@Fe3O4-ZIF-8 had a stronger effect on HCC cells, indicating that it has the potential to become a chemotherapeutic drug for HCC.
Li Z et al. (2022) developed a triptolide (TPL)-loaded MOF (TPL@CD-MOF) based on the cyclodextrin (CD) structure, which improves the solubility and bioavailability of TPL, thus enhancing its inhibitory effect on HCC. In the Huh-7 subcutaneous xenograft tumor model, the antitumor activity of TPL@CD-MOF was investigated. The results showed that compared to the normal saline group or the free TPL group, the TPL@CD-MOF group produced better antitumor efficacy and the tumor volume and tumor weight of this group were lower.
Bieniek et al. (2021) prepared a pocket wheel framework (PPF) based on Zn (NO3)2•6H2O and TCPP and loaded it with sorafenib (SOR) to obtain SOR@PPF. In different proportions of ethanol aqueous solutions, SOR was deposited on PPF in two different sizes with different resolution rates, i.e., slow released (SR) and fast released (FA). In the in vitro anti-HCC cell activity assay, the concentration for 50% of maximal effect (EC50) of SOR alone was 13.8 μM and 10.0 mΜ after 24- and 72-h administration, respectively. In contrast, the EC50 of SOR@PPF was 1.6 µΜ and 1.81 µΜ after 24 and 72 h of administration, respectively. In in vivo experiments, compared to the control group, both SR-SOR@PPF and FR-SOR@PPF effectively inhibited distant metastasis and in situ cancer recurrence after operation. Compared to the control group, in rats treated with SR-SOR@PPF, the odds ratios (OR) of distant metastasis and in situ recurrence were 0.26 and 0.38, respectively. In the rats treated with FR-SOR@PPF, the OR values of distant metastasis and in situ recurrence were 0.56 and 0.63, respectively. These results indicated that the antitumor effect of SOR@PPF improved significantly compared to free SOR. In addition, by controlling PPF degradation and sorption, the antitumor effect of SOR in vitro and in vivo can be regulated.
Zhang et al. (2021) mixed one-dimensional Au nanorod (AuNR) with PAA, aqueous ammonium hydroxide solution (NH3•H2O), and isopropanol (IPA) to obtain AuNR/PAA JNPs. Zinc nitrate and imidazole (Hmim) were then added to form ZIF-8 on the PAA side of AuNR/PAA JNPs and AuNR/ZIF-8 JNPs were obtained. Finally, the exposed side surface of AuNR was modified with LA to obtain the LA-AuNR/ZIF-8 JNPs targeting HCC (Figure 6). These NPs could load about 30 wt% DOX and achieved better and faster drug release under the NIR laser and pH 5.3. In vivo studies using mice xenografted with H-22 tumor cells showed that the JNPs+laser group (808 nm) caused more cancer cell death than the pure JNPs group, which indicated that JNP could act as a photothermal agent to effectively kill cancer cells under NIR laser irradiation. The tumor inhibition rate of the JNP+DOX+laser group was as high as 93%, which was higher than that of the JNP+DOX and JNP+laser groups. These findings indicated that LA-AuNR/ZIF-8 JNPs, combined with drugs and lasers, could cause synergistic chemotherapy and PTT effects, thus achieving better therapeutic effects.
[image: Figure 6]FIGURE 6 | Synthesis of NPsLA-AuNR/ZIF-8 JNPs.
Liu et al. (2021b) loaded the ferroptosis inducer SOR, which is used to treat advanced HCC, onto the Fe metal organic framework [MIL-101 (FE)] to prepare MIL-101(Fe)@SOR NP. After 60 h of administration, the drug release of these NPs reached approximately 35% at pH 5.5 and only 10% at pH 7.4. These NPs significantly induced ferroptosis in HepG2 cells and decreased the concentration of glutathione and glutathione peroxidase 4 (GPx-4). The results of in vivo experiments showed that MIL-101(Fe)@SOR NPs could significantly inhibit tumor progression, reduce the expression level of GPx-4, and the long-term toxicity was negligible. Subsequently, to enhance the nanodrug tumor targeting and penetration capabilities, an iRGD peptide (amino acid sequence: CRGDK/RGPD/EC) was introduced containing a tumor-homing motif (RGD) and a tissue penetration motif (CendR).
In vivo, mice with implanted H-22 tumor cells exhibited extremely rapid tumor growth in the control group and MIL-101(Fe) NPs group, while in other groups, the growth was slow. In the MIL-101(Fe)@SOR+iRGD group, the tumor was the smallest. Compared to other groups, mice treated with MIL-101(Fe)@SOR+iRGD had the highest tumor inhibition and significantly reduced tumor weight. Additionally, during the treatment period, the weight of the mice in the MIL-101(Fe)@SOR+iRGD group did not decrease significantly. Tumor sections were stained and imaged to compare with other groups, the necrosis area of tumor tissue in the MIL-101 (Fe)@SOR+iRGD group was the largest, and the number of GPX-4 positive cells was the lowest. These experimental results show that MIL-101(Fe)@SOR+iRGD has relatively optimal tumor inhibition.
Jing et al. (2021) prepared a nanocarrier zeolite imidazoline framework (ZIF-8) by the one-pot method and loaded DOX and acetazolamide (ACE) simultaneously to obtain (DOX+ ACE)@ZIF-8. The DOX and ACE drug loading efficiencies were 7.29% and 4.62%, respectively (Figure 7). In vitro cell inhibitory activity experiments showed that the inhibitory rate (IC50) of blank ZIF-8 in the human normal liver cell line HL7702 was greater than 100 μg/ml, which indicates that the cytotoxicity of ZIF-8 is low. The antitumor effect of (DOX+ACE)@ZIF-8 was dose dependent and the inhibitory capacity (IC50) against Walker 256 cells was 2.36 μG/ml and 0.66 μG/ml (corresponding to ace and DOX), respectively. The safety of (DOX+ACE)@ZIF-8 in vivo was experimentally evaluated. The hemolytic potential of (DOX+ACE)@ZIF-8 in 50–200 μG/ml is negligible (<5%). Rats injected with (DOX+ACE)@ZIF-8 by a single intratumoral dose or intravenous injection showed little damage to normal tissues or adverse hematological effects, which preliminarily demonstrated the high biocompatibility of (DOX+ACE)@ZIF-8.
[image: Figure 7]FIGURE 7 | Synthesis of (DOX+ACE)@ZIF-8.
APPLICATION OF MOF IN TUMOR IMAGING
Some MOFs have specific photosensitive properties and can shine under excitation at a specific wavelength, enabling MOFs to possess the ability of tumor imaging, which is a very important property in identifying and treating tumors (He et al., 2019; Huang et al., 2021).
Sun et al. (Sun Q.X et al., 2021) prepared MOF-RB by loading rhodamine B (RB) into a common MOF structural unit UiO-66-NH2 (Zr-MOF). MOF-RB was used to perform confocal laser scanning microscopy (CLSM) fluorescence imaging and inductively coupled plasma mass spectrometry (LA-ICPMS) laser ablation under elemental imaging on the same group of HepG2 cells in the designated area. This dual-mode imaging strategy helps visualize the migration of copper transporter 1 (CTR1), while providing clear information on the migration and redistribution of CTR1 during exposure to divalent copper/cisplatin through joint imaging of CLSM and LA-ICPMS on the same group of HepG2 cells. This dual-mode imaging strategy provides extremely valuable information to elucidate biological processes related to CTR1.
Shang et al. (2022) prepared a zirconium porphyrin metal organic framework (NMOFs) and then loaded 10-hydroxycamptothecin (HCPT) into the pores of the NMOFs and wrapped it with arginine glycine aspartic acid (RGD) peptide to obtain a new nanocomposite HCPT@NMOFs-RGD (Figure 8). In a mouse tumor model with xenograft, the antitumor activity of HCPT@NMOFs-RGD was evaluated. NMOFs-RGDs had low toxicity, good biocompatibility, and strong imaging ability. In a zebrafish HCC model, specific binding of HCPT@NMOFs-RGD with the integrin αvβ3 and enrichment in tumors lead to a reduction in tumor volume. In the mouse xenograft tumor model, after 12 days of HCPT@NMOFs-RGD treatment, the tumor size of the NMOFs group (PDT treatment) and the HCPT group (chemotherapy) was smaller than that of the blank control group. Importantly, tumors in the HCPT@NMOFs-RGD group were significantly reduced and even disappeared in one sample. Tumor weights in the NMOF group, the HCPT group, and HCPT@NMOFs-RGD all decreased significantly. These data prove the advantage of synergistic antitumor of HCPT@NMOFs-RGD.
[image: Figure 8]FIGURE 8 | Synthesis of HCPT@NMOFs-RGD.
Chen et al. (2019) synthesized a new type of NPs, namely, folic acid nanoscale gadolinium porphyrin metal organic frameworks (FA-NPMOF), based on a gadolinium porphyrin-based MOF and then combined with folic acid (FA). Subsequently, the biological toxicity and imaging ability of FA-NPMOF were measured using HepG2 cells, zebrafish embryos and larvae. In vitro cell experiments, HepG2 cells were found to have significant apoptosis after treatment with PDT (655 nm) with FA-NPMOF. In in vivo experiments in zebrafish, HCC cells were necrotic and triggered inflammatory reactions. However, enhanced green fluorescent protein (EGFP) fluorescence, thermal imaging, and tumor shrinkage also verified its therapeutic effect. These experiments showed that FA-NPMOF achieved a good therapeutic effect on HCC in vitro and in vivo. The key information of the MOFs mentioned above is listed in Table 1.
TABLE 1 | Key characteristics of the MOFs involved in this article.
[image: Table 1]CHALLENGES OF MOF IN CANCER TREATMENT
Although theoretically a variety of metal ions can be used in MOF assembly, in fact—after excluding toxic metal ions—only a few ions are suitable; these include Zr (Wang et al., 2021), Fe (Wang et al., 2019; Yao et al., 2022), Zn (Farhadi et al., 2021; Wan et al., 2021), Mn (Lan et al., 2018; Li et al., 2018), and Cu (Lan et al., 2018; Li et al., 2018), which limits the diversification of MOFs types. In addition to the limitation of the metal ion type, the cytotoxicity caused by the physicochemical properties of the MOFs is also an important factor limiting the application of MOFs (Xia et al., 2021; Xie et al., 2021). These key physicochemical properties, including size distribution, shape, and surface hydrophobicity, affect the solubility of MOFs. To overcome these problems, a large number of studies have been carried out in recent years to modify the surface of MOFs with hydrophilic groups or prepare MOFs as liposomes (Zhang D et al., 2019; Bao et al., 2020; Wang et al., 2021). These works are of great practical value.
Another problem that restricts the use of MOFs in anti-HCC treatment is drug loading and drug release (Gharehdaghi et al., 2021; Jiang et al., 2021). The drug loading and release properties of these nanodrug delivery platforms depend on both the structure of the MOFs and the properties of the loaded drugs. It is challenging to overcome this dilemma. The structure of MOFs needs to be chemically modified according to the different types of loaded drug to match the carrier and drug and achieve a more suitable dissolution. MOFs have a large molecular weight, and in vivo metabolic limitations resulting from mass drug administration are also a problem worthy of follow-up research (Lakshmi and Kim, 2019; Chen J et al., 2021).
CONCLUSION
The application of MOFs in breast cancer (Qin et al., 2020; Xu et al., 2020; Alves et al., 2021; Zhou et al., 2021) and cervical cancer (Sava Gallis et al., 2017; Zhao et al., 2018; Rao et al., 2022) is relatively mature, while in HCC it is still in its infancy. This is mainly because the pathogenesis of HCC is complex and there are less drugs available for HCC treatment. In this paper, we reviewed the latest progress of MOFs in HCC therapy, including the latest research progress in direct use of MOFs as anti-HCC treatment and in combination with other drugs. As a porous material, the MOF not only has photodynamic and photothermal properties but also has the advantages of high porosity, adjustable structure, versatility, and biocompatibility. Through synergistic treatment of photodynamic and photothermal effects, MOFs has shown outstanding effects in various solid tumor treatment. On the basis of the macroporous structure of the MOFs, chemotherapy drugs such as DOX, CPT, and SOR have been used to construct drug-loaded NPs with MOFs to cooperate with photodynamic, photothermal, chemical dynamics, and other methods to treat HCC. According to the reported cases, ZIF-8, UiO-66 and porphyrin MOFs are the most common materials. Porphyrin MOFs possess PDT and PTT effects, while MOFs such as ZIF -8 and UiO-66 mainly be used as the drug delivery platform to HCC treatment.
In HCC chemotherapy, the most problem is drug resistance and toxicity caused by excessive administration. MOFs can be administered through TACE technology to create new possibilities of local drug delivery and controlled release, while avoiding the toxicity of chemotherapeutics drugs. In addition, the new therapeutic mechanisms of PDT, PTT and CDT can resolve the problem of drug resistance. It is hoped that some stimuli-responsive (pH, sound and thermal) MOFs will be applied to HCC treatment in the future, so as to diversified treatment strategies. Most of the reported MOFs are constructed with known ligand structures because the application of MOFs is still in the exploratory stage. With further research, more advanced structures will be used to construct different MOFs. It is expected that these new developments will bring a new situation to HCC treatment.
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Background

Our study aimed to construct a novel signature (CRFs) of combing cuproptosis-related genes with ferroptosis-related genes for the prediction of the prognosis, responses of immunological therapy, and drug sensitivity of hepatocellular carcinoma (HCC) patients.



Methods

The RNA sequencing and corresponding clinical data of patients with HCC were downloaded from The Cancer Genome Atlas (TCGA), International Cancer Genome Consortium (ICGC), GSE76427, GSE144269, GSE140580, Cancer Cell Line Encyclopedia (CCLE), and IMvigor210 cohorts. CRFs was constructed using the least absolute shrinkage and selection operator (LASSO) algorithm. The analyses involved in the prognosis, response to immunologic therapy, efficacy of transcatheter arterial chemoembolization (TACE) therapy, and drug sensitivity were performed. Furthermore, the molecular function, somatic mutation, and stemness analyses were further performed between the low- and high-risk groups, respectively. In this study, the statistical analyses were performed by using the diverse packages of R 4.1.3 software and Cytoscape 3.8.0.



Results

CRFs included seven genes (G6PD, NRAS, RRM2, SQSTM1, SRXN1, TXNRD1, and ZFP69B). Multivariate Cox regression analyses demonstrated that CRFs were an independent risk factor for prognosis. In addition, these patients in the high-risk group presented with worse prognoses and a significant state of immunosuppression. Moreover, patients in the high-risk group might achieve greater outcomes after receiving immunologic therapy, while patients in the low-risk group are sensitive to TACE. Furthermore, we discovered that patients in the high-risk group may benefit from the administration of sunitinib. In addition, enhanced mRANsi and tumor mutation burden (TMB) yielded in the high-risk group. Additionally, the functions enriched in the low-risk group differed from those in the other group.



Conclusion

In summary, CRFs may be regarded not only as a novel biomarker of worse prognosis, but also as an excellent predictor of immunotherapy response, efficacy of TACE and drug sensitivity in HCC, which is worthy of clinical promotion.
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Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death worldwide (1). Over the years, a great body of novel therapies, such as immunologic therapy and targeted therapy, have prolonged the survival time of a portion of HCC patients (2–5). However, due to the delayed emergence, drug resistance, and heterogeneity of HCC, these treatments still do not achieve satisfactory outcomes for HCC patients (6–8). Accordingly, exploring a novel signature that can be served as not only a therapeutic target but also a novel biomarker of drug sensitivity and immunologic therapy for HCC may be one of the principal focuses for scholars in this field.

In recent years, cuproptosis and ferroptosis have been defined, respectively, which are distinctly different from other recognized regulated modes of cell death, including necroptosis and autophagy (9, 10). Additionally, it is reported that the sensitivity of HCC cells to targeted therapeutic agents may also be influenced by the regulative mechanism of ferroptosis (11, 12). More importantly, the therapeutic approaches to regulate copper homeostasis have been demonstrating encouraging anticancer results (13, 14). Thus, cuproptosis- and ferroptosis-related regulatory mechanisms are expected to be novel targets for HCC treatment. Cuproptosis-related genes (CRGs) and ferroptosis-related genes (FRGs) have been reported to predict the prognosis as well as the immune profile of HCC patients. However, whether the CRGs combined with FRGs could be applied as a predictor of prognosis, the immunotherapy response, and drug sensitivity in HCC have not been addressed.

In this study, we have constructed and validated CRFs for predicting the prognosis. In addition, we have explored the role of CRFs in immune characteristics, the efficacy of TACE and drug sensitivity, potential molecular function, and somatic mutation. Our results indicated that CRFs showed excellent predictive performance for prognosis and played a favorable role in assessing the responses of immunotherapy, efficacy of TACE, and drug sensitivity for patients with HCC in different subgroups.



Materials and methods


Data acquisition and preprocessing

The RNA sequencing and corresponding clinical data of HCC patients were extracted from TCGA and ICGC databases. In addition, a list of CRGs and FRGs were derived from the existing publications (9) and FerrDb website (http://www.zhounan.org/ferrdb/) (15), respectively. In addition, the mRNA expression matrix and matching clinical data in GSE104580, GSE144269, and GSE76427 were extracted from Gene Expression Omnibus (GEO). The data of the expression and clinical information of patients in the IMvigor210 cohort were downloaded using “IMvigor210CoreBiologies” package (16). The data of the somatic mutation of LIHC were downloaded from the Genomic Data Commons (GDC) database, and the mRNA expression matrix on the HCC cell line was obtained from the CCLE database (https://portals.broadinstitute.org/ccle) (17). The expression matrix files downloaded from the GEO data set were normalized using “limma” and “sva” packages. The flowchart of this study is shown in Figure 1.




Figure 1 | Flowchart of overall study design.





Prognostic analysis


Construction and validation of cuproptosis- with ferroptosis-related gene signature

First, we performed the correlation analysis of CRGs with FRGs in order to obtain particular FRGs (pFRGs) highly correlated with CRGs (|r|0.3, p<0.05). Additionally, we analyzed the differential expression of CRGs and pFRGs in HCC tissues versus normal liver tissues (|logFc|>1, FDR<0.05). In addition, univariate Cox regression analysis was employed to obtain candidate genes that were associated with a prognosis (|HR|>1.0, P<0.05). Moreover, the least absolute shrinkage and selection operator (LASSO) algorithm was applied to select seven genes constituting CRFs from candidate genes. The seven genes constituting CRFs were also highly expressed in HCC tissues based on data from the ICGC, GSE76427, GSE144269, and CCLE databases (Figures 2F, G). The risk scores were defined by multiplying the expression level of a gene by the coefficient of a variable, as follows:




Figure 2 | Construction of the prognostic signature (CRFs) in TCGA. (A) The correlation between cuproptosis-related genes and ferroptosis-related genes. (B) Differential expression of cuproptosis-related genes and cuproptosis–ferroptosis-related genes in hepatocellular carcinoma (HCC) versus normal tissues. (C) Univariate regression analysis of differentially expressed genes (DEGs). (D) The network of candidate genes. (E) Least absolute shrinkage and selection operator (LASSO) coefficient profiles. (F) Candidate genes were filtered by the LASSO algorithm. (G) Verification of the expression of genes constituting CRFs on patients with HCC in ICGC. (H) Verification of the expression of genes constituting CRFs on patients with HCC in GSE76427. (I) Verification of the expression of genes constituting CRFs on patients with HCC in GSE144269. (J) Verification of the expression of genes constituting CRFs on patients with HCC in CCLE.



Risk score =(the expression level of gene A *coefficient of gene A)+(the expression of gene B *coefficient of gene B)+……

Patients were classified into low- and high-risk groups according to the median risk score. In addition, the predictive performance of CRFs was evaluated by the receiver operating characteristic (ROC) curve, timeROC curve, Kaplan–Meier (KM) method, principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-NSE) via “survival”, “survminer”, “Rtsne”, “ggplot2”, “timeROC,” and “dplyr” packages. Additionally, the univariate and multivariate Cox regression analyses of risk scores and other clinical indicators were performed using the “survival” package. Furthermore, the risk score was calculated for all patients in the ICGC cohort and GSE144269 by the same formula as that used for the TCGA cohort and the predictive performances of CRFs for prognosis were validated in ICGC and GSE144269 cohort.



Comparison of cuproptosis- with ferroptosis-related gene signature with other gene signatures

To verify the predictive performance of CRFs for prognosis, we have further compared CRFs with other studies using the “ggDCA” and “rms” packages to identify whether CRFs were more valuable in predicting the overall survival (OS) of patients with HCC.




The role of cuproptosis- with ferroptosis-related gene signature in predicting responses of immunological and other therapy


The role of cuproptosis- with ferroptosis-related gene signature for prediction of responses to immunotherapy

Single-sample gene set enrichment analysis (ssGSEA) was used to quantify the immune cells as well as the immune function of each sample with “GSVA” and “GSEABase” packages. In addition, the xCELL and CIBERSORT algorithms were applied to determine the abundance of immune cell infiltration in the tumor microenvironment in patients with HCC using the “immunedeconv” package. Furthermore, we identified if there were any differences in immune cells and immune functions between low- and high-risk groups. In addition, we further evaluated whether the expression of common immune checkpoints was varied in the high- and low-risk groups as well.

The “tumor immune dysfunction and exclusion” (TIDE) algorithm was being employed to calculate the TIDE score for each sample, which may be able to predict the response of immunologic therapy (18). Afterwards, we identified whether TIDE scores differed between the high- and low-risk groups. Additionally, we applied the TCIA database to verify whether there were any differences in response to PD-1 or CTLA-4 treatment between the high- and low- risk groups of patients with HCC (19).

It has been suggested that the T-cell-inflamed (TIS) score can be used to assess the efficacy of combined immunotherapy (20). Accordingly, we calculated the TIS score for each sample with the use of the “limma” package and further determined if there were any differences in TIS scores between the patients in these subgroups. A recent study has demonstrated that the responders to immune checkpoint inhibitors (ICIs) upregulated the expression of CD8A and STAT1 (21).

In addition, we calculated risk scores for each sample in the IMvigor210 cohort and analyzed the implications of risk scores on the efficacy of PD-L1 inhibitors with the “ limma” package.



Cuproptosis- with ferroptosis-related gene signature for prediction of responses of transcatheter arterial chemoembolization

TACE therapy is considered as an alternative for patients with unresectable HCC. Thus, it is clinically important to study the impact of risk scores on the efficacy of TACE. We calculated risk scores for each sample in the GSE104580 and analyzed the impact of risk scores on the responses of TACE using the “limma” package.



The role of cuproptosis- with ferroptosis-related gene signature for prediction of drug sensitivity

The “pRRophetic” package was employed to select potentially effective drugs from over 300 drugs for patients in high- and low-risk groups, respectively. Notably, we further performed correlation analysis between the drug sensitivity and risk score, with sensitivity indicators expressed as IC50 values.




Other analyses


Stemness analysis

The one-class logistic regression (OCLR) algorithm was created by Malta, which was mainly applied to calculate mRNAsi (22). According to this algorithm, we calculated the mRNAsi for each sample. Furthermore, we further identified if there existed differences in mRNAsi between these subgroups.



Somatic mutation analysis

Given that genetic mutations may as well have implications for the prognosis of patients with HCC, we further determined whether there were any differences in genetic mutations between these subgroups. We initially analyzed the top 20 mutated genes in the high- and low-risk groups and visualized the mutation details of these genes as waterfall plots using the “maftool” package. In addition, we calculated the tumor mutation burden (TMB) for each sample and further made a comparison of TMB in these subgroups. Of note, the impact of TMB on the prognosis of HCC was studied as well using the “survival” package.



Functional analysis

Differentially expressed genes (DEGs) in the high- and low-risk groups were screened applying the”limma” package, and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed on the DEGs using the “clusterProfiler” package. To determine the potential distinctions in the molecular mechanism and biological functions between these subgroups, we further performed the gene set enrichment analysis (GSEA) between high- and low-risk groups based on reference gene sets (symbols.gmt v7.4.) in the MSigDB database (https://www.gsea-msigdb.org/gsea/msigdb) with the use of “clusterProfiler,” “enrichplot,” and “circlize” packages.




Statistical analyses

OS, disease-specific survival (DSS), and progression-free interval (PFI) were compared in different subgroups by using the KM method. We further performed the correlation analyses of risk scores and clinical indicators using the “ComplexHeatmap” package. Moreover, a nomogram was constructed and validated by the “rms” package. In this study, the statistical analyses were performed by using R 4.1.3 software and Cytoscape 3.8.0.




Result


The predictive performance of combining cuproptosis- with ferroptosis-related gene signature for prognosis


Construction of combining cuproptosis- with ferroptosis-related gene signature

A total of 122 FAGs were found to be strongly correlated with 12 CRGs (Figure 2A). In addition, we screened 40 differentially expressed genes among these 134 genes (Figure 2B). In addition, we obtained 26 candidate genes from these 40 genes by univariate Cox regression analysis (Figures 2C, D). Furthermore, these candidate genes were entered into the LASSO algorithm, and seven genes (G6PD, NRAS, RRM2, SQSTM1, SRXN1, TXNRD1, and ZFP69B) were selected for the construction of CRFs (Figures 2E, F). It was mentioning that the seven genes that comprised CRFs were highly expressed in HCC tissues according to the data from ICGC, GSE76427, GSE144269, and CCLE databases (Figures 2G–J).

CRFs risk score = [expression level of G6PD×(0.005568)] + [expression level of NRAS×(0.006045)] + [expression level of RRM2×(0.003086) + expression level of SQSTM1×(0.000544)] + [expression level of SRXN1×(0.015443)] + [expression level of TXNRD1×(0.003416)] + [expression level of ZFP69B×(0.436101)]

The risk scores of HCC patients in the TCGA cohort were calculated according to this formula, and HCC patients were grouped into high-risk and low-risk groups based on the median risk scores. We identified that patients with higher risk scores showed shorter OS and higher mortality (Figure 3A). PCA and t-NSE indicated a significant clustering of HCC patients in the low- and high-risk groups (Figures 3B, C). As shown in Figures 3D, E, CRFs was a promising predictor of OS in patients with HCC. Additionally, KM curves showed that patients in the high-risk group presented a worse prognosis (P<0.01) (Figures 3G–I). Notably, this study demonstrated that CRFs was superior to the TNM stage in predicting the prognosis of patients with HCC (Figure 3F). Univariate Cox regression analysis indicated that CRFs was the risk factor for the OS of HCC patients [HR: 4.702, 95% confidence interval (CI): 3.182 to 6.949, p<0.001] (Figure 3J), and the multivariate Cox regression analysis showed that CRFs was an independent risk factor for the OS of HCC patients (in TCGA, HR: 3.997, 95% CI: 2.689-5.941, p<0.001) (Figure 3K).




Figure 3 | Assessment of the prognostic signature (CRFs) in TCGA. (A) survival status distribution. (B) Principal component analysis (PCA) plot. (C) t-Distributed stochastic neighbor embedding (t-NSE) plot. (D) timeROC curve of the risk score. (E) Receiver operating characteristic (ROC) curve of the age, gender, stage and riskScore. (F) C-index curve of the age, gender, stage and risk scores. (G) Kaplan–Meier (KM) curves of overall survival (OS). (H) KM curves of disease-specific survival (DSS). (I) KM curves of progression-free interval. (J) Univariate Cox regression analysis of the age, gender, stage, and risk score in TCGA. (K) Multivariate Cox regression analysis of stage and risk scores in TCGA.





Validation of combining cuproptosis- with ferroptosis-related gene signature

The risk score of all patients in the ICGC cohort were calculated by the same formula as that used for TCGA. Similarly, patients in the ICGC cohort were assigned to low- and high-risk group based on the median risk scores. As shown in Figures 4A–I, the results of assessing the prognosis of HCC by CRFs in the ICGC cohort were almost in line with those of the TCGA cohort. Furthermore, CRFs presented with excellent performances as well for the prediction of prognoses on HCC patients in the GSE144269 cohort (Supplementary Figures S1A–C). Accordingly, these findings suggested that CRFs showed great potential in predicting the prognoses of HCC.




Figure 4 | Assessment of the prognostic signature (CRFs) in ICGC. (A) Survival status distribution. (B) PCA plot. (C) t-NSE plot. (D) timeROC curve of the risk score.(E) ROC curve of the age, gender, stage, and risk scores. (F) C-index curve of the age, gender, stage, and risk scores. (G) KM curves of OS. (H) Univariate Cox regression analysis of the age, gender, stage, and risk score in ICGC. (I) Multivariate Cox regression analysis of the stage and risk scores in ICGC.





Correlation of combining cuproptosis- with ferroptosis-related gene signature with clinicopathological parameters

Higher risk scores were clustered in these patients with the advanced TNM stage, T stage, and grade (Figures 5A, B, D, E, G, H). In addition, relatively high risk scores were also observed in these patients with the tumor status and vascular invasion features (Figures 5A, C, F). This indicated that higher risk scores represented worse prognosis and verified the great potential of CRFs in predicting the prognosis of HCC.




Figure 5 | The correlation between the risk score and clinical indicators. (A) The correlation heat map. (B) Comparison of risk scores in stage I and stage II, III, and IV. (C) Comparison of risk scores in tumor- free and tumor status. (D) Comparison of risk scores in T1 and T2, 3, and 4. (E) Comparison of risk scores in G1 and G2, G3, and G4. (F) Comparison of risk scores in the presence and absence of vascular invasion. (G) Comparison of risk scores in men and women. (H) Comparison of risk scores at ages ≥60 vs ≤60 years old. (*, **, and *** represent p < 0.05, p < 0.01, and p < 0.001, respectively).





Comparison of combining cuproptosis- with ferroptosis-related gene signature with other promising gene signatures

As shown in Figure 6, comparing with these studies involved in the cuproptosis-, pyroptosis-, inflammatory response-, ferroptosis-, and metabolism-related gene signatures (23–30), CRFs performed superiorly in predicting the prognosis of patients with HCC. Of great significance, our study further verified the strong predictive power of CRFs in assessing the OS of HCC.




Figure 6 | Comparison of CRFs with other gene signatures.





Construction of a combining cuproptosis- with ferroptosis-related gene signature–based nomogram

To enable better application of CRFs in clinical practice, we created a nomogram based on the risk score, gender, TNM-stage, and age in the TCGA cohort (Figure 7A). As shown in Figure 7B, the AUC values for predicting 1-, 3-, and 5-year survival in HCC patients were 0.799, 0.733, and 0.722, respectively, while the c-index and DCA curves showed that the nomogram may be more accurate in predicting the prognosis of HCC patients compared with the risk score and TNM stage (Figures 7C, E). In addition, the calibration curves demonstrated that the predicted probabilities of 1-, 3-, and 5-year survival were highly consistent with the actual values (Figure 7D). Based on the median of the total scores of the nomogram, patients were stratified into high- and low-risk groups, respectively. Moreover, the nomogram could distinguish between high- and low-risk patients, and patients in the high-risk group showed worse OS (Figures 7F, G). These results suggested that the nomogram presented with excellent potential for predicting OS in HCC patients.




Figure 7 | Nomogram based on CRFs, gender, and stage. (A) Nomogram. (B) timeROC curve of the nomogram. (C) C-index curve of the nomogram. (D)Calibration curve of the nomogram. (E) Decision curve analysis of the nomogram. (F) PCA curve of the nomogram. (G) KM curve of the nomogram.






The role of combining cuproptosis- with ferroptosis-related gene signature in predicting the responses to immunotherapy and other therapies


The correlation between combining cuproptosis- with ferroptosis-related gene signature and immune features

The immune status of the high-risk and low-risk groups was significantly different. Patients in the low-risk group exhibited a greater proportion of macrophages and NK cells, whereas the high-risk group presented more Th2 and Treg cells (Figures 8A, C, D). In terms of immune function, type-I IFN response and type-II IFN response were significantly enhanced in the low-risk group, whereas immune checkpoints and parainflammation were upregulated in the high-risk group (Figure 8B). We discovered that patients in the high-risk group appeared to have a significant state of immunosuppression.




Figure 8 | The correlation between CRFs and immune features. (A) Comparison of immune cell infiltration in high- and low-risk groups using single-sample gene set enrichment analysis. (B) Comparison of immune function in high- and low-risk groups using gene set enrichment analysis (GSEA). (C) Comparison of immune cell infiltration in high- and low-risk groups using xCELL. (D) Comparison of immune cell infiltration in high- and low-risk groups using CIBERSORT. (E) Comparison of the expression level of common immune checkpoints in high- and low-risk groups. (*, **, ***, and ns represent p < 0.05, p < 0.01, p < 0.001, and “not statistically” ,respectively.



The expression of immune checkpoint genes was actually upregulated in the high-risk group (Figure 8E), and the risk scores were markedly positively related with the expression of some promising immune checkpoint genes, such as CTLA4, PDCD1, and CD274 (Supplementary Figures S2 A-C).



Combining cuproptosis- with ferroptosis-related gene signature for prediction of the responses to immunologic therapy

As shown in Figure 9A, the responders of immunological therapy presented with lower TIDE scores. Of great importance, patients in the high-risk group may be more likely to respond to immunological therapy (Figures 9B, C). Additionally, the immunophenoscore scores identified that patients in the low-risk group were not sensitive to the treatment of PD-1 and CTLA-4 (Figure 9D). Furthermore, patients in the high-risk group showed higher TIS scores (P<0.05) (Figure 9E).  In addition, the upregulated expression of CD8A and STAT1 was clustered in the high-risk group (Figures 9G, H). As expected, elevated risk scores yielded in these responders to immunotherapy in the IMvigor210 cohort (Figure 9F). Our results suggested that patients in the high-risk group may be more likely to benefit from immunologic therapy.




Figure 9 | Responses of immunologic therapy. (A) The distribution of the TIDE score in responders and non-responders. (B) The proportion of responders and non-responders in the high- and low- risk groups, respectively. (C) Comparison of the TIDE score in high- and low-risk groups. (D) Comparison of the IPS score in high- and low-risk groups. (E) Comparison of the TIS score in high- and low-risk groups. (F) Comparison of risk scores in responders and non-responders to immunotherapy in the IMvigor210 cohort. (G) Comparison of the expression level of STAT1 in high- and low-risk groups. (H) Comparison of the expression level of CD8A in high- and low-risk groups. (* and *** represent p < 0.05 and p < 0.001, respectively.).





Combining cuproptosis- with ferroptosis-related gene signature for prediction of responses to transcatheter arterial chemoembolization

As shown in Figure 10A, patients who responded to TACE treatment presented with lower risk scores (p<0.01). In addition, the AUC for the risk score assessing the TACE response was 0.658 (AUC value >0.65) (Figure 10B). These results initially demonstrated that CRFs may be applied as a novel biomarker to evaluate the efficacy of TACE therapy in patients with HCC.




Figure 10 | The role of CRFs in drug sensitivity and responses to transcatheter arterial chemoembolization (TACE). (A) Comparison of the risk score in responders and non-responders to TACE in GSE140580. (B) ROC curve of the risk score in determining the responses to TACE. (C) Comparison of drug sensitivity in high- and low-risk groups. (D) The correlation of risk scores and drug sensitivity.





Combining cuproptosis- with ferroptosis-related gene signature for prediction of drug sensitivity

We selected five drugs from over a total of 300 drugs, of which MG-132, PHA-665752, rapamycin, and sunitinib were more suitable for patients in the high-risk group, while erlotinib may better benefit patients in the low-risk group (P<0.001) (Figure 10C). More importantly, we also obtained correlation coefficients between risk scores and drug sensitivity (Figure 10D), from which we demonstrated that sunitinib may be most suitable to patients in the high-risk group.




Other analyses


mRNAsi analyses

As shown in Figures 11A, B, patients in the high-risk group presented with a higher proportion of mRNAsi and the risk scores were positively related to mRNAsi. These findings may interpret one of major mechanisms of the poor prognoses of patients in the high-risk group from the perspective of mRNAsi.




Figure 11 | Somatic mutation and stemness analysis. (A) Comparison of mRNAsi in high- and low-risk groups. (B) The correlation between the risk score and mRNAsi. (C) The top 20 mutated genes in the high-risk group. (D) The top 20 mutated genes in the low-risk group. (E) Comparison of tumor mutation burden (TMB) in high- and low-risk groups. (F) KM curve of TMB. (G) KM curve of TMB + CRFs.





Somatic mutation analyses

According to the waterfall plot, we discovered that TP53 mutation was more frequent in the high-risk group while CTNNB1 mutation was more common in the low-risk group (Figures 11C, D). Patients in the high-risk group presented with higher frequency of mutations than those in the low-risk group. In addition, missense mutations were the most common type of mutation in both subgroups. As shown in Figure 11E, the TMB in the high-risk group was significantly greater than that in the low-risk group. Moreover, the OS of patients within the high-TMB group was inferior to that of low-TMB patients (Figure 11F). It is worth mentioning that TMB may perform better in predicting OS when TMB was combined with the risk score (Figure 11G).



Molecular function analyses

The DEGs between high- and low- risk groups were visualized by a volcano plot (Figure 12A). As it is shown in Figures 12B, C and Table 1, the functions of these genes were mostly enriched in organelle fission, nuclear division, and chromosome segregation. GSEA revealed that many cancer metastatic pathways were significantly enriched in the high-risk group, such as cell adhesion molecules (CAMs), cytokine–receptor interactions, the cell cycle, and pathways in cancer (Figure 12E). Interestingly, the hematopoietic cell lineage–related pathway was also significantly enriched in the high-risk group. In addition, some metabolic pathways were enriched in the low-risk group, such as fatty acid, glycine serine, threonine metabolism, and drug metabolism P450-related pathways (Figure 12D).




Figure 12 | Functional analysis. (A) The volcano of DEGs. (B) Gene Ontology analysis. (C) KEGG analysis. (D) GSEA in the low-risk group. (E) GSEA in the high-risk group.




Table 1 | The description of Gene Ontology terms in Figure 12B.







Discussion

In this study, CRFs was created by using the data from the TCGA cohort and validated in the ICGC and GSE144269 cohorts. Our results revealed that CRFs presented with excellent performances in predicting the prognosis of HCC patients. Moreover, mRNAsi, the landscape of genetic mutations, and molecular functions in both groups of patients were distinctly different. Additionally, marked differences were observed in the TME and immune cell infiltration between these subgroups. Furthermore, CRFs may be able to predict the sensitivity of immunologic therapy and TACE. Of great importance, we screened effective drugs for HCC patients in the high- and low-risk groups, respectively. These findings strongly suggested great potential of CRFs in the prognosis and treatment of HCC.

Both cuproptosis and ferroptosis have been reported to be involved in the progression of a number of malignant tumors. However, the combination of CRGs and pFAGs have not been studied in HCC. Accordingly, examining the role of CRGs and pFAGs in HCC may have significant implications for the prognosis, immune profile, and drug sensitivity of HCC patients. We screened seven genes consisting of CRFs from 122 pFAGs and 12 CRGs, including G6PD, NRAS, RRM2, SQSTM1, SRXN1, TXNRD1, and ZFP69B. Several studies have revealed that G6PD may facilitate the proliferation and metastasis of HCC cells, as well as inhibit the ferroptosis of HCC cells (31, 32). In addition, NRAS may inhibit the sensitivity of HCC cells through the RAS/Raf/MEK/ERK signaling pathway, thus promoting HCC progression (33). Wang et al. discovered that paclitaxel can inhibit RRM2, which is one of the mechanisms by which paclitaxel inhibits the proliferation of HCC cells (34). Moreover, it has been suggested that SQSTM1 may serve as a prognostic biomarker for HCC (35). And the overexpression of SRXN1 has been reported to stimulate the migration and invasion of HCC cells (36). Targeting TXNRD1 leads to a dramatic accumulation of ROS, which is deemed to be an effective way to suppress HCC tumor growth (37). ZFP69B has been reported to predict the prognosis of gastric cancer (38). Nevertheless, the role of ZFP69B in HCC has not been previously studied, and this study may lay the foundation for future studies on ZFP69B in HCC.

CRFs could serve as a novel biomarker to predict the prognosis of HCC, as demonstrated in TCGA, ICGC, and GSE144269. More specifically, CRFs was able to distinguish between the high- and low- risk groups of HCC patients. In addition, patients in the high- risk group were more likely to show shorter survival time and a higher mortality rate. Moreover, CRFs have been shown to be an independent risk factor for the poor prognosis of HCC. Notably, the nomogram based on the risk score and TNM stage demonstrated excellent accuracy and discriminatory power in predicting the prognosis of HCC. We discovered that the predictive performance of the nomogram was superior to that of the risk score and TNM-stage, and the nomogram may be more suitable for clinical application. Our results indicated the excellent performance of CRFs in assessing the prognosis of HCC patients.

What exactly resulted in the significant differences in prognosis between the high- and low-risk groups of patients with HCC?

Could it be the markedly different genetic mutations in the high- and low-risk groups that contributed to this outcome? Our results demonstrated that patients in the high-risk group showed a higher frequency of genetic mutations. It has been reported that higher genomic instability was closely related with worse OS, compared to lower genomic instability (39). In addition, TP53 and CTNNB1 mutations were most common in the patients of high- and low-risk groups, respectively. Recent evidence suggests that HCC tissues with CTNNB1 mutation are characteristic of better differentiation and a lower grade (40). Nevertheless, HCC tissues with TP53 mutation are characterized by hypodifferentiation, vascular invasion, and angiogenesis (40). As a result, the landscape of genetic mutations may be helpful to account for one of the possible reasons for the markedly different prognosis of patients in high- and low-risk groups.

The distinct molecular mechanism may be the other reason leading to this outcome. The molecular functions of the high risk were enriched in cancer metastatic pathways, including CAMs, the cell cycle, cytokine–receptor interaction, hematopoietic cell lineage, and pathways in cancer. On the other hand, the functions in the low risk were enriched in metabolism-related pathways, such as drug metabolism cytochrome-p450, fatty acid metabolism, glycine sering and threonine metabolism and retinol metabolism. Taken together, the diverse molecular pathways may be the underlying mechanism for the varying prognosis of high- and low-risk groups.

Furthermore, our results revealed that patients in the high-risk group presented with higher mRNAsi. Additionally, higher mRNAi has been reported to be typically positively correlated with the dedifferentiation and aggressiveness of tumor cells (41). This may also account for the poorer prognosis of patients in the high-risk group.

Immune characteristics may be another factor contributing to the above phenomenon. ssGESA analysis revealed that the infiltration levels of Th2 and Treg cells were observed in the high-risk group, while NK cells were more abundant in the low-risk group. There is growing evidence that Th2 cells and Treg cells may promote the occurrence of the immune escape of malignant tumors, including HCC (42). In addition, NK cells exert a powerful antitumor immune response (43). There existed remarkable differences as well in the immune function between the high- and low-risk groups. Moreover, the expression of immune checkpoints was mainly pronounced in the high-risk group, whereas the function of type-I IFN and type-II IFN responses appeared to be stronger in the low-risk group. It was worth noting that the immunosuppression status of the patients may contribute to the poorer prognosis of patients in the high-risk group.

CRFs has demonstrated a significant clinical value in predicting the response to immunotherapy, the efficacy of TACE, and drug sensitivity in HCC patients. Thus, CRFs may play a favorable role in guiding personalized treatment for patients with HCC.

Over the years, immunologic therapy has been a promising alternative for a large number of HCC patients. Nevertheless, it is not all patients who are sensitive to immunotherapy (ICIs). In addition, there is an urgent need to distinguish from responders and non-responders to immunotherapy. A wealth of studies demonstrated that the efficiency of immunologic therapy always depends on the adequate expression of immune checkpoints in the tumor tissues (44, 45). In this study, the expression level of common checkpoints upregulated in the high-risk group indicating that patients in the high-risk group were more likely to gain benefits from immunotherapy. In addition, the TIDE, TIS, and IPS scores reaffirmed that patients in the high-risk group may be more likely to achieve satisfactory outcomes from immunologic therapy. Furthermore, the enhanced TMB yielded in the patients of high-risk group and emerging evidence demonstrated that higher TMB indicated better clinical outcomes after receiving immunologic therapy (46). It has been reported that the overexpression of CD8A and STAT1 is more likely to be observed in ICI responders, while our results showed elevated CD8A and STAT1 expression in the high-risk group. It is worth mentioning that immunotherapy responders showed greater risk scores compared to non-responders in the IMvigor210 cohort (P<0.05). More importantly, CTNNB1 and TP53 mutations were more common in the low- and high-risk group, respectively. Additionally, such HCC patients with higher CTNNB1 mutation are less likely to respond to immunologic therapy (47). TP53 mutation has been proven to be applied as a promising biomarker for the prediction of response to PD-1 immunotherapy (48). Taken together, CRFs could provide a meaningful reference to immune interventions for patients with HCC from various perspectives.

Notably, our results indicated that lower risk scores were clustered in responders to TACE treatment (P<0.01) in the GSE104580 cohort. In addition, the AUC value exceeded 0.65, suggesting that CRFs may be used to assess the response to TACE in patients with HCC. However, the mechanisms underlying this phenomenon still need to be further explored.

Chemotherapy and targeted therapy play vital roles in the treatment of advanced HCC patients. According to CRFs, effective drugs for patients in high- and low-risk groups were selected, respectively. Notably, sunitinib may be more effective for patients in the high- risk group based on CRFs.

Our study is the first to explore the role of CRGs combined with pFRGs in HCC, with relatively profound implications. Of significance, compared with other promising gene signatures, CRFs demonstrated superior performances in evaluating the prognosis of patients with HCC. Notably, this study indicated that patients in the high-risk group might be sensitive to immunologic therapy from diverse perspectives. Of course, there existed some limitations in this study. Similar to many publications (49–52), we only extracted data from public databases and did not validate these data with animal experiments and clinical specimens. In addition, the nomogram lacked imaging data, which are also significant for assessing the prognosis of HCC.

In summary, our study defined a novel gene signature based on seven cuproptosis-related ferroptosis genes and demonstrated that CRFs performed excellently in predicting the prognosis of patients with HCC. Of note, patients in the high-risk group were more likely to respond to immunologic therapy, while patients in the low-risk group may benefit from TACE. Based on CRFs, sunitinib was proven to be more suitable to patients in the high-risk group. Therefore, CRFs may be expected to be applied as a novel biomarker for prognosis, immunologic therapy, TACE therapy, and drug sensitivity.
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mRNA cancer vaccines show therapeutic potential for malignant tumors, including hepatocellular carcinoma (HCC). We optimized and synthesized stable mRNA encoding costimulator Oxford 40 ligand (OX40L). For systemic delivery, OX40L mRNAs were loaded into lipid nanoparticles (LNPs). The expression and costimulatory effects of OX40L were investigated in vitro. OX40L was expressed on the cell surface and costimulated T cells. In vivo, intratumoral injection of LNPs encapsulating OX40L mRNAs significantly reduced tumor growth and increased the survival of mice bearing H22 tumors. Importantly, CD4+ and CD8+ T cells were significantly increased in the OX40L mRNA group in vivo. Taken together, our findings provide a promising clinical strategy for immunotherapy for HCC using mRNA vaccines.
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Introduction

Hepatocellular carcinoma (HCC), the fourth-leading cause of cancer mortality worldwide, accounts for ~90% of liver cancers (1). Because of recurrence and poor prognosis, the global burden of HCC is increasing. Due to the limited efficacy of conventional therapy, the 5-year survival rate of HCC is poor (2). Therefore, novel, effective therapies are needed. Cancer immunotherapies, such as immune checkpoint inhibitors (ICIs), have emerged as novel pillars of cancer therapy. In HCC, early clinical trials with aPD-1/aPD-L1 and aCTLA-4 monotherapies have shown promising results with encouraging survival and safety data (3–6). Unfortunately, the ICIs used in those studies were either not effective or were only partially effective for a substantial portion of cancer patients (7). Novel treatments that circumvent this poor response or resistance are urgently needed.

Cancer vaccines have attracted attention because of their safety and efficacy. mRNA vaccines have been explored for the treatment of various diseases since the 1990s (8), including coronavirus disease 2019 (9–11). They may have therapeutic potential for cancer. Compared to DNA and protein vaccines, mRNA vaccines are safe, targeted, and are simple to manufacture, among other advantages (12). An mRNA vaccine is a modified mRNA molecule delivered into the cytoplasm and transcriptionally expressed using free nucleotides to generate the required protein. mRNA tumor vaccines are theoretically capable of encoding any protein, including tumor antigens and immune factors. To date, cancer vaccines have been composed of tumor-associated antigens (TAAs), tumor-specific antigens (TSAs), and immunostimulants. However, the large number of nucleases in the internal and external environments and the ability of biological macromolecules such as serum proteins to interact nonspecifically with nucleic acids could induce dissociation or aggregation of mRNAs, which are hydrophilic, negatively charged macromolecules with a limited ability to span membranes. Thus, the instability of mRNA vaccines is a key technical challenge that limits their clinical application. Although multiple delivery systems are being investigated, lipid nanoparticles are typically used to deliver mRNA vaccines to target cells.

Oxford 40 ligand (OX40L), a tumor necrosis factor receptor, is a homologous ligand of OX40 (13). The OX40–OX40L interaction acts as a T-cell costimulatory molecule, enhancing T-cell activation and proliferation to increase the antitumor immune response (14). OX40L is a promising target for mRNA cancer vaccines because its effective role compared to other molecules' mRNA encoding OX40L has been evaluated in a clinical trial (NCT03323398) and a research study (15). An mRNA vaccine encoding OX40L (mRNA-2416) for ovarian cancer has entered a phase II trial (NCT03323398), and a triplex mRNA vaccine encoding OX40L/IL23/IL36γ (mRNA-2752) for advanced solid tumors and lymphomas has entered phase I (NCT03739931). A triplex mRNA vaccine can trigger substantial immune cell recruitment into tumors, enabling their destruction (16). Notably, triplex mRNA vaccines have been evaluated mainly using MC38 cancer cells. The mechanism of action of the single OX40L mRNA vaccine and its effect on HCC progression are unknown. However, it has several disadvantages, such as instability and uncertain secondary structure. Therefore, we explored the mechanism of action of OX40L mRNA in HCC. We optimized the OX40L sequence and synthesized a lipid nanoparticle-encapsulated OX40L mRNA cancer vaccine. We assayed OX40L expression in various HCC cell lines. Subsequently, we evaluated the mRNA-loading capacity of the lipid nanoparticle vaccine and its antitumor effect and immune-activation mechanisms in vitro and in vivo. The data provide a theoretical basis for the development of an mRNA vaccine against liver cancer.



Materials and methods


Cell lines and strains

HCC cell lines (Huh7, HepG2, Hep3B, and H22) and the HEK293T human endothelial kidney cell line were obtained from the ATCC. Huh7, HepG2, H22, and HEK293T cells were maintained in high-glucose DMEM and Hep3B cells were maintained in MEM. All culture media were supplemented with 10% fetal bovine serum and 1% penicillin- streptomycin. Cells were cultured at 37  in a 5% CO2 humidified atmosphere. Competent DH5α cells for plasmid amplification were purchased from Tiangen.



Optimization of the OX40L sequence and linearization of template DNA

GenBank was used to query and screen the target sequence open reading frame of hOX40L (NM_003326). The Kozak sequence was added to the 5′ end (17, 18). To optimize the whole target sequence, codon usage bias was adjusted and the average GC content was evaluated (19, 20). The sequence was constructed on pcDNA3.1, and the ligated enzyme cleavage sites were BamHI  and XbaI . The designed OX40L recombinant pcDNA3.1 plasmid was optimized and synthesized at Biotech Bioengineering (Shanghai) Co.

The plasmid with the target fragment was extracted and the linearized template OX40L-pcDNA3.1 was obtained by monoenzymatic cleavage of the target plasmid by XbaI  in a water bath at 37°C for 30 min, followed by column purification using a DNA purification kit. Agarose gel electrophoresis was performed to determine whether the linearized plasmid was complete, and whether the concentration and absorbance were eligible was evaluated using a nucleic acid concentration assay.



In vitro transcription and transfection of OX40L-mRNA

OX40L mRNA was produced using the T7 polymerase-based in vitro transcription method (Novoprotein, GMP-E121). The linearized template OX40L-pcDNA3.1 was added to a 20-µL in vitro transcription reaction system at 1 µg and placed in a water bath at 37°C for 2 h; one third of the UTP was replaced with N1-methylpseudo-UTP to improve translation efficiency (21, 22). Next, the template strand was removed by adding DNase I (Novoprotein,  GMP-E127) and placing the sample in a water bath for 15 min. Cap1 or ARCA cap structures were synthesized using the cowpox cap system or ARCA cap system, and poly(A) tails of >100 bases were added using Escherichia coli poly(A) polymerase (Novoprotein, GMP-M012). Stable OX40L-mRNA by these modifications,  After these modifications, stable OX40L mRNA was subjected to column purification using an RNA purification kit (NEB, T2040). Finally, the absorbance and concentration of the mRNA were determined using a nucleic acid concentration assay and agarose gel electrophoresis. The purified OX40L-mRNA was transfected into in vitro cultured HEK293T cells, Hep3B cells, Huh7 cells and H22 cells using Lipofectamine 3000 (Invitrogen), and LNPs. Cells were collected at 3, 6, 12, 24, and 48 h.



LNP-OX40L-mRNA preparation

Liposome components were dissolved in ethanol as the organic phase at molar ratios of 50:10:38.5:1.5 (DLin-MC3-DMA : DSPC:cholesterol:DSPE-PEG2000) (23, 24). OX40L mRNA was dissolved in 50 mM acetic acid buffer (pH 4.3) at 200 µg/mL as the aqueous phase. The organic and aqueous phases were passed through a microfluidic chip at a flow volume ratio of 1:3 to obtain LNP-OX40L mRNA. The encapsulation rate and particle size were evaluated via electron microscopy.



RT-qPCR

To evaluate the effect of LNP-OX40L-mRNA on cell transcription, the HEK293T cells were cultured with OX40L-mRNA for 3, 6, 12 or 24 h. Total RNA was isolated using an R1200RNA Isolation Kit (Solarbio, Beijing, China) according to the manufacturer’s instructions. cDNA was synthesized using a cDNA Synthesis Mix Kit (KR118, Tiangen, Beijing, China). Quantitative real-time polymerase chain reaction was performed using SYBR Green qPCR PreMix (FP207, Tiangen, Beijing, China). OX40L gene expression was normalized to that of GAPDH. The ΔΔCT method was used to analyze OX40L gene expression. The primer sequences used were: forward primer OX40L 5′-GCGTGATCATCAACTGCGAC-3′ and reverse primer OX40L 5′-TGTTCACGCTCCTCACCTTC-3′; forward primer GAPDH 5′-ACAACTTTGGTATCGTGGAAGG-3′ and reverse primer GAPDH 5′-GCCATCACGCCACAGTTTC -3′.



In vitro biological activity of OX40L

Blood samples were obtained from three healthy individuals, and PBMCs were isolated by density gradient centrifugation using Ficoll-Hypaque. Next, the PBMCs were washed with PBS twice followed by centrifugation at 2000 rpm for 10 min. Isolated PBMCs were cultured in RPMI 1640 medium with 10% FBS at 37  under 5% CO2 for 24 h. T cells were purified from human PBMCs by negative selection using MACS beads (Miltenyi Biotec) according to the manufacturer’s instructions. The T cells were stimulated with an anti-CD3/CD28 antibody and cocultured with Hep3B cells transfected with OX40L-mRNA for 24 h. The IL-2 level in supernatant was measured using an IL-2 Precoated ELISA Kit (Dakewe Biotech, 1110202) according to the manufacturer’s instructions (25). This study was approved by the Ethics Committee of the Fifth Medical Center of Chinese PLA General Hospital.



Western blotting analysis

Control, original, and optimized mRNA sequences were transfected into HEK293T cells for 24 h, and the cells were harvested using 0.25% EDTA-Trypsin. HepG2, Huh7, Hep3B, and H22 cells transfected with optimized OX40L mRNA were also harvested using 0.25% EDTA-Trypsin. Total protein was extracted using RIPA buffer (Solarbio, R0010). Protein concentrations were determined using a BCA Protein Assay Kit according to the manufacturer’s instructions. Next, 10 µg protein was resolved by 10% SDS-PAGE, transferred onto a polyvinylidene fluoride membrane, and nonspecific binding was blocked using 5% BSA blocking buffer (Solarbio, SW3015). Subsequently, the blot was incubated overnight with a rabbit anti-OX40L antibody (1:1500 dilution, CST, 14991) and mouse anti-β-actin antibody (1:1500 dilution, CST, 3700) in protein standard solution at 4 . The secondary antibodies were HRP-conjugated goat anti-rabbit (1:5000 dilution) and HRP-conjugated goat anti-mouse (1:5000 dilution) antibodies. Bands were visualized using an ECL detection system.



Immunofluorescence staining and microscopy

For immunofluorescence staining, HEK293T cells were seeded on glass coverslips pretreated with TC (Solarbio) (26). After incubation for 24 h to reach 75% confluence, the cells were transfected with OX40L mRNA. The controls were cells treated with non-coding mRNA. Next, the cells were cultured in fresh medium for 24 h, harvested, and fixed with 4% paraformaldehyde for 30 min, followed by three washes with PBST. Subsequently, the HEK293T cells were blocked with 5% BSA blocking buffer. Immunostaining was carried out using a rabbit anti-OX40L antibody (1:200, Abcam, ab263910) in PBST at 4  overnight. The coverslips were washed three times with PBST and incubated with Alexa Fluor® 488-conjugated goat anti-rabbit IgG H&L (1:250, Abcam, ab150077) for 1 h at room temperature. Nuclei were counterstained with DAPI (Solarbio, C0065). Cells were mounted on slides and imaged under a confocal laser scanning microscope.



In vivo assays

Four- to six-week-old female Kunming or BALB/C mice were purchased from SPF (Beijing) Biotechnology Co. and housed in an SPF environment with regular watering and feeding. As a tumor-bearing mouse model, H22 cells were preinoculated intraperitoneally into Kunming mice. One week later, cells with ascites were harvested and 5 × 106 H22 cells were subcutaneously injected into the left flank of the mice. When the tumor volume reached 80 mm3, the mice were randomly divided into two groups. Those in the OX40L group underwent intratumoral injection of 11.5 µg LNP-OX40L mRNA and those in the control group received an equal amount of non-coding mRNA. Intratumoral injections were performed six times at 3-day intervals. The efficacy of mRNA-expressing OX40L in the liver tumor model was assessed by continuous measurement of tumor size, and tumor tissues were collected and assessed for OX40L expression via ELISA and FACS. The effects of OX40L expression and activation on immune cells at tumor sites were assessed by flow cytometry. The endpoints of the study were animal death or a tumor reaching 2000 mm3 in size. Tumors were isolated and weighed, and tumor volume was calculated as (tumor length × tumor width2× 0.5), Kaplan-Meier survival curves were plotted after 42 days. Procedures involving animals were approved by the Animal Welfare and Ethics Committee of the Fifth Medical Center of the PLA General Hospital.



Fluorescence-activated cell sorting

To monitor transfection efficiency in vitro, HEK293T cells were harvested after 24 and 48 h and washed twice with PBS. Next, the cells were stained with a PE anti-human CD252 (OX40L) antibody following the manufacturer’s instructions. After incubation in the dark for 30 min at room temperature, the cells were fixed with PBS containing 1% paraformaldehyde and subjected to fluorescence-activated cell sorting analysis.

To analyze T-cell activation and immune-cell phenotype in vivo, spleens were harvested from H22 tumor-bearing mice, minced, and rinsed in 40-µm mesh cell strainers filled with PBS to harvest cell suspensions. These cells were preactivated using Cell Activation Cocktail (BioLegend, 423303) for 4 h. The cells were stained with FITC anti-mouse CD4, PerCp-CY5-A anti-mouse CD8 and BV510 anti-mouse CD69 antibodies at room temperature for 30 min. After staining the extracellular antibodies, PE anti-mouse IFN-γ was stained at room temperature for 20 min. After washing with PBS, samples were fixed with PBS containing 1% paraformaldehyde and subjected to flow cytometry; the data were analyzed and visualized using FlowJo software.



Histological and biochemical assessment

For immunohistochemistry, tumor samples were collected, embedded in paraffin, sectioned, and stained using CD4, CD8, and Ki67 antibodies. For histological assessment, heart, liver, spleen, lung, kidney, and brain samples were processed as above. Hematoxylin and Eosin (H&E) staining was performed to assess the effects of LNP-OX40L mRNA on other tissues. Stained liver sections were visualized under a microscope.



Statistical analysis

Statistical analysis was performed using SPSS 25.0 and GraphPad Prism software. Data are expressed as medians ± minimum to maximum or means ± SDs. Between-group comparisons were performed using the t-test. Comparisons of multiple groups were performed using one-way ANOVA with Dunnett’s multiple comparison post hoc test. A p value < 0.05 was considered indicative of significance. Differences are labeled * p ≤0.05, ** p ≤0.01 and *** p ≤0.001. The sample size required for each experiment was determined to be the minimum necessary for statistical significance based on common practice in the field. Similarities in the variances of each statistically compared group were verified by F-test.




Results


Characterization and in vitro transcription of OX40L mRNA

To develop a potential OX40L mRNA vaccine for HCC, we found the original sequence of OX40L using GenBank. The Kozak sequence GCCACCAUGG was added to the 5′ end to increase the translation efficiency. Codon usage bias adjustment increased the Codon Adaptation Index value from 0.54 to 0.93. The average GC content was adjusted from 46.3% to 55.7% and unfavorable peaks were removed (Table 1). A schematic of the mRNA is shown in Figure 1. We extracted the synthesized recombinant pcDNA3.1 plasmid, and gel electrophoresis detected a circular plasmid of ~6000 bp. The recombinant plasmid was cut once by Xba I, and a linearized template of ~6000 bp was identified by gel electrophoresis (Figure 1B). After in vitro transcription and addition of a Cap 1 and poly (A) tail, gel electrophoresis indicated that the mRNA band size was 750–1000 bp. Synthetic mRNA was quantified using a nucleic acid concentration assay (Figure 1C).


Table 1 | Sequence optimization score of the optimized and original sequences.






Figure 1 | Optimization and characterization of encapsulated OX40L mRNA. (A) Structure of the optimized mRNA. Codons in red are optimized. (B) Identification of recombinant plasmid and restriction-digested plasmid by gel electrophoresis 1) 15000 bp marker, 2) 600 ng OX40L-pcDNA3.1 and 3) 200 ng Xba I -digested OX40L-pcDNA3.1. (C) Electrophoretic profile of mRNA 4) 2000 bp marker; 5) 2 ug OX40L-mRNA. (D) Size distribution of OX40L mRNA-LNP. (E) TEM image of OX40L mRNA-LNP (scale bar: 200 nm).





Optimized OX40L mRNA is expressed on the HCC cell membrane

Transfection of the optimized OX40L mRNA increased OX40L expression compared to the original sequence (Figure 2). RT-qPCR showed that OX40L mRNA was transfected in the cells. Western blotting identified OX40L protein in all HCC cell lines. Flow cytometry showed that protein expression peaked at 24 h. Immunofluorescence localized the protein to the cell membrane. Therefore, OX40L mRNA was expressed on the cell membrane in vitro.




Figure 2 | Identification, localization, and function of OX40L-mRNA protein. (A) Effect of OX40L mRNA-LNP according to RT-qPCR (B) Western blotting analysis of protein expression from the optimized and original sequences in HEK293T cells. (C) Western blotting analysis of optimized OX40L mRNA transfected into HCC cell lines. (D) Flow cytometry analysis of transfection efficiency in HEK293T cells at 24 h and 48 h. (E) Quantitative analysis of (C). (F) Immunofluorescence images of transfected HEK293T cells (scale bars: 100μm). (G) ELISA of the supernatant IL2 levels in cocultures of lymphocytes with OX40L mRNA transfected Hep3B cells. Statistical significance was calculated via t test. **P < 0.01; ***P < 0.001.





OX40L enhances the activation of T cells prestimulated with CD3/CD28

OX40L acts as a costimulator in tumor immunity. Therefore, we established a coculture model of T cells and Hep3B cells transfected with OX40L mRNA in vitro to investigate immune costimulation in HCC. ELISA showed that coculture of prestimulated immune cells with Hep3B cells transfected with OX40L mRNA increased IL2 production by T cells; CD3/CD28 generates the first stimulation, which is enhanced by OX40L (Figure 2G).



Intratumoral injection of OX40L mRNA-LNP inhibits tumor progression

To enhance vaccine delivery, we encapsulated OX40L mRNA in lipid nanoparticles. The particle size of the encapsulated mRNA was 100.1 nm and its polydispersity index was about 0.08 (Figure 1). Electron microscopy showed that LNP encapsulated OX40L mRNA. To evaluate the delivery efficiency and therapeutic effect of OX40L mRNA-LNP, further we established an H22 tumor bearing model by intratumoral injection of OX40L mRNA-LNP. After six injections and 2 weeks of observation, the tumor size after intratumorally injected mRNA-OX40L was significantly smaller than that after intratumorally injected encapsulated non-coding mRNA (p ≤ 0.001; Figure 3). After treatment for 14 days, the mean tumor size was 1265.71 mm3 in the control group and 472.52 mm3 in the OX40L group. Survival curves are shown in Figure 3C. Mice were euthanized on day 37 to photograph the tumors. The mean weights of tumors in the control and OX40L groups were 3.02 and 0.77 g, respectively. In addition, H&E staining of heart, liver, spleen, lung, kidney, and brain tissues showed no significant differences between the two groups (Figure 4), implying that the OX40L mRNA vaccine was safe and did not harm tissues. Therefore, intratumoral injection of OX40L mRNA encapsulated in LNPs significantly inhibited the growth of H22 subcutaneous tumors.




Figure 3 | In vivo efficacy of intratumoral therapy with OX40L mRNA. (A) Timeline for treatment of H22 tumor-bearing mice. (B) Kaplan-Meier analysis of mouse survival after treatment with OX40L-mRNA and non-coding mRNA; log-rank test, p =0.0183. (C) Growth of subcutaneous tumors growth curves (median ± interquartile range [IQR]) of each group treated with OX40L-mRNA and the control. Two-way repeated-measures ANOVA using the Sidak multiple-comparisons test, **p≤ 0.01, ***p≤ 0.001, compared to non-coding mRNA. (D) Images of mice from the two groups at day 37. (E) Tumors; white circle, no tumor. (F) Tumor volume at day 37. Statistical significance was calculated via t test. ***p ≤ 0.001. (G) Tumor weight at day 37. Statistical significance was calculated via t test. ***p≤0.001.






Figure 4 | Organ toxicity of OX40L mRNA-LNP. Mice were euthanized at the end of treatment and their organs were removed. Heart, liver, spleen, lung, kidney and brain sections were stained with H&E to evaluate organ toxicity (scale bars: 100μm).





OX40L mRNA induces T cell activation in vivo

Flow cytometry showed that the percentages of CD4+ and CD8+ T cells in the OX40L group were significantly higher than that in the control group (Figure 5). In addition 7.06% of CD8+ T cells in the OX40L group expressed IFNγ protein, significantly more than in the control group. CD69+ is a marker of early activation of T cells and is implicated in their immune activities. Flow cytometry showed that the percentages of CD4+ CD69+ T cells and CD8+ CD69+ T cells in the OX40L group were 23.7% and 24.4%, respectively, higher than in the NC group (11.9% and 12.5%, respectively). Immunohistochemistry indicated greater infiltration of CD4+ and CD8+ T cells in the OX40L group than in the control group. In addition, ki67 staining was enhanced in the control group, indicating that OX40L suppressed tumor proliferation. Therefore, OX40L may induce immune effects by stimulating T cells and upregulating IFN-γ, thereby suppressing tumor-cell proliferation and inhibiting HCC progression.




Figure 5 | OX40L mRNA elicited lymphocyte activation in the H22 tumor bearing mice. (A, C) T-cell activation by flow cytometry. CD4+ T cells and CD8+ T cells in the spleen of the H22 tumor-bearing BALB/c mice. (B, D) Quantitative analysis of the proportions in (A, C). Statistical significance was calculated via t test. **P ≤ 0.01, ***P ≤ 0.001. (E, F) Representative FACS profiles of CD69+ CD8+ and CD69+ CD4+ activated T cells. (G) Results of quantitative analysis of the proportions in (E, F). Statistical significance was calculated via t test. *P ≤0.05. (H) Immunohistochemistry of the mechanisms of action of OX40L mRNA in subcutaneous H22 tumors (scale bars: 100μm).






Discussion

Because of the lack of specific manifestations in the early stages, many patients have advanced HCC at the time of diagnosis. Current treatments are insufficiently efficacious against relapsed and refractory HCC (2). With the advances in tumor immunology techniques and molecular biology represented by mRNA vaccines, tumor immunotherapy offers new hope to patients. New and improved immunotherapeutic approaches with higher standard of safety and efficacy are being implemented in oncology. In this study, we evaluated immunomodulators that trigger immune responses and improve the immune microenvironment. The safe local delivery of mRNAs encoding different targets is an effective tumor immunotherapy modality.

mRNA cancer vaccines have been used against a variety of malignant tumors and encode a variety of target proteins, including TAAs, TSAs, and immunostimulants (27). In most early clinical trials, cancer vaccines targeted TAAs (28–30). With the development of second-generation sequencing and bioinformatics technologies, personalized mRNA cancer vaccines expressing TSAs are under development (31), as are broad-spectrum vaccines encoding immunostimulants that mobilize T-cell responses. OX40L is a type II transmembrane glycoprotein of molecular weight 34 kDa. OX40 conjugates with OX40L and transmits costimulatory signals to counteract the suppression of immune cells and stimulate effector T cells to perform proinflammatory functions (14). OX40-OX40L has been used as a target for immunotherapy in a variety of tumors. OX40L mRNA has demonstrated efficacy against, for example, ovarian and colorectal cancers (32–34) but it has not been evaluated in liver cancer. In this study, we optimized and synthesized OX40L mRNA to enhance OX40L expression (19). OX40L mRNA was expressed in several liver cancer cell lines and acted as a costimulatory molecule in vitro. We explored the antitumor effect and underlying mechanism of action of the OX40L mRNA vaccine in vivo.

Optimized mRNA was synthesized based on in vitro transcription. We added an miRNA-122 binding site to the 3′-UTR to reduce the effect of OX40L on normal hepatocytes (35). The Kozak sequence significantly enhances mRNA translation efficiency, so we added it to our vaccine (17, 36). We replaced part of the UTP with N1-methylpseudo-UTP to reduce its immunogenicity (21, 22). Western blotting and flow cytometry verified expression of OX40L, which was stable for 48 h. OX40L is a membrane-bound ligand expressed on the cell surface (37). Indeed, immunofluorescence showed that OX40L was expressed on the cell membrane. Costimulatory factors can induce IL-2 production and facilitate T-cell immunity (38). In this study, OX40L acted as a costimulatory factor to activate immune cells by enhancing IL-2 expression in cocultures of OX40L-expressing Hep3b cells and isolated T cells.

We used conventional MC3-LNP encapsulated mRNA for in vivo delivery (39). The average diameter of the encapsulated mRNA was 100.1 nm according to dynamic light scattering analysis. The polydispersity index was ~0.08, indicating uniform distribution of the mRNA after encapsulation (40). The electron micrographs visually corroborated the morphology and size of the encapsulated mRNA. Subsequently, the encapsulated mRNA was injected intratumorally into mice and showed effective anti-tumor results. Local delivery of this mRNA by intratumoral injection increased the CD4+ and CD8+ T cell populations in the spleen and tumor, promoting tumor immune infiltration and tumor suppression. The higher populations of both CD4+ CD69+ and CD8+ CD69+ T cells showed the early activation of T cells. IFNγ release by CD8+ T cells may be responsible for immune killing of tumors. The costimulatory effect on T-cell activation is consistent with Mendel et al. (41). Ki67 immunohistochemistry showed that injection of hepatocyte tumors with OX40L mRNA resulted in low malignancy and a good prognosis. These immunological results are consistent not only with the tumor volume and weight but also with previous reports of tumor suppression by OX40/OX40L (42–44). Examination of pathological sections showed that vaccination did not cause organ damage, possibly because local injections overcome the toxicity and low concentration at the tumor site associated with systemic administration (45, 46). Therefore, we speculate that OX40L mRNA is a safe and effective mRNA vaccine against HCC. Moreover, overexpression of OX40L in the tumor microenvironment or in tumor cells can enhance therapeutic efficacy and reduce off-target effects of the vaccine.

In summary, intratumoral injection of OX40L mRNA in LNPs has therapeutic potential for HCC. Next the efficacy of OX40L mRNA in LNPs needs to be evaluated using a variety of other models. Mice depleted of CD4 or CD8 T cells will be used to perform mechanistic investigations. Importantly, OX40L is but one of many human immunomodulatory factors. Therefore, combining mRNA vaccines with immunomodulatory factors, potentially several such factors, could reverse intratumoral immunosuppression and elicit a curative antitumor immune response. OX40L mRNA cancer vaccine, alone or in combination with other cancer therapies, has potential for the immunotherapy of a variety of tumor types.
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Objective

This study aimed to investigate the role of ficolin-2 (FCN2) in the development and course of hepatocellular carcinoma (HCC) and to contribute to the evolution of innovative HCC therapeutics.



Methods

Oncomine, GEPIA (Gene Expression Profiling Interactive Analysis), TISIDB (Tumor Immune System Interactions and Drug Bank database), UALCAN (University of Alabama at Birmingham Cancer data analysis portal), UCSC (University of California, Santa Cruz), R package, the Kaplan–Meier technique, Cox regression analysis, LinkedOmics, Pearson’s correlation, and a nomogram were used to investigate the prognostic value of FCN2 in HCC. Co-expressed genes were screened. A protein–protein interaction network was created using the STRING database. Finally, immunohistochemistry was performed to establish the expression of FCN2 in HCC tissues. A pan-cancer study centered on HCC-related molecular analysis was also conducted to look for a link between FCN2 and immune infiltration, immune modulators, and chemokine receptors.



Results

In HCC tissues, the expression of FCN2 was observed to be lower than that in normal tissues. This was connected to the HCC marker alpha-fetoprotein, showing that FCN2 is involved in the development and progression of cancer. FCN2 may act through Staphylococcus aureus infection, lectins, and other pathways. Furthermore, at the immune level, the expression of FCN2 in HCC was associated with some immune cell infiltration, immunomodulators, and chemokine receptors.



Conclusion

FCN2 may be an immune checkpoint inhibitor for HCC, creating a breakthrough in the treatment of HCC.
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Introduction

Liver cancer is a deadly tumor with a high fatality rate that is getting worse year after year (1). Serological tests for alpha-fetoprotein (AFP), alkaline phosphatase (ALP), alanine transferase (ALT), total bilirubin (T-BIL), total protein (TP), albumin (ALB), and hepatitis B surface antigen (HBsAg) are crucial for the diagnosis of liver cancer. However, the serum AFP test is the most sensitive method (2). The aberrant expression of AFP in liver cancer is a crucial determinant in clinical diagnosis and liver cancer prediction (3). In the clinical application of hepatocellular carcinoma (HCC), traditional diagnostic methods such as serum AFP have limited specificity and sensitivity (4), and current data show that there is no single biomarker for the diagnosis of HCC, especially in the inchoate stage of development (5). Therefore, specific biomarkers are expected to improve the prognosis of patients by improving the diagnosis of HCC, especially the early diagnosis of tumors (5).

One of these biomarkers is synthesized and discharged by hepatocytes within the human body. Ficolin-2 (FCN2) is an innate immune pattern recognition molecule that motivates the complement cascade and opsonizes miscellaneous pathogens (6). Transforming growth factor beta (TGF-β) helps FCN2 participate in the metastasis of HCC and in epithelial-to-mesenchymal transition (EMT). Low FCN2 levels have been associated with the aggressive metastatic features of HCC and therefore could be used as a predictive indicator for the disease-free survival (DFS) of HCC patients (7). Based on this assumption, we believe that FCN2 could be used as a biomarker in the early stages of liver cancer, but more research into the subject is required.

Previous studies have mostly focused on the aberrant expression of FCN2 in liver cancer (8). In this study, we not only provided a more comprehensive bioinformatics analysis but also obtained support from clinical experimental results. We started by screening genes using a network database, then performed prognostic analysis on the screened genes, and finally obtained the FCN2 gene required. Subsequently, a series of analyses were carried out on FCN2, such as pan-cancer analysis, differential expression analysis, clinicopathological analysis, and immune infiltration analysis. Finally, immunohistochemical samples obtained from the clinic were analyzed. Combining these methods, we have concluded that FCN2 could be an immune checkpoint inhibitor for liver cancer, which we hope will provide a breakthrough point in the cure of liver cancer.



Methods


Oncomine

The expression of FCN2 messenger RNA (mRNA) in liver cancer was investigated using the Oncomine 4.5 database (esophageal carcinoma, ESCA). Oncomine.org is the world’s largest oncogene chip database and is a data mining platform in general. A number of ESCA studies involving Cuichard liver cell carcinoma, Roessler liver cancer, and The Cancer Genome Atlas (TCGA) liver cancer research were dissected and data obtained. The expression of FCN2 in HCC and in normal tissues was then investigated. A related inquiry was carried out based on the comparison of the transcription results. The common values and multiples of p-values were as below: p < 0.01; multiple of difference, 1.5; gene arrangement, 10%; data type, mRNA.



GEPIA

The recently established interactive web server Gene Expression Profiling Interactive Analysis (GEPIA) (9, 10), which examines tumor and natural swatch sequencing expression data, was used to analyze the expression of FCN2 in liver cancer and normal liver tissues. GEPIA was also utilized to obtain the mRNA expression data of FCN2 in the liver cancer tissues in this study. A network analysis was then implemented. Gene expression profiles were obtained from 369 liver cancers and 50 normal cases.



Genome browser database at the University of California, Santa Cruz

The UCSC (University of California, Santa Cruz) database (https://genome.edu/) is one of the most widely used in biology. We used this database to download a single standardized global cancer dataset, and then retrieved and screened the gene expression data of FCN2 in each sample. To determine the expression differences between normal and tumor samples, R software (version 3.6.4) was used for analysis according to previous studies. The significance of the differences was determined using the unpaired Wilcoxon rank-sum and signed-rank tests. The gene expression data of FCN2 in each sample, as well as the gene sequences retrieved, were examined using the embryonic stem cell-specific (ECSC) dataset.



TISIDB

TISIDB (Tumor Immune System Interactions and Drug Bank database; http://cis.hku.hk/TISIDB/) is a tumor and immunity-related database that collects a variety of data. It can carry out a large number of special screenings of genes and report genes related to T-cell-mediated killing or immunotherapy. It also includes data from TCGA on the links between genes and their immunological functions in 30 different tumor types. The TISIDB database was used to look for a link between FCN2 expression and the liver cancer stage.



UALCAN data analysis

UALCAN (University of Alabama at Birmingham Cancer data analysis portal) (11, 12) draws on the TCGA database and employs the capacities of cancer data mining and online examination to analyze and handle data effectively. Besides identifying relevant genetic biomarkers, it also includes expression profile and survival analyses and can directly query related data in other databases using relevant links. In summary, this website can be used to efficiently mine and analyze TCGA data with simple operations. UALCAN was utilized to analyze the expression of FCN2 in normal and liver cancer tissues in this study.



Cancer Cell Line Encyclopedia

The Cancer Cell Line Encyclopedia (CCLE; https://sites.broadinstitute.org/ccle/) is a database of cancer cell lines maintained by the Broad Institute that includes relevant data on previous cell lines. By searching for cell lines, annotations, and genes on this website, the expression level of the specified gene in each tumor cell line can be determined.



cBioPortal

The cBioPortal (http://www.cbioportal.org) currently contains 225 cancer studies. Changes in the levels of FCN2 in the HCC samples from TCGA were analyzed using cBioPortal. The search parameters included mutations and mRNA expression. The OncoPrint tab displays the genetic mutation profile of each sample. Furthermore, the network shows the biological interaction network of FCN2 from the common pathway database using color coding and screening options grounded on the periodicity of each gene’s genome change, including neighboring genes that change more frequently. Kaplan–Meier plots were drawn to show that FCN2 gene mutations are associated with the overall survival (OS) of patients with HCC. A logarithmic rank test was performed to explain the survival curve.



Human Protein Atlas

Proteomics, transcriptomics, and systems biology data are used to map tissues, cells, and organs in the Human Protein Atlas (HPA) database (https://www.proteinatlas.org). This database can be used to assess the protein expression in tumor and normal tissues, as well as the OS of patients with tumors. We used the HPA database to obtain the immunochemistry data for related genes.



Search Tool for the Retrieval of Interacting Genes/Proteins

The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database (https://www.string-db.org/) is an online database that investigates protein interactions that have already occurred. This website can assist in identifying key regulatory genes. This website’s supremacy stems from the fact that it contains the most species and interaction data. We created a protein–protein interaction (PPI) network for FCN2 using the STRING database. From the PPI network diagram, we found 10 fCN2-related genes. Furthermore, analyses using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were conducted for FCN2 and the 10 genes discovered.



Immunohistochemistry

The expression of FCN2 was examined using immunohistochemistry. Samples were collected from 30 patients with liver cancer at the Guangxi Zhuang Autonomous Region’s People’s Hospital. The samples were paraffin-fixed, cut into serial sections, and incubated with rabbit ficolin-2/ficolin-B polyclonal antibody (bs-13162R; Bioss, Woburn, MA, USA) at 4°C overnight. The sections were then dyed with hematoxylin and eosin (HE). Every procedure was executed as per the instructions in the SP kit. The number of positively stained cells during immunohistochemical labeling was determined using the antigen content, distribution density, tag method, and susceptibility. The distribution density of the positive results increased with the increase of antibody content, and the color development was brighter. Blue was the negative marker, light yellow indicated a slightly positive mark, brownish yellow was the moderately positive marker, and dark brown was the highly positive marker. In general, the more strongly positive regions should be photographed.

We took several representative images using the OlymbusX21 microscope. ImageJ was then used to execute a general morphometric analysis of each image. The photic density and positive area data for normal and cancer tissues were procured by measuring the chosen dyeing region using the ImageJ parameter. The higher the optical density and the more positive the expression, the higher the average level. Finally, statistical methods were used to determine whether there was a difference in the FCN2 expression between the normal and cancer groups.



Kaplan–Meier plotter

The Kaplan–Meier plotter (13) is capable of assessing the correlation between the expression of all genes (mRNA, miRNA, and protein) and survival in more than 30,000 samples from 21 tumor types, including breast, ovarian, lung, and gastric cancer. Sources for the databases include the Gene Expression Omnibus (GEO), the European Genome–Phenome Archive (EGA), and TCGA. The primary purpose of the tool is the meta-analysis-based discovery and validation of survival biomarkers.



Statistical analysis

The Wilcoxon rank-sum test was used because normality monitoring made it clear that the specimen failed (p < 0.05). According to the Wilcoxon rank-sum test, the tumor was lower than normal, with a median difference of −0.084 between the two groups (−0.11 to 0.054). The diversity (p < 0.001) was statistically significant. Statistical analysis was executed with the R program (primarily ggplot2), with the following levels of significance: ns, p < 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.




Result


Screening datasets yielded differentially expressed genes

In this study, we wanted to determine whether there were any differences in the gene expression between liver cancer and robust liver tissues. The GSE45267, GSE87630, and GSE54236 datasets from the National Center for Biotechnology Information (NCBI) were chosen as being related to liver cancer. Differentially expressed genes (DEGs) were filtered out using bioinformatics and R analysis, and the RobustRankAggreg (RRA) algorithm was employed to determine 20 genes with unique downregulated expressions. In this study, the 20 downregulated genes were selected for further analysis (Figure 1). It was discovered that liver cancer tissues had lower levels of ANGPTL6, CFP, CLEC1B, CLEC4G, CLEC4M, COLEC10, CRHBP, CXCL12, DNASE1L3, FCN2, FCN3, GSTZ1, LCAT, NAT2, OIT3, RSPO3, VIPR1, STAB2, ECM1, and GPR128 expression compared to normal liver cells.




Figure 1 | Differential expression of multiple genes in the three datasets. (A) GSE45267 dataset. (B) GSE87630 dataset. (C) GSE54236 dataset. (D) Identification of the significantly differentially expressed genes (DEGs) in hepatocellular carcinoma (HCC) in the GSE45267, GSE87630, and GSE54236 datasets established the intersection of the DEGs. (E) The 20 genes with significant downregulation obtained using the RobustRankAggreg (RRA) algorithm. Taking |logFc| > 1 as the boundary value, p < 0.05.





Expression levels of screened genes in liver cancer and normal liver tissues

The 17 extracted genes (ANGPTL6, CFP, CLEC1B, CLEC4G, CLEC4M, COLEC10, CRHBP, CXCL12, DNASE1L3, FCN2, FCN3, GSTZ1, LCAT, NAT2, OIT3, RSPO3, and VIPR1) were validated using the GEPIA2 (Gene Expression Profiling Interactive Analysis) database. STAB2 was not found, and the levels of GPR128 and ECM1 were not significant. In contrast to their expression in normal liver tissues, the retrieved genes were only slightly expressed in HCC tissue samples (Figure 2). This indicates that both the GEO and the TCGA database have confirmed that these genes are indeed significantly underexpressed in liver cancer.




Figure 2 | Expression levels of 17 genes based on GEPIA2 (Gene Expression Profiling Interactive Analysis web server). (A) ANGPTL6. (B) CFP. (C) CLEC1B. (D) CLEC4G. (E) CLEC4M. (F) COLEC10. (G) CRHBP. (H) CXCL12. (I) DNASE1L3. (J) FCN2. (K) FCN3. (L) GSTZ1. (M) LCAT. (N) NAT2. (O) OIT3. (P) RSPO3. (Q) VIPR1. *p  < 0.05. The y-axis represents the relative log2 expression value (TPM + 1).





Assessment of the prognostic value of the screened genes in liver cancer and determination of the target gene FCN2

The Kaplan–Meier plotter database was used to determine and evaluate the prognostic value of 20 genes (p < 0.05). To ensure the simplicity of the experiment, genes that showed no statistical significance were eliminated. Finally, the genes ANGPTL6, CFP, CLEC1B, CLEC4G, CLEC4M, COLEC10, CRHBP, CXCL12, DNASE1L3, FCN2, FCN3, GSTZ1, LCAT, NAT2, OIT3, RSPO3, and VIPR1 were obtained (Figures 3A–Q). The PPI network of DEGs was affected and was analyzed using the STRING database (Figure 3R). Using the cell type Minimal Common Oncology Data Elements (mCODE), we identified the most important nodes and retrieved six central nodes (Figure 3S). Among them, FCN2 was a central node.




Figure 3 | Survival analysis of 17 genes. (A) ANGPTL6. (B) CFP. (C) CLEC1B. (D) CLEC4G. (E) CLEC4M. (F) COLEC10. (G) CRHBP. (H) CXCL12. (I) DNASE1L3. (J) FCN2. (K) FCN3. (L) GSTZ1. (M) LCAT. (N) NAT2. (O) OIT3. (P) RSPO3. (Q) VIPR1. (R) Constructed protein–protein interaction (PPI) network of the important differentially expressed genes (DEGs) using STRING. (S) Use of the Cytoscape plug-in MCODE to select the most important module from the PPI network.





Expression of FCN2 in pan-cancer

The expression of FCN2 mRNA in various tumor tissues was investigated. The Oncomine database was used to examine the expression of FCN2 mRNA in various cancers and normal clinical samples (Figure 4A). A total of 639 datasets with a total of 78,661 samples were selected. The results showed that, in contrast to normal tissues, the mRNA expression of FCN2 is downregulated in leukemia and liver cancer, demonstrating that the transcription of FCN2 is tumor-specific.




Figure 4 | Pan-tissue expression of FCN2. (A) Pan-cancer expression of FCN2 in the Oncomine database. (B) Expression of FCN2 in normal tissues in the BioGPS database. (C) Pan-cancer expression of FCN2 in the UCSC (University of California, Santa Cruz) database. (D) Log2 transformation of the pan-cancer expression value of FCN2 in the UCSC database. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not statistically significant.



The expression data of FCN2 in pan-cancer can be procured from the BioGPS database (Figure 4B). The expression data of the FCN2 gene in each sample (Figure 4C) were derived from a unified and standardized dataset from the UCSC. We also screened the following tissue sources: protopathic solid tumors, protopathic tumors, normal tissue, protopathic blood-derived cancer—bone marrow, and protopathic blood-derived cancer—peripheral blood samples. We then utilized R software to calculate the expression differences between normal and tumor tissues in each tumor (version 3.6.4). It was discovered that the expression levels in 31 malignancies were significantly downregulated, including glioblastoma (GBM), breast cancer (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), lung adenocarcinoma (LUAD), kidney renal papillary cell carcinoma (KIRP), colon adenocarcinoma (COAD), prostate adenocarcinoma (PRAD), liver hepatocellular carcinoma (LIHC), tenosynovial giant cell tumors (TGCT), and adenoid cystic carcinoma (ACC), utilizing unopposed Wilcoxon rank-sum and signed-rank monitoring. A log2(x + 0.001) transformation was also applied for each expression value (Figure 4D), and the statistical significance was determined using paired Wilcoxon signed-rank test.



Transcription levels of FCN2 in liver cancer and normal tissues

An Oncomine database search of the expression of FCN2 in diverse liver cancer studies produced three studies showing a lower expression of FCN2 in LIHC tissues compared to normal liver tissues (p = 1E−4, multiple of difference: 2) (Figures 5A–C).




Figure 5 | Transcription levels of FCN2 in liver cancer and normal tissues. (A–C) Expression differences of the FCN2 gene between liver cancer tissues and normal tissues in the Oncomine database. (D) FCN2 mRNA expression in liver cancer tissue and normal tissue based on the GEPIA2 database (TCGA tumors vs. TCGA normal). (E, F) FCN2 protein expression in hepatocellular carcinoma in the UALCAN database. (G) Part of the results of the immunohistochemistry experiments. (H) Average optical density of liver cancer tissues and adjacent tissues from 30 liver cancer patients. TCGA, The Cancer Genome Atlas. *p < 0.05, ***p < 0.001.



The transcription and translation results of FCN2 mRNA in 369 liver cancer and 50 normal liver tissues were acquired using the GEPIA2 database. The findings revealed that the mRNA and protein expressions of FCN2 were lower in liver cancer tissues than those in normal liver tissues in all cases (p < 0.05) (Figure 5D). To confirm these results in depth, we used the UALCAN online analysis tool to further analyze the FCN2 gene, the result of which was similar in that the expression level of FCN2 in HCC cells was markedly lessened compared to that in normal cells (Figures 5E, F).

Liver cancer samples from 30 patients were taken from the People’s Hospital of Guangxi Zhuang Autonomous Region and immunohistochemistry staining was performed. Each staining procedure followed a rigorous set of guidelines. Five fields of view were randomly chosen from each sample after staining, and the average optical density value was determined using ImageJ. SPSS 19.0 was used for statistical analysis (IBM Inc., Armonk, NY, USA).

The areas of positive staining were brown, and the microscopy results revealed that normal liver tissues had bigger areas of positive staining than did liver cancer tissues (Figure 5G). Normal liver tissues had an average positive area of 1,783,320.5318 m2 and an average optical density of 0.25662176264, while tumor tissues had an average positive area of 1,357,014.3320 m2 and an average optical density of 0.16741577631. The normal and tumor groups had significance values of 0.200 and 0.086, respectively, suggesting that the positive staining area followed a normal distribution. Analysis of the t-test results revealed a significance of 0.036 (0.05), suggesting that the two sets of data are quite dissimilar and that the positive staining zone of the cancer group is smaller than that of the normal group (Figure 5H). The expression of FCN2 mRNA in liver tumor cell lines was shown to be at a low level using RNA sequencing (RNAseq) (Attachment 1). Affymetrix analysis exhibited the expression of FCN2 mRNA in all tumor cell lines to be above 3.2. These studies have confirmed the significantly low expression of FCN2 in liver cancer tissues from different databases, as well as mRNA, protein, and clinical specimens.



Association of FCN2 expression and clinicopathological variables

As shown in (Attachment 2), the TCGA dataset yielded 1,374 clinical and gene expression data on primary cancers. The sample included data from 253 men and 121 women, with a median age of 61 years. The protein expression of FCN2 was found to be strongly associated with height (p = 0.024) and the AFP level (p = 0.004) in the correlation analysis.Other clinicopathological features showed no association with FCN2 expression. The downregulation of FCN2 in HCC was linked to height (p = 0.018) and the AFP level (p = 0.003) in the univariate analysis (Attachment 3).

To further verify the association between FCN2 and liver cancer, we analyzed the expression of the FCN2 gene in several markers using the R tool. The expression levels of FCN2 varied between the low- and high-AFP groups (p < 0.001) (Figures 6A–K). This indicates that FCN2 has certain clinical importance, whether from the high and low FCN2 expression groups (median) or the expression analysis of normal liver tissue and different liver cancer subgroups, and could be a complementary gene for AFP detection in liver cancer.




Figure 6 | Different expression levels of FCN2 in liver hepatocellular carcinoma (LIHC) based on The Cancer Genome Atlas (TCGA) analyzed using R. (A) Pathologic stages. (B) Histological grade. (C) Fibrosis Ishak scale scores. (D) Race. (E) Normal tissue and liver cancer. (F) Adjacent hepatic tissue inflammation. (G) Age (H). BMI. (I) Alpha-fetoprotein (AFP). (J) Vascular invasion. (K) Gender. *p < 0.05, **p < 0.01, ***p < 0.001. ns: not statistically significant.





Clinical value of FCN2 in prognosis

The survival rates of the high and low FCN2 expression level groups were compared to establish the predictive value of the expression of FCN2 in HCC. According to the Kaplan–Meier survival analysis, the OS of patients with HCC with a low FCN2 expression was poor [HR = 2.26 (1.58–3.24), p = 0.015], as was the DFS, compared to patients with a high FCN2 expression [HR = 0.69 (0.5–0.97), p = 0.03] (Figures 7A–D).




Figure 7 | Prognostic value of FCN2 in liver cancer. (A–D) Overall survival (OS) (A), relapse-free survival (RFS) (B), disease-specific survival (DSS) (C), and patient-free survival/progression-free survival (PFS) (D). (E) Nomogram predicting the 1-, 3-, and 5-year OS probability. (F) C-index of the prognostic model nomogram for predicting the 1-, 3-, and 5-year OS probability in hepatocellular carcinoma (HCC) patients. (G) Prediction of the 1-, 3-, and 5-year OS probability using nomogram calibration plots.



The nomogram included data on the tumor status, T stage, and FCN2 expression and was based on a Cox proportional hazards regression model (Figure 7E). The C-index of the prognostic model (Figure 7F) was 0.984 (95% CI = 0.970–0.997). We built a calibration plot to examine the similarity between the OS predicted by the prognostic model and the actual OS. The findings revealed that the nomogram’s prediction results were accurate (Figure 7G). These results imply that FCN2 could be a useful prognostic indicator for HCC.



Protein–protein interaction network analysis and enrichment analysis

STRING was used to complete an online analysis of the FCN2 protein, producing a network diagram of the PPI between 10 genes and the FCN2 gene (Figures 8A, B). The GO and KEGG pathway enrichment analyses for FCN2 and the other 10 genes (Figures 8C–G) showed that FCN2 is primarily involved in body immune processes, such as detecting and eliminating the molecular function of attaching to cellular constituents such as collagen trimer, mannose, complement, and opsonin and apoptotic cells, complement activation, and the lectin pathway. Signal pathway findings suggested that the FCN2 gene participates in S. aureus infection, the coagulation cascade, and the lectin pathway of complement activation.




Figure 8 | Protein–protein interaction network analysis and enrichment analysis. (A, B) Gene network diagram of interaction with FCN2 created using the STRING database. (C–G) Diagrams of the analyses of the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) pathways.





Relationship between FCN2 expression and hepatocellular carcinoma immune cell immersion

To explore whether there is a link between FCN2 expression and tumor immune response, we conducted a single-sample gene set enrichment analysis (ssGSEA) to evaluate the immune cell infiltration in HCC tissues with various FCN2 expression levels. According to the findings, the infiltration levels of T follicular helper (TFH) and T helper 2 (Th2) cells were considerably lower in patients with HCC who had low FCN2 expression than those in patients who had high FCN2 expression. Neutrophil infiltration was higher in patients with HCC who had low FCN2 expression than in those who had high FCN2 expression. The infiltration levels of T cells, activated dendritic cells (aDCs), B cells, dendritic cells (DCs), interstitial dendritic cells (iDCs), macrophages, mast cells, CD56dim natural killer (NK) cells, plasmacytoid dendritic (pDC) cells, T helper cells, effector memory T (Tem) cells, Th1 cells, Th17 cells, and regulatory T cells (Tregs) in patients with high and low FCN2 expressions were not substantially different (Figure 9A). We then examined the relationship between FCN2 expression levels and immune cell infiltration in HCC and discovered that the expression of FCN2 was positively linked to the number of neutrophils invading the tumor (r = 0.228, p < 0.001), eosinophils (r = 0.199, p < 0.001), NK cells (r = 0.165, p < 0.001), central memory T (Tcm) cells (r = 0.163, p < 0.001), and DCs (r = 0.161, p < 0.001) (Figures 9B–F, respectively). The number of Th2 cells entering the body showed a negative correlation (r = −0.180, p < 0.001) (Figure 9G).




Figure 9 | Correlation of FCN2 expression with immune characteristics. (A) Differential distribution of the immune cells in patients with high and low FCN2 expressions. (B–G) Correlation between the expression level of FCN2 and immune infiltration in hepatocellular carcinoma: (B) Neutrophils, (C) Eosinophils, (D) NK cells, (E) Tcm, (F) DC, (G) Th2 cells. *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance.



We used the GEPIA database to investigate the relationship between FCN2 expression and immune cell biomarkers in HCC in order to learn more about the role of FCN2 in tumor immunity. As seen in Table 1, the expression of FCN2 was negatively correlated with the M1 macrophage biomarker (IRF5), neutrophil biomarker (ITGAM), and DC biomarker (ITGAX) in liver cancer. The B-cell biomarker (CD79A), CD8+ T-cell biomarker (CD8A), CD4+ T-cell biomarker (CD4), M1 macrophage biomarker (PTGS2), M2 macrophage biomarkers (CD163, VSIG4, and MS4A4A), neutrophil biomarker (CEACAM8), and DC biomarker (CD1C) were positively correlated with FCN2 expression. The above findings contribute to a better understanding of the link between FCN2 and immune cell infiltration.


Table 1 | Correlation analysis between FCN2 and the biomarkers of immune cells in hepatocellular carcinoma (HCC) determined using the GEPIA database (Spearman’s correlation coefficient).





Immunomodulators, chemokines, and receptors associated with FCN2

To confirm the role of FCN2 in regulating LIHC immunity, we analyzed the correlation between FCN2 and the tumor microenvironment (TME) immunological signatures.

FCN2 was found to be favorably linked to the majority of immunomodulators, chemokines, and other factors, as well as the chemokine receptors in LIHC and diffuse large B-cell lymphoma (DLBCL), and negatively correlated with most of the immunomodulators, chemokines, and chemokine receptors in THYM and TGCT. FCN2 was positively correlated with most major histocompatibility complexes (MHCs) in LIHC, mesothelioma (MESO), and acute myeloid leukemia (LAML) and negatively correlated with most MHCs in TGCT (Figure 10A).




Figure 10 | Immunomodulators, chemokines, and receptors associated with FCN2. (A) Distribution of the FCN2 immunological scores in tumor and normal tissues.The ordinate reflects the distribution of the immunological scores in distinct groups, whereas the abscissa indicates the immune cell types. The Wilcoxon test was used to compare statistical differences between the two groups, and the Kruskal–Wallis test was used to determine the significance of the differences between three groups. (a) Heatmap of the immune cell scores. Different hues represent the varied expression distributions in different samples. Asterisks indicate significance levels at *p < 0.05, **p < 0.01, and ***p < 0.001. (b) Percentages of tumor-infiltrating immune cells in each sample. Different colors depict the different types of immunological cells. The abscissa denotes the sample, whereas the ordinate denotes the percentage of immune cells in a single sample. (H) Immunomodulators, chemokines, and receptors associated with FCN2 in liver hepatocellular carcinoma (LIHC). (B) CCL14. (C) CCL16. (D) CCL23. (E) TNFSF4. (F) CD276. (G) TNFRSF4. (H) KDR. ****p < 0.0001.



Analysis using the TISIDB database showed that three chemokines, CCL14 (ρ = 0.432, p < 2.2E−16), CCL16 (ρ = 0.232, p = 6.21E−06), and CCL23 (ρ = 0.402, p = 2.2E−16), were positively correlated with the expression of FCN2. The immunosuppressant kinase insert domain receptor (KDR) (ρ = 0.294, p = 8.34E−09) was also positively linked to the expression of FCN2. However, FCN2 expression was found to be inversely correlated with the expression of four chemokine receptors, namely, CD276 (ρ = −0.239, p = 3.19E−06), TNFRS4 (ρ = −0.204, p = 7.72E−05), CD276 (ρ = −0.239, p = 3.19E−06), and TNFSF4 (ρ = 0.211, p = 4.27E−05) (Figures 10B–H).

The HPA database confirmed that the expression levels of the immune-related markers CCL14, CCL23, KDR, CD276, TNFSF4, and TNFRSF4 in liver cancer are closely linked to FCN2. Apart from the lack of significant differences in the levels of positive rates, the immunohistochemistry results of the remaining molecules revealed that the positive rates in normal liver tissues were greater than the high specificity in liver cancer tissues, meaning that the expressions of these genes were lower in liver cancer tissues than those in normal liver tissues. The evidence shown in Figure 11 backs this up. These findings show that the expression of FCN2 is TME-specific, implying that FCN2 could be a potential immunotherapy target in the treatment of liver cancer.




Figure 11 | Immunohistochemical comparison of FCN2 and the molecules with strong correlations [based on the Human Protein Atlas (HPA)].






Discussion

It has been demonstrated that gene therapy can be used to treat cancer, specifically liver cancer. It examines differences in the gene expression levels in liver cancer, determines which genes are expressed differently, and then intervenes in their expression. The mRNA expression levels of FCN2 in liver cancer tissues were lower than those in normal liver tissues, showing that FCN2 may play the role of a tumor marker in the occurrence and progression of liver cancer. The FCN2 gene is a polymorphic gene with functional polymorphisms that control its expression and function. It may have a pathophysiological role in innate immunity (14).

Using the Oncomine database, we determined that the expression of FCN2 in LIHC tissue was inferior to that in normal liver tissue. The expression of FCN2 mRNA in liver cancer tissues was similarly shown to be lower than that in normal liver tissues. We further analyzed the Clinical Proteomic Tumor Analysis Consortium (CPTAC) database and discovered that the FCN2 protein expression in liver cancer tissues was inferior to that in normal liver tissues. The FCN2 gene was analyzed using the UALCAN online analysis tool, which gave the same results as above. According to studies, the serum levels of FCN2 in patients with tumors are substantially lower than those in healthy individuals. Thus, FCN2 has an antitumor effect (15). This finding further supports our assumption. We used the Oncomine database to examine the expression of FCN2 mRNA in malignant tumors and normal clinical tissues in order to determine whether FCN2 has a specific expression in liver cancer. Downregulation of the gene expression of FCN2 was found in leukemia and liver cancer. RNAseq (transcriptome gene sequencing technology) and Affymetrix were used for further verification, and the results showed that tumor type was the main factor affecting the transcription level of FCN2.

The results obtained by TCGA and the other online databases, together with the high-throughput RNAseq results of the bioinformatics analysis verified by experiments, showed that the expression of FCN2 in HCC tissues is lower than that in normal liver tissues. This study found that FCN2 appears to play a role in the development and progression of liver cancer. Furthermore, receiver operating characteristic (ROC) analysis revealed that FCN2 has an area under the curve (AUC) of 0.840 for the diagnosis of HCC, implying that it could be a potential diagnostic biomarker. The relationship between FCN2 expression and the clinicopathological features was further studied based on this concept. According to the univariate analysis, the low protein expression of FCN2 is substantially linked to height (p = 0.024) and the AFP level (p = 0.004). To determine the link between the FCN2 gene and liver cancer, we used the R package to analyze the FCN2 gene expression in multiple indicators. The expression of FCN2 was shown to differ among the AFP groups.

Previous studies have supported the hypothesis that genetic mutations can influence the development of liver cancer (16). To explore whether FCN2 has a similar mechanism, the cBioPortal database was utilized to examine FCN2 mutations in liver cancer based on the sequencing data from patients in the TCGA database. The most common FCN2 mutation in HCC is amplification. However, the Kaplan–Meier plot showed that the FCN2 gene mutation had no effect on the prognosis of HCC.

In the analysis of the PPI network diagram of 10 genes and the FCN2 gene using the STRING database, GO, and KEGG signal pathways, we discovered that the FCN2 gene may play a key role in S. aureus infection, complement coagulation cascade, and lectin complement pathway.

Numerous studies have found that different types of immune cells infiltrate tumors in large numbers and that their distribution, tissue location, and cell type are all linked to tumor development and survival (17). We found that the expression levels of FCN2 are abnormally low in HCC. Based on our findings, FCN2 may play a role in modulating the tumor immune response. We started by examining the FCN2 expression in pan-cancer. We found that it was positively correlated with most immune cells in LAML, skin cutaneous melanoma (SKCM), bladder urothelial carcinoma (BLCA), LUAD, pancreatic adenocarcinoma (PAAD), pheochromocytoma and paraganglioma (PCPG), KIRP, and lung squamous cell carcinoma (LUSC) and was also positively correlated with activated CD4+ T cells in LIHC. Eosinophils and CD56bright NK cells were found to be negatively and favorably linked, respectively, to activated DCs. We then looked at the relationship between FCN2 expression and immune infiltration in HCC and found that the expression of FCN2 was positively linked to the number of neutrophils, eosinophils, NK cells, Tcm, and DCs infiltrating the tumor. The expression level of FCN2 had a negative correlation with Th2 cell infiltration. Neutrophils are frequently dominant and are linked to immunological escape from tumors (18). Consequently, these findings imply that FCN2 may suppress the HCC tumor immune response by favorably regulating neutrophils (19, 20), eosinophils (21), NK cells (22–24), Tcm (25), and DCs (26–28) and negatively regulating Th2 (29–31) in tumors.

Blood arteries, immune cells, fibroblasts, bone marrow-derived inflammatory cells, various signaling molecules, and the extracellular matrix (ECM) were all present in the close vicinity of tumor cells. The TME facilitates complex interactions between tumor cells and stromal cells (32). One of the immunological characteristics of the TME is the expression of immunomodulatory chemicals and inhibitory immune checkpoints. The FCN2-related pan-cancer analyses were designed to describe the immune effects of FCN2 and are critical in identifying cancer types that may benefit from FCN2-related immunotherapy. In LIHC and DLBCL, FCN2 was shown to be positively correlated with the majority of immunomodulators, chemokines, and chemokine receptors, but was negatively correlated with the majority of these same molecules in THYN and TGCT. FCN2 was positively correlated with most MHCs in LIHC, MESO, and LAML and negatively correlated with most MHCs in TGCT. In addition, we found that three chemokines—CCL14, CCL16, and CCL23—and the immunosuppressant KDR were positively correlated with the expression of FCN2, while three immunostimulants—CD276, TNFRSF4, and TNFSF4—were negatively correlated with its expression. Immunohistochemical analysis revealed that the positive rates of CCL14 (33, 34), CCL23 (35, 36), CD276 (37, 38), and TNFSF4 (39) were significantly different in normal liver and liver cancer tissues.

Chemokines have been found to impact the biological activity of inflammatory cells, implying that the TME can operate as inflammatory cell regulators (40). The capacity of cancer tissues to spread metastatically could be linked to the metastatic potential of liver cancer (41). Chemokines and their receptors are considered to have a role in HCC development, invasion, and metastasis (42). CCL14, for example, may prevent the Wnt/catenin pathway from engaging, reducing HCC cell growth, and increasing apoptosis (34). CCL23 has been found to be underexpressed in hepatoma cells, and this could lead to CCL23 deletion and reduced CCL23 inhibition via the ESR1/CCL23/CCR1/AKT regulatory axis in liver cancer progression (35).

Studies on the clinical application of FCN2 in the treatment of liver cancer discovered two kinds of ficolin in mice, namely, Fcna and Fcnb. The lectin pathway is activated by both mouse Fcna and human FCN2, which are produced in the liver and present in the blood (43). The Fcnb levels are very low, whereas those of Fcna and the structure in host plasma are identical to those seen in mantle cell lymphoma (monoclonal B-cell lymphocytosis, MBL) (15, 44, 45). This shows that the mouse Fcna can be used instead of the human FCN2 for experimental analysis to obtain more relevant indicators of FCN2.

Finally, we obtained some clinical samples for immunohistochemical dissection for the evaluation and validation of the accuracy of our results. FCN2 expression was shown to be lower in liver cancer tissues than in healthy liver tissues, which is consistent with our other findings.

Therefore, we propose exploring gene therapy targeting FCN2. Gene therapy may be widely used clinically in the future (46). Molecular tools can also be used to target gene therapy in the liver (47). Based on this, this paper discusses the influence of the FCN2 gene on liver cancer and expects to expand the research in the future, more fully analyze the association between this gene and liver cancer, and apply gene therapy to better treat liver cancer.



Conclusions

Our experimental evidence and the meaningful correlation with AFP support the finding that FCN2 is underexpressed in HCC and that it has prognostic value in this cancer type (4, 7). FCN2 may be implicated in S. aureus infection, complement coagulation, and the lectin complement pathway in terms of function. At the immune level, FCN2 may suppress the tumor immune response of HCC by upregulating the entry of neutrophils, eosinophils, NK cells, Tcm, and DCs and downregulating the entry of Th2 into tumors. FCN2 also interacts with CCL14, CCL23, KDR, CD276, TNFSF4, and TNFRSF4. Because these immune-related associations are so significant, FCN2 may be developed as an immune checkpoint inhibitor for liver cancer. However, there is still potential for improvement in our research because the precise involvement of the FCN2 gene in the onset and progression of liver cancer, as well as its mechanism of impact, remains unclear, and many hypotheses must be confirmed by clinical data. It is hoped that by analyzing the mechanism and characteristics of FCN2 in the development of HCC, this study can provide useful information for the future of liver cancer.
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Attachment 1 | FCN2mRNA expression in different cells. (A),FCN2 mRNA expression in different cell lines was analyzed based on RNAseq (transcriptome gene sequencing technology). (B),Analysis of FCN2 mRNA expression in different cell lines based on Affy.
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Primary liver cancer (PLC), including hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC), and other rare tumours, is the second leading cause of cancer-related mortality. It has been a major contributor to the cancer burden worldwide. Of all primary liver cancer, HCC is the most common type. Over the past few decades, chemotherapy, immunotherapy and other therapies have been identified as applicable to the treatment of HCC. However, evidence suggests that chemotherapy resistance is associated with higher mortality rates in liver cancer. The tumour microenvironment (TME), which includes molecular, cellular, extracellular matrix(ECM), and vascular signalling pathways, is a complex ecosystem. It is now increasingly recognized that the tumour microenvironment plays a pivotal role in PLC prognosis, progression and treatment response. Cancer cells reprogram the tumour microenvironment to develop resistance to chemotherapy drugs distinct from normal differentiated tissues. Chemotherapy resistance mechanisms are reshaped during TME reprogramming. For this reason, TME reprogramming can provide a powerful tool to understand better both cancer-fate processes and regenerative, with the potential to develop a new treatment. This review discusses the recent progress of tumour drug resistance, particularly tumour microenvironment reprogramming in tumour chemotherapy resistance, and focuses on its potential application prospects.
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Introduction

Over the past few years, cancer has always been a significant public health problem worldwide. According to the data the American Cancer Society reported in 2021, there are nearly 1.9 million new cancer cases and more than 600 thousand cancer deaths in the United States (1). Of these, liver cancer is the most common cause of cancer death worldwide and one of the fifth most common cancers in the United States, with its incidence rising yearly (2). The occurrence of PLC is mainly associated with chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infections. However, other factors have also been implicated in the occurrence of HCC, including fatty liver disease, dietary aflatoxin exposure, alcohol-related cirrhosis, smoking, obesity, fatty liver disease, iron overload, Mellitus-related non-alcoholic fatty liver disease and type 2 diabetes (3, 4). Although ICC accounts for only a small proportion of primary liver cancer in most parts of the world, it is the most common subtype of primary liver cancer in Thailand due to the high incidence of chronic liver fluke infection. Cirrhosis is also one of its risk factors (5, 6).

The treatment of HCC has dramatically improved over the past decades. The Barcelona Clinic Liver Cancer (BCLC) staging system is the main basis for treatment. In principle, patients with early-stage are suitable for surgical resection, liver transplantation, and local ablation, while TACE is the first choice for patients with intermediate HCC. Due to the lack of effective chemoprevention strategies and early diagnosis, most patients are found at an advanced stage. However, the late prognosis is poor, and only systemic therapy can prolong survival time with a median survival time for advanced HCC of ~6 months (7). Sorafenib was the only systemic therapy approved for patients with advanced tumors in the last dozen years (8). The results of a global open-label randomized Phase-III trial (REFLECT) demonstrated that lenvatinib improved the overall survival of patients with advanced HCC, the first new drug to be approved in the first-line setting for advanced-stage HCC in more than 10 years, which represented a breakthrough in the clinical management of this cancer (7). Despite this, in advanced liver cancer, the survival benefit of these drugs is limited (9, 10). Despite this, in advanced liver cancer, the survival benefit of these drugs is limited.

The environment in which HCC tumor cells grow is called the liver tumor microenvironment, which is a complex mixture of tumor cells and stromal cells and the proteins they secrete (11). Normally, the stroma maintains the physiological homeostasis of normal tissues, and some stromal components act as a physical barrier to tumor formation (12, 13). However, neoplastic cells cause various changes, and stroma is inappropriately activated in cancer, transforming adjacent TME into pathological entities to support cancer development and make a contribution to the malignant characteristics of tumor cells (14). The elements of a typical TME are made up of surrounding blood vessels, cancer-associated fibroblasts(CAFs), immune and inflammatory cells, cytokines, chemokines or enzymes, and extracellular matrix (ECM) (15). There is increasing evidence that liver cancer progression and metastasis are influenced by the tumor microenvironment.

An adverse tumor microenvironment in a single tumor is recognized as common in most solid malignancies. It has been found that the degree of heterogeneity in the tumor microenvironment of normal and malignant cells is negatively correlated with the prognosis of patients (16). Some of the harmful features of the tumor microenvironment through reprogramming can act alone or in combination with cancer progression(via e.g. resistance to apoptosis, promotion of genetic instability and mutation, continuous angiogenesis, and distant metastasis), leading to chemotherapeutic resistance and ultimately poor patient outcomes (17). In this review, we mainly focus on the mechanism of tumor microenvironment reprogramming on chemotherapy resistance in PLC to spark new ideas for designing more specific therapies for cancer.



Cancer-associated fibroblasts

Among all the stromal cells that make up the tumor microenvironment, CAFs are the most abundant tumor stromal cell type and a key element of TME (18). CAFs predominantly arise from tissue-resident fibroblasts and mesenchymal stem cells (19–22). But studies have shown that even under limited conditions. Transformation of adipocytes, pericytes, and endothelial cells has also been observed (23). Normally, fibroblasts are usually quiescent, but fibroblasts can be activated under certain conditions, such as wound healing response, tissue fibrosis acute and chronic inflammation (24–26). Tumor cells recruit and secrete growth factors such as transforming growth factor β (TGFβ), platelet-derived growth factor (PDGF), and interleukin-6 (IL-6) to stimulate fibroblasts to convert to CAFs (23, 27). Although α-SMA, FAP, and PDGF receptor-α (PDGFRα)can recognize activated fibroblasts, there are still no comprehensive and specific biomarkers (23, 28, 29). Numerous studies have suggested that CAFs are associated with treatment resistance to colorectal cancer, ovarian cancer, breast cancer, and stomach cancer (30–33). Cancer-associated fibroblasts can mediate drug resistance by reprogramming the metabolic process of tumor cells (34).

Metastasis and metabolic reprogramming are known as two major features of cancer (35). The reason why liver tumorigenesis or tumor progression inevitably leads to metabolic reprogramming is that life is not only the largest metabolic organ in the human body but also is associated with almost all central metabolic processes. Tumor cells undergo metabolic reprogramming to meet bioenergy and biosynthesis requirements to maintain their abnormal proliferation and adapt to the tumor microenvironment (36). Unlike normal cells, tumor cells rely on glycolysis to produce energy even under aerobic conditions, also known as the Warburg effect (37). In this process, the rate of glucose uptake dramatically increases and produces more lactate. Cancer-associated fibroblasts have been observed to influence cancer drug response and play a positive metabolic role in tyrosine kinase inhibitor (TKIs) resistance. Specifically, increased lactate secretion leads to upregulation of hepatocyte growth factor (HGF) production by cancer-associated fibroblasts in a nuclear factor KB-dependent manner. MET-dependent signal transduction in cancer is activated by increased HGF and endows sustained resistance to TKIs (38). Studies have shown that in HCC patients with high c-MET expression, HGF reduces the anti-proliferation, pro-apoptotic and anti-invasion effects of lenvatinib on HCC cells. In addition, the activation of the HGF/c−MET axis promotes lenvatinib resistance in hepatocellular carcinoma cells (39). Moreover, after long-term sorafenib treatment, HGF upregulation induces the autocrine activation of the HGF ⁄c-Met signaling pathway, increasing the anti-apoptotic and invasion ability of HCC cells, and leading to resistance to sorafenib (40). It can be seen that the HGF/c-Met axis plays an important role in the chemotherapy resistance of liver cancer. Several HGF/c-MET inhibitor drugs have been e assessed in clinical trials (Table 1).


Table 1 | Clinical trials of some HGF/c-Met signaling inhibitors in hepatocellular carcinoma patients.



Although the Warburg effect has been widely accepted as a distinctive character of tumor cells, accumulating evidence has revealed that other metabolic features, particularly the reverse Warburg effect (41), metabolic symbiosis, and glutamine metabolism, create challenges to antitumor therapy due to adaptive or acquired chemotherapy resistance (42). Lisanti et al. proposed the “reverse Warburg effect” in 2009: cancer cells induce glycolysis in cancer-associated fibroblasts which in turn produce lactate and pyruvate that are used by adjacent epithelial cancer cells as sources of the mitochondrial tricarboxylic acid cycle (TCA cycle), oxidative phosphorylation, and ATP production (43, 44) (Figure 1). The study of Migneco et al. showed that nutrients derived from glycolytic cancer-associated fibroblasts can effectively reduce the dependence of cancer cells on vascular blood supply, thus promoting the escape of tumor cells during antiangiogenic drugs (45).




Figure 1 | Resistance mechanisms of CAFs. Metabolic reprogramming of tumor cells leads to increased lactate secretion, which stimulates CAFs to up-regulate the production of HGF, leading to chemotherapy resistance of tumor cells.



In CAA, epidermal growth factor receptor (EGFR) overexpression often indicates a poor prognosis (46). It can be activated by heparin-binding epidermal growth factor (HB-EGF) secreted by CAFs. The HB-EGF/EGFR axis promotes CCA cell proliferation, migration, and invasion by activating the signal transducer and activator of transcription (STAT)-3. Interestingly, TGF-β1 secreted by tumor cells can enhance HB-EGF expression in CAFs, and TGF-β1 production is triggered by EGFR activation. Thus forming a continuous signaling loop (47).

In addition, c-Met expressed by tumor cells in CCA can be activated by HGF secreted by CAFs. After c-Met activation, its downstream pathways including mitogen-activated protein kinase (MAPK), extracellular signal-related kinase (ERK), and phosphatidylinositol 3-kinase (PI3K) are activated, which is conducive to tumor cells invasion and chemotherapy resistance (48, 49).



Mesenchymal stem cell

Mesenchymal stem cells also called mesenchymal stromal cells(MSCs), migrate to sites of inflammation, as well as migrate and fuse with tumors (50). MSCs are originally isolated from bone marrow. Besides, adipose tissue, peripheral blood, and umbilical cord are also important sources of MSCs (51). MSCs are a heterogeneous subpopulation of progenitor cells with the capability of self-renewal and multidirectional differentiation, which can transdifferentiate into osteocytes, chondrocytes, adipocytes, astrocytes, fibroblasts, and pericytes (52). Studies have shown that MSCs play a significant role in tumorigenesis and development, and participate in many steps of tumorigenesis, such as angiogenesis, invasion, metastasis, epithelial-mesenchymal transformation, anti-apoptosis, immunosuppression, and chemotherapeutic resistance (53). There is growing evidence showing the important role of MSCs in tumor resistance (54).

It has been proven that MSCs can secrete a variety of cytokines or growth factors that participate in multiple pathways and downstream mechanisms to activate a cascade of reactions, leading to drug resistance (55, 56). Inflammatory mediators are known to be an important part of the tumor microenvironment (57). TGF-β expressed by mesenchymal stem cells increased when exposed to tumor inflammatory microenvironment (58). It has been proved that autophagy can enhance the resistance of HCC cells to chemical drugs by affecting the apoptotic potential of HCC cells (59). Besides, Some studies have indicated that TGF-β plays an important role in inducing autophagy (60, 61). Taken together, MSCs promote the development of chemotherapy resistance of HCC cells by up-regulating the expression of TGF-β (62). MSCs, as mentioned before, have the potential to differentiate into multicellular lineages, so their transformation into CAFs may be another mechanism for the development of therapeutic resistance (Figure 2). Mishra et al. found that human bone marrow-derived mesenchymal stem cells (hMSCs) can transform into SDF-1-expressing CAFs when exposed to a tumor-conditioned medium (TCM) for a long time (63). As previously mentioned, CAFs play a critical role in tumor drug resistance.




Figure 2 | Resistance mechanisms of MSCs. On the one hand, TGF-β secreted by MSCs can induce autophagy of HCC cells, leading to chemotherapy resistance; on the other hand, MSCs can transform into CAFs to promote drug resistance.





Tumor-associated macrophages

Massive macrophage infiltration is a common characteristic of malignant tumors. Based on surface receptors and functional characteristics, macrophages can be divided into classical (M1) and alternative (M2) activated phenotypes. The macrophages surrounding the tumor area are called tumor-associated macrophages (TAM). Increased TAMs are known to be associated with poor prognosis after the surgical resection of hepatocellular carcinoma (64). The majority of macrophages located in intratumoral and peritumoral regions exhibit the M2 phenotype, and several studies have shown that cytokines found in peritumoral tissues, including vascular endothelial growth factor, macrophage colony-stimulating factor, and placental growth factor are significantly associated with HCC recurrence and poor survival outcomes (65–67).



Cancer-associated adipocytes

Epidemiological evidence suggests that obesity is associated with a combination of all cancers and a poor prognosis for multiple location-specific cancers (68). Systemic and local environmental changes caused by obesity can not only affect the occurrence and development of tumors but also induce chemotherapy resistance to tumors, especially in breast cancer, prostate cancer, ovarian cancer, and leukemia (69, 70). All of this suggests a potential role for adipocytes in tumor drug resistance. Adipocytes are one of the most important components of stromal cells in TME (71). It is noteworthy that co-cultured with cancer cells, adipocytes are observed to exhibit remarkable phenotypic changes and also exhibit an altered phenotype in terms of delipidation, which are designated as cancer-associated adipocytes (CAAs) (72). Bochet et al. demonstrated that tumor cells can secrete Wnt3a to promote changes in adipocyte phenotypes (73). In addition, the bidirectional cross-talk established between cancer cells and mature adipocytes may enhance the invasive capabilities of cancer cells by altering the adipocyte phenotype (72, 74). Accumulating recent evidence indicates that CAAs can induce chemoresistance through different mechanisms such as metabolic reprogramming, secretion of various factors, remodeling of the extracellular matrix, and altering chemotherapy pharmacokinetics (75–78).

The “Warburg effect” and “reverse Warburg effect” have been proved to be the cause of CAFs-mediated drug resistance, and this concept can also be applied to other cells in the tumor microenvironment, particularly adipocytes (79). For a long time, adipocytes were identified as a tremendous passive energy storage depot. Pérez de Heredia et al. showed that the release of lactate from adipocytes increased under hypoxic conditions (80). Previous studies have shown that lipids in adipocytes are the main source of tumor cells. CAAs release exogenous free fatty acids (FFAs) that can be taken up by CD36 on the surface of cancer cells (81). FFAs could yield sufficient energy for cancer cells through FAO (82), which contributes to therapy resistance. It has been proved that CD36 promotes epithelial-mesenchymal transition(EMT) in hepatocellular carcinoma by increased free fatty acid uptake (83). Notably, EMT is closely associated with the development of liver cancer and likely affects therapeutic responsiveness in HCC (84) (Figure 3).




Figure 3 | Resistance mechanisms of CAAs and hypoxia. CAAs release exogenous free fatty acids, which are absorbed by CD36 on the surface of tumor cells, to promote epithelial mesenchymal transformation and promote drug resistance of HCC. Tumor cells in anoxic environment lead to upregulated EXPRESSION of HIF, thus promoting drug resistance to chemotherapy.





Tumor-associated neutrophils

Traditionally, the recruitment mechanism and function of neutrophils have been studied mainly in inflammation. Neutrophils account for about 50-70% of myeloid-derived white blood cells in patients with infection or inflammation (85). The inflammatory cells in solid tumors are mainly neutrophils, and the intratumoral high density is correlated with lymph node metastasis, tumor stage axis, and tumor grade (86). Increasing clinical evidence shows that the tumor and the tumor microenvironment control neutrophil recruitment and in turn tumor-associated neutrophils (TANs) regulate tumor progression or growth control (87). Inflammatory neutrophils not only can phagocytose bacteria, activate and enhance the immunosuppressive system, but TANs also functions as immunosuppressive cells in tumors (88).

It has been well acknowledged that neutrophils have the capability to secret cytokine and chemokine (89). These cytokines enable them to interact directly with tumor cells as pro-tumor or anti-tumor effectors or indirectly by regulating angiogenesis, tumor growth, and anti-tumor immune responses (90). HGF, a heparin-binding factor, binds to a specific proto-oncogene tyrosine kinase receptor (C-MET) to stimulate hepatocytes by maintaining proliferation, promoting epithelial-mesenchymal transformation (EMT), and ultimately leading to invasion and metastasis during the malignant transformation of HCC (91, 92). In addition, other studies have shown that the HGF-Met axis plays an important role in chemotherapy resistance by coordinating liver cancer metabolism and autophagy. The combination of MET inhibitors and autophagy inhibitors significantly improved the efficacy of hepatocellular carcinoma therapy in mice (93). In liver cancer, however, cancer cells stimulate neutrophils to release hepatocyte growth factors, which in turn stimulates tumor cells to become more aggressive (94). CCL2 and CCL17 secreted by TANs can mediate intratumoral invasion of macrophages and Treg cells, thereby stimulating angiogenesis, promoting liver cancer growth and metastasis, and promoting sorafenib drug resistance. In addition, sorafenib also blocks tumor angiogenesis through targeted VEGF and PDGF receptor kinase activity, which also contributes to TAN accumulation and accompanying macrophage and Treg cell infiltration and promotes sorafenib resistance (95) (Figure 4).




Figure 4 | Resistance mechanisms of TANs. CCL2 and CCL17 secreted by TANs can mediate the intratumoral invasion of macrophages and Treg cells, thereby stimulating angiogenesis and promoting sorafenib resistance.





Extracellular matrix

Extracellular matrix (ECM), produced by stromal cells in the microenvironment, provides biochemical and mechanical clues to tumor cells and the surrounding tumor microenvironment. It is a highly dynamic structure that exists in all tissues and is constantly undergoing controlled remodeling. ECM remodeling is essential for regulating tissue morphogenesis (96). It has been demonstrated that some ECM components, directly and indirectly, interact with HCC and stromal cell types to alter the phenotype and function of HCC and stromal cells (97). These mechanical stresses and associated cellular strains could come from externally applied “outside-in” mechanical stimuli. To coordinate with outside-in stimuli, anchored cells also pull on the ECM by increasing ECM adhesions and focal adhesions, i.e. “inside-out” mechanical stimulation (98). This mutual stimulation results in a mechanically rigid microenvironment. The mechanical properties (stiffness) of the tumor cell niche affect both the differentiation of tumor cells and the characteristics of cancer stem cells. It has been shown that increased matrix hardness promotes tumor cell proliferation and chemotherapy resistance (99, 100). Therefore, ECM remodeling plays a crucial role in promoting tumor progression.



Hypoxia

Anti-angiogenic drugs can cause the tumor’s blood vessels to constrict, resulting in reduced blood flow. Inadequate blood supply affects both the effective delivery of antitumor drugs and the local concentration of oxygen and other nutrients (101). Hypoxia is a common feature of solid tumors, which has been demonstrated to be associated with chemotherapy failure and plays an important role in the selection of more aggressive and resistant clones, and poor clinical outcomes (102–104). The viability of hypoxic cells in solid tumors is increased by the adaptive response of cells to hypoxia, which is mainly controlled by hypoxia-inducible factors (HIFs) (105, 106). HIFs are transcription factors that mediate the adaptation of tumor cells to hypoxia by regulating genes involved in cell proliferation, angiogenesis, glucose metabolism, tumor invasion, and metastasis (103, 106). The HIFs factor consists of the HIF-α subunit and HIF-β subunit, where the α-subunit includes three subtypes(HIF-1α, HIF-2α, and HIF-3α) (107). Overexpression of HIF-1α and HIF-2α has been detected in nonalcoholic fatty liver disease, HCC, alcoholic liver disease, and radioactive liver injury (106). Studies have demonstrated that the multidrug resistance 1(MDR1/ABCB1) gene is hypoxia reactive and that HIF-1α can lead to the activation of the gene (108). Multidrug resistance (MDR1) gene product P-glycoprotein can reduce the intracellular concentration of sorafenib and other drugs, which is related to chemotherapy resistance (109). In addition, the stabilization of HIF1α can lead to metabolic reprogramming and enhance tumor growth (110) (Figure 3).



Conclusion and future development

The overall treatment outcome for liver cancer is far from satisfactory. The use of chemotherapeutic drugs has been hampered by drug resistance mechanisms in which the tumor microenvironment is an indispensable player. TME is a dynamic and constantly changing complex biological network whose diverse cellular and non-cellular components externally influence hallmarks and fates of tumor cells, which in part contributes to resistance to conventional therapeutic drugs. Therefore, TME would be an attractive target, both to sensitize tumors to traditional therapies and as a new option to fight the disease. Anyway, our current insights into tumor therapy indicate that the rapid elimination of therapeutic resistance in tumor cells is critical to reducing the incidence of adverse events. Although different combinations of therapies promise to achieve this goal, it is critical to find novel strategies to block primary crosstalk and reshape the microenvironment. It’s believed that in the foreseeable future, more and more preclinical and clinical research is expected to translate into novel, effective and safe clinical treatment options.



Author contributions

ZY and ZR designed the study. CZ, SL, FG, and YZ collected data and summarized the viewpoints. CZ and SL analyzed data and draw the figures. CZ wrote the manuscript. All authors reviewed and approved the manuscript.



Funding

This study was sponsored by grants from National Natural Science Foundation of China (U2004121, 82070643 and U1904164), and Research Project of Jinan Microecological Biomedicine Shandong Laboratory (JNL-2022015B).



Conflict of interest

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



References

1. Siegel, RL, Miller, KD, Fuchs, HE, and Jemal, A. Cancer statistic. CA Cancer J Clin (2021) 71(1):7–33. doi: 10.3322/caac.21654

2. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistic. CA Cancer J Clin (2019) 69(1):7–34. doi: 10.3322/caac.21551

3. Center, MM, and Jemal, A. International trends in liver cancer incidence rates. Cancer Epidemiol Biomarkers Prev (2011) 20(11):2362–8. doi: 10.1158/1055-9965.EPI-11-0643

4. Dyson, J, Jaques, B, Chattopadyhay, D, Lochan, R, Graham, J, Das, D, et al. Hepatocellular cancer: the impact of obesity, type 2 diabetes and a multidisciplinary team. J Hepatol (2014) 60(1):110–7. doi: 10.1016/j.jhep.2013.08.011

5. Sorensen, HT, Friis, S, Olsen, JH, Thulstrup, AM, Mellemkjaer, L, Linet, M, et al. Risk of liver and other types of cancer in patients with cirrhosis: A nationwide cohort study in Denmark. Hepatology (1998) 28(4):921–5. doi: 10.1002/hep.510280404

6. Islami, F, Kamangar, F, and Boffetta, P. Grand challenges in cancer epidemiology and prevention. Front Oncol (2011) 1:3. doi: 10.3389/fonc.2011.00003

7. Llovet, JM, Kelley, RK, Villanueva, A, Singal, AG, Pikarsky, E, Roayaie, S, et al. Hepatocellular carcinoma. Nat Rev Dis Primers (2021) 7(1):6. doi: 10.1038/s41572-020-00240-3

8. Kulik, L, and El-Serag, HB. Epidemiology and management of hepatocellular carcinoma. Gastroenterology (2019) 156(2):477–491.e471. doi: 10.1053/j.gastro.2018.08.065

9. Llovet, JM, Ricci, S, Mazzaferro, V, Hilgard, P, Gane, E, Blanc, JF, et al. Sorafenib in advanced hepatocellular carcinoma. N Engl J Med (2008) 359(4):378–90. doi: 10.1056/NEJMoa0708857

10. Cheng, AL, Kang, YK, Lin, DY, Park, JW, Kudo, M, Qin, S, et al. Sunitinib versus sorafenib in advanced hepatocellular cancer: Results of a randomized phase III trial. J Clin Oncol (2013) 31(32):4067–75. doi: 10.1200/JCO.2012.45.8372

11. Hernandez–Gea, V, Toffanin, S, Friedman, SL, and Llovet, JM. Role of the microenvironment in the pathogenesis and treatment of hepatocellular carcinoma. Gastroenterology (2013) 144(3):512–27. doi: 10.1053/j.gastro.2013.01.002

12. Ozdemir, BC, Pentcheva-Hoang, T, Carstens, JL, Zheng, X, Wu, CC, Simpson, TR, et al. Depletion of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates pancreas cancer with reduced survival. Cancer Cell (2014) 25(6):719–34. doi: 10.1016/j.ccr.2014.04.005

13. Rhim, AD, Oberstein, PE, Thomas, DH, Mirek, ET, Palermo, CF, Sastra, SA, et al. Stromal elements act to restrain, rather than support, pancreatic ductal adenocarcinoma. Cancer Cell (2014) 25(6):735–47. doi: 10.1016/j.ccr.2014.04.021

14. Chen, F, Zhuang, X, Lin, L, Yu, P, Wang, Y, Shi, Y, et al. New horizons in tumor microenvironment biology: challenges and opportunities. BMC Med (2015) 13:45. doi: 10.1186/s12916-015-0278-7

15. Tahmasebi Birgani, M, and Carloni, V. Tumor microenvironment, a paradigm in hepatocellular carcinoma progression and therapy. Int J Mol Sci (2017) 18(2):1–19. doi: 10.3390/ijms18020405

16. Ma, L, Hernandez, MO, Zhao, Y, Mehta, M, Tran, B, Kelly, M, et al. Tumor cell biodiversity drives microenvironmental reprogramming in liver cancer. Cancer Cell (2019) 36(4):418–430.e416. doi: 10.1016/j.ccell.2019.08.007

17. Vaupel, P, and Multhoff, G. Fatal alliance of hypoxia-/HIF-1alpha-Driven microenvironmental traits promoting cancer progression. Adv Exp Med Biol (2020) 1232:169–76. doi: 10.1007/978-3-030-34461-0_21

18. Chen, X, and Song, E. Turning foes to friends: targeting cancer-associated fibroblasts. Nat Rev Drug Discov (2019) 18(2):99–115. doi: 10.1038/s41573-018-0004-1

19. Kojima, Y, Acar, A, Eaton, EN, Mellody, KT, Scheel, C, Ben-Porath, I, et al. Autocrine TGF-beta and stromal cell-derived factor-1 (SDF-1) signaling drives the evolution of tumor-promoting mammary stromal myofibroblasts. Proc Natl Acad Sci USA (2010) 107(46):20009–14. doi: 10.1073/pnas.1013805107

20. Paunescu, V, Bojin, FM, Tatu, CA, Gavriliuc, OI, Rosca, A, Gruia, AT, et al. Tumour-associated fibroblasts and mesenchymal stem cells: more similarities than differences. J Cell Mol Med (2011) 15(3):635–46. doi: 10.1111/j.1582-4934.2010.01044.x

21. Quante, M, Tu, SP, Tomita, H, Gonda, T, Wang, SS, Takashi, S, et al. Bone marrow-derived myofibroblasts contribute to the mesenchymal stem cell niche and promote tumor growth. Cancer Cell (2011) 19(2):257–72. doi: 10.1016/j.ccr.2011.01.020

22. Vicent, S, Sayles, LC, Vaka, D, Khatri, P, Gevaert, O, Chen, R, et al. Cross-species functional analysis of cancer-associated fibroblasts identifies a critical role for CLCF1 and IL-6 in non-small cell lung cancer in vivo. Cancer Res (2012) 72(22):5744–56. doi: 10.1158/0008-5472.CAN-12-1097

23. Park, D, Sahai, E, and Rullan, A. SnapShot: Cancer-associated fibroblasts. Cell (2020) 181(2):486–486.e481. doi: 10.1016/j.cell.2020.03.013

24. Desmouliere, A, Darby, IA, and Gabbiani, G. Normal and pathologic soft tissue remodeling: Role of the myofibroblast, with special emphasis on liver and kidney fibrosis. Lab Invest (2003) 83(12):1689–707. doi: 10.1097/01.lab.0000101911.53973.90

25. Micallef, L, Vedrenne, N, Billet, F, Coulomb, B, Darby, IA, and Desmoulière, A. The myofibroblast, multiple origins for major roles in normal and pathological tissue repair. Fibrogenesis Tissue Repair (2012) 5(Suppl 1):S5. doi: 10.1186/1755-1536-5-s1-s5

26. Darby, IA, Laverdet, B, Bonte, F, and Desmouliere, A. Fibroblasts and myofibroblasts in wound healing. Clin Cosmet Investig Dermatol (2014) 7:301–11. doi: 10.2147/CCID.S50046

27. Ohlund, D, Elyada, E, and Tuveson, D. Fibroblast heterogeneity in the cancer wound. J Exp Med (2014) 211(8):1503–23. doi: 10.1084/jem.20140692

28. Lazard, D, Sastre, X, Frid, MG, Glukhova, MA, Thiery, JP, and Koteliansky, VE. Expression of smooth muscle-specific proteins in myoepithelium and stromal myofibroblasts of normal and malignant human breast tissue. Proc Natl Acad Sci U.S.A. (1993) 90(3):999–1003. doi: 10.1073/pnas.90.3.999

29. Sugimoto, H, Mundel, TM, Kieran, MW, and Kalluri, R. Identification of fibroblast heterogeneity in the tumor microenvironment. Cancer Biol Ther (2006) 5(12):1640–6. doi: 10.4161/cbt.5.12.3354

30. Zhou, B, Sun, C, Li, N, Shan, W, Lu, H, Guo, L, et al. Cisplatin-induced CCL5 secretion from CAFs promotes cisplatin-resistance in ovarian cancer via regulation of the STAT3 and PI3K/Akt signaling pathways. Int J Oncol (2016) 48(5):2087–97. doi: 10.3892/ijo.2016.3442

31. Wen, X, He, X, Jiao, F, Wang, C, Sun, Y, Ren, X, et al. Fibroblast activation protein-alpha-Positive fibroblasts promote gastric cancer progression and resistance to immune checkpoint blockade. Oncol Res (2017) 25(4):629–40. doi: 10.3727/096504016X14768383625385

32. Cazet, AS, Hui, MN, Elsworth, BL, Wu, SZ, Roden, D, Chan, CL, et al. Targeting stromal remodeling and cancer stem cell plasticity overcomes chemoresistance in triple negative breast cancer. Nat Commun (2018) 9(1):1–18 doi: 10.1038/s41467-018-05220-6

33. Tang, YA, Chen, YF, Bao, Y, Mahara, S, Yatim, S, Oguz, G, et al. Hypoxic tumor microenvironment activates GLI2 via HIF-1alpha and TGF-beta2 to promote chemoresistance in colorectal cancer. Proc Natl Acad Sci USA (2018) 115(26):E5990–9. doi: 10.1073/pnas.1801348115

34. Ni, Y, Zhou, X, Yang, J, Shi, H, Li, H, Zhao, X, et al. The role of tumor-stroma interactions in drug resistance within tumor microenvironment. Front Cell Dev Biol (2021) 9:637675. doi: 10.3389/fcell.2021.637675

35. Zhu, WW, Lu, M, Wang, XY, Zhou, X, Gao, C, and Qin, LX. The fuel and engine: The roles of reprogrammed metabolism in metastasis of primary liver cancer. Genes Dis (2020) 7(3):299–307. doi: 10.1016/j.gendis.2020.01.016

36. Hanahan, D, and Weinberg, RA. Hallmarks of cancer: the next generation. Cell (2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

37. Warburg, O, Wind, F, and Negelein, E. THE METABOLISM OF TUMORS IN THE BODY. J Gen Physiol (1927) 8(6):519–30. doi: 10.1085/jgp.8.6.519

38. Apicella, M, Giannoni, E, Fiore, S, Ferrari, KJ, Fernandez-Perez, D, Isella, C, et al. Increased lactate secretion by cancer cells sustains non-cell-autonomous adaptive resistance to MET and EGFR targeted therapies. Cell Metab (2018) 28(6):848–865.e846. doi: 10.1016/j.cmet.2018.08.006

39. Fu, R, Jiang, S, Li, J, Chen, H, and Zhang, X. Activation of the HGF/c-MET axis promotes lenvatinib resistance in hepatocellular carcinoma cells with high c-MET expression. Med Oncol (2020) 37(4):24. doi: 10.1007/s12032-020-01350-4

40. Firtina Karagonlar, Z, Koc, D, Iscan, E, Erdal, E, and Atabey, N. Elevated hepatocyte growth factor expression as an autocrine c-met activation mechanism in acquired resistance to sorafenib in hepatocellular carcinoma cells. Cancer Sci (2016) 107(4):407–16. doi: 10.1111/cas.12891

41. Pavlides, S, Tsirigos, A, Vera, I, Flomenberg, N, Frank, PG, Casimiro, MC, et al. Loss of stromal caveolin-1 leads to oxidative stress, mimics hypoxia and drives inflammation in the tumor microenvironment, conferring the "reverse warburg effect": a transcriptional informatics analysis with validation. Cell Cycle (2010) 9(11):2201–19. doi: 10.4161/cc.9.11.11848

42. Yoshida, GJ. Metabolic reprogramming: the emerging concept and associated therapeutic strategies. J Exp Clin Cancer Res (2015) 34(1):1–10. doi: 10.1186/s13046-015-0221-y

43. Pavlides, S, Whitaker-Menezes, D, Castello-Cros, R, Flomenberg, N, Witkiewicz, AK, Frank, PG, et al. The reverse warburg effect: aerobic glycolysis in cancer associated fibroblasts and the tumor stroma. Cell Cycle (2009) 8(23):3984–4001. doi: 10.4161/cc.8.23.10238

44. Whitaker-Menezes, D, Martinez-Outschoorn, UE, Lin, Z, Ertel, A, Flomenberg, N, Witkiewicz, AK, et al. Evidence for a stromal-epithelial "lactate shuttle" in human tumors: MCT4 is a marker of oxidative stress in cancer-associated fibroblasts. Cell Cycle (2011) 10(11):1772–83. doi: 10.4161/cc.10.11.15659

45. Migneco, G, Whitaker-Menezes, D, Chiavarina, B, Castello-Cros, R, Pavlides, S, Pestell, RG, et al. Glycolytic cancer associated fibroblasts promote breast cancer tumor growth, without a measurable increase in angiogenesis: evidence for stromal-epithelial metabolic coupling. Cell Cycle (2010) 9(12):2412–22. doi: 10.4161/cc.9.12.11989

46. Chong, DQ, and Zhu, AX. The landscape of targeted therapies for cholangiocarcinoma: current status and emerging targets. Oncotarget (2016) 7(29):46750–67. doi: 10.18632/oncotarget.8775

47. Brivio, S, Cadamuro, M, Strazzabosco, M, and Fabris, L. Tumor reactive stroma in cholangiocarcinoma: The fuel behind cancer aggressiveness. World J Hepatol (2017) 9(9):455–68. doi: 10.4254/wjh.v9.i9.455

48. Goyal, L, Muzumdar, MD, and Zhu, AX. Targeting the HGF/c-MET pathway in hepatocellular carcinoma. Clin Cancer Res (2013) 19(9):2310–8. doi: 10.1158/1078-0432.Ccr-12-2791

49. Affo, S, Nair, A, Brundu, F, Ravichandra, A, Bhattacharjee, S, Matsuda, M, et al. Promotion of cholangiocarcinoma growth by diverse cancer-associated fibroblast subpopulations. Cancer Cell (2021) 39(6):883. doi: 10.1016/j.ccell.2021.05.010

50. Ridge, SM, Sullivan, FJ, and Glynn, SA. Mesenchymal stem cells: key players in cancer progression. Mol Cancer (2017) 16(1):1–10. doi: 10.1186/s12943-017-0597-8

51. Orbay, H, Tobita, M, and Mizuno, H. Mesenchymal stem cells isolated from adipose and other tissues: basic biological properties and clinical applications. Stem Cells Int (2012) 2012:461718. doi: 10.1155/2012/461718

52. Uccelli, A, Moretta, L, and Pistoia, V. Mesenchymal stem cells in health and disease. Nat Rev Immunol (2008) 8(9):726–36. doi: 10.1038/nri2395

53. Papaccio, F, Paino, F, Regad, T, Papaccio, G, Desiderio, V, and Tirino, V. Concise review: Cancer cells, cancer stem cells, and mesenchymal stem cells: Influence in cancer development. Stem Cells Transl Med (2017) 6(12):2115–25. doi: 10.1002/sctm.17-0138

54. Shi, Y, Du, L, Lin, L, and Wang, Y. Tumour-associated mesenchymal stem/stromal cells: Emerging therapeutic targets. Nat Rev Drug Discov (2017) 16(1):35–52. doi: 10.1038/nrd.2016.193

55. Luo, J, Ok Lee, S, Liang, L, Huang, CK, Li, L, Wen, S, et al. Infiltrating bone marrow mesenchymal stem cells increase prostate cancer stem cell population and metastatic ability via secreting cytokines to suppress androgen receptor signaling. Oncogene (2014) 33(21):2768–78. doi: 10.1038/onc.2013.233

56. Senthebane, DA, Rowe, A, Thomford, NE, Shipanga, H, Munro, D, Mazeedi, M, et al. The role of tumor microenvironment in chemoresistance: To survive, keep your enemies closer. Int J Mol Sci (2017) 18(7):1–30. doi: 10.3390/ijms18071586

57. Mantovani, A, Allavena, P, Sica, A, and Balkwill, F. Cancer-related inflammation. Nature (2008) 454(7203):436–44. doi: 10.1038/nature07205

58. Nasef, A, Chapel, A, Mazurier, C, Bouchet, S, Lopez, M, Mathieu, N, et al. Identification of IL-10 and TGF-beta transcripts involved in the inhibition of T-lymphocyte proliferation during cell contact with human mesenchymal stem cells. Gene Expr (2007) 13(4-5):217–26. doi: 10.3727/000000006780666957

59. Song, J, Qu, Z, Guo, X, Zhao, Q, Zhao, X, Gao, L, et al. Hypoxia-induced autophagy contributes to the chemoresistance of hepatocellular carcinoma cells. Autophagy (2009) 5(8):1131–44. doi: 10.4161/auto.5.8.9996

60. Ding, Y, Kim, JK, Kim, SI, Na, HJ, Jun, SY, Lee, SJ, et al. TGF-{beta}1 protects against mesangial cell apoptosis via induction of autophagy. J Biol Chem (2010) 285(48):37909–19. doi: 10.1074/jbc.M109.093724

61. Suzuki, HI, Kiyono, K, and Miyazono, K. Regulation of autophagy by transforming growth factor-β (TGF-β) signaling. Autophagy (2010) 6(5):645–7. doi: 10.4161/auto.6.5.12046

62. Han, Z, Jing, Y, Xia, Y, Zhang, S, Hou, J, Meng, Y, et al. Mesenchymal stem cells contribute to the chemoresistance of hepatocellular carcinoma cells in inflammatory environment by inducing autophagy. Cell Biosci (2014) 4:22. doi: 10.1186/2045-3701-4-22

63. Mishra, PJ, Mishra, PJ, Humeniuk, R, Medina, DJ, Alexe, G, Mesirov, JP, et al. Carcinoma-associated fibroblast–like differentiation of human mesenchymal stem cells. Cancer Res (2008) 68(11):4331–9. doi: 10.1158/0008-5472.Can-08-0943

64. Zhou, J, Ding, T, Pan, W, Zhu, LY, Li, L, and Zheng, L. Increased intratumoral regulatory T cells are related to intratumoral macrophages and poor prognosis in hepatocellular carcinoma patients. Int J Cancer (2009) 125(7):1640–8. doi: 10.1002/ijc.24556

65. Jia, J-B, Zhuang, P-Y, Sun, H-C, Zhang, J-B, Zhang, W, Zhu, X-D, et al. Protein expression profiling of vascular endothelial growth factor and its receptors identifies subclasses of hepatocellular carcinoma and predicts survival. J Cancer Res Clin Oncol (2008) 135(6):847–54. doi: 10.1007/s00432-008-0521-0

66. Zhu, X-D, Zhang, J-B, Zhuang, P-Y, Zhu, H-G, Zhang, W, Xiong, Y-Q, et al. High expression of macrophage colony-stimulating factor in peritumoral liver tissue is associated with poor survival after curative resection of hepatocellular carcinoma. J Clin Oncol (2008) 26(16):2707–16. doi: 10.1200/jco.2007.15.6521

67. Giannelli, G, Koudelkova, P, Dituri, F, and Mikulits, W. Role of epithelial to mesenchymal transition in hepatocellular carcinoma. J Hepatol (2016) 65:798–808. doi: 10.1016/j.jhep.2016.05.007

68. Calle, EE, Rodriguez, C, Walker-Thurmond, K, and Thun, MJ. Overweight, obesity, and mortality from cancer in a prospectively studied cohort of U.S. adults. N Engl J Med (2003) 348(17):1625–38. doi: 10.1056/NEJMoa021423

69. Ewertz, M, Jensen, M-B, Gunnarsdóttir, K.Á., Højris, I, Jakobsen, EH, Nielsen, D, et al. Effect of obesity on prognosis after early-stage breast cancer. J Clin Oncol (2011) 29(1):25–31. doi: 10.1200/jco.2010.29.7614

70. Lashinger, LM, Rossi, EL, and Hursting, SD. Obesity and resistance to cancer chemotherapy: Interacting roles of inflammation and metabolic dysregulation. Clin Pharmacol Ther (2014) 96(4):458–63. doi: 10.1038/clpt.2014.136

71. Cao, Y. Adipocyte and lipid metabolism in cancer drug resistance. J Clin Invest (2019) 129(8):3006–17. doi: 10.1172/JCI127201

72. Dirat, B, Bochet, L, Dabek, M, Daviaud, D, Dauvillier, S, Majed, B, et al. Cancer-associated adipocytes exhibit an activated phenotype and contribute to breast cancer invasion. Cancer Res (2011) 71(7):2455–65. doi: 10.1158/0008-5472.CAN-10-3323

73. Bochet, L, Lehuede, C, Dauvillier, S, Wang, YY, Dirat, B, Laurent, V, et al. Adipocyte-derived fibroblasts promote tumor progression and contribute to the desmoplastic reaction in breast cancer. Cancer Res (2013) 73(18):5657–68. doi: 10.1158/0008-5472.CAN-13-0530

74. Motrescu, ER, and Rio, MC. Cancer cells, adipocytes and matrix metalloproteinase 11: A vicious tumor progression cycle. Biol Chem (2008) 389(8):1037–41. doi: 10.1515/BC.2008.110

75. Muller, C. Tumour-surrounding adipocytes are active players in breast cancer progression. Ann Endocrinol (Paris) (2013) 74(2):108–10. doi: 10.1016/j.ando.2013.02.007

76. Choi, J, Cha, YJ, and Koo, JS. Adipocyte biology in breast cancer: From silent bystander to active facilitator. Prog Lipid Res (2018) 69:11–20. doi: 10.1016/j.plipres.2017.11.002

77. Zhang, M, Di Martino, JS, Bowman, RL, Campbell, NR, Baksh, SC, Simon-Vermot, T, et al. Adipocyte-derived lipids mediate melanoma progression via FATP proteins. Cancer Discovery (2018) 8(8):1006–25. doi: 10.1158/2159-8290.CD-17-1371

78. Lehuede, C, Li, X, Dauvillier, S, Vaysse, C, Franchet, C, Clement, E, et al. Adipocytes promote breast cancer resistance to chemotherapy, a process amplified by obesity: Role of the major vault protein (MVP). Breast Cancer Res (2019) 21(1):7. doi: 10.1186/s13058-018-1088-6

79. Duong, MN, Geneste, A, Fallone, F, Li, X, Dumontet, C, and Muller, C. The fat and the bad: Mature adipocytes, key actors in tumor progression and resistance. Oncotarget (2017) 8(34):57622–41. doi: 10.18632/oncotarget.18038

80. Perez de Heredia, F, Wood, IS, and Trayhurn, P. Hypoxia stimulates lactate release and modulates monocarboxylate transporter (MCT1, MCT2, and MCT4) expression in human adipocytes. Pflugers Arch (2010) 459(3):509–18. doi: 10.1007/s00424-009-0750-3

81. Pascual, G, Avgustinova, A, Mejetta, S, Martin, M, Castellanos, A, Attolini, CS, et al. Targeting metastasis-initiating cells through the fatty acid receptor CD36. Nature (2017) 541(7635):41–5. doi: 10.1038/nature20791

82. Yang, E, Wang, X, Gong, Z, Yu, M, Wu, H, and Zhang, D. Exosome-mediated metabolic reprogramming: the emerging role in tumor microenvironment remodeling and its influence on cancer progression. Signal Transduct Target Ther (2020) 5(1):242. doi: 10.1038/s41392-020-00359-5

83. Nath, A, Li, I, Roberts, LR, and Chan, C. Elevated free fatty acid uptake via CD36 promotes epithelial-mesenchymal transition in hepatocellular carcinoma. Sci Rep (2015) 5:14752. doi: 10.1038/srep14752

84. Giannelli, G, Koudelkova, P, Dituri, F, and Mikulits, W. Role of epithelial to mesenchymal transition in hepatocellular carcinoma. J Hepatol (2016) 65(4):798–808. doi: 10.1016/j.jhep.2016.05.007

85. Borregaard, N. Neutrophils, from marrow to microbes. Immunity (2010) 33(5):657–70. doi: 10.1016/j.immuni.2010.11.011

86. Shen, M, Hu, P, Donskov, F, Wang, G, Liu, Q, and Du, J. Tumor-associated neutrophils as a new prognostic factor in cancer: a systematic review and meta-analysis. PloS One (2014) 9(6):e98259. doi: 10.1371/journal.pone.0098259

87. Uribe-Querol, E, and Rosales, C. Neutrophils in cancer: Two sides of the same coin. J Immunol Res (2015) 2015:983698. doi: 10.1155/2015/983698

88. Nagaraj, S, Schrum, AG, Cho, HI, Celis, E, and Gabrilovich, DI. Mechanism of T cell tolerance induced by myeloid-derived suppressor cells. J Immunol (2010) 184(6):3106–16. doi: 10.4049/jimmunol.0902661

89. Cassatella, MA. Neutrophil-derived proteins: Selling cytokines by the pound. Adv Immunol (1999) 73:369–509. doi: 10.1016/s0065-2776(08)60791-9

90. Mantovani, A, Cassatella, MA, Costantini, C, and Jaillon, S. Neutrophils in the activation and regulation of innate and adaptive immunity. Nat Rev Immunol (2011) 11(8):519–31. doi: 10.1038/nri3024

91. Nakamura, T, Sakai, K, Nakamura, T, and Matsumoto, K. Hepatocyte growth factor twenty years on: Much more than a growth factor. J Gastroenterol Hepatol (2011) 26 Suppl 1:188–202. doi: 10.1111/j.1440-1746.2010.06549.x

92. Ogunwobi, OO, Puszyk, W, Dong, HJ, and Liu, C. Epigenetic upregulation of HGF and c-met drives metastasis in hepatocellular carcinoma. PloS One (2013) 8(5):e63765. doi: 10.1371/journal.pone.0063765

93. Huang, X, Gan, G, Wang, X, Xu, T, and Xie, W. The HGF-MET axis coordinates liver cancer metabolism and autophagy for chemotherapeutic resistance. Autophagy (2019) 15(7):1258–79. doi: 10.1080/15548627.2019.1580105

94. Imai, Y, Kubota, Y, Yamamoto, S, Tsuji, K, Shimatani, M, Shibatani, N, et al. Neutrophils enhance invasion activity of human cholangiocellular carcinoma and hepatocellular carcinoma cells: an in vitro study. J Gastroenterol Hepatol (2005) 20(2):287–93. doi: 10.1111/j.1440-1746.2004.03575.x

95. Zhou, SL, Zhou, ZJ, Hu, ZQ, Huang, XW, Wang, Z, Chen, EB, et al. Tumor-associated neutrophils recruit macrophages and T-regulatory cells to promote progression of hepatocellular carcinoma and resistance to sorafenib. Gastroenterology (2016) 150(7):1646–1658.e1617. doi: 10.1053/j.gastro.2016.02.040

96. Bonnans, C, Chou, J, and Werb, Z. Remodelling the extracellular matrix in development and disease. Nat Rev Mol Cell Biol (2014) 15(12):786–801. doi: 10.1038/nrm3904

97. Rombouts, K, and Carloni, V. The fibrotic microenvironment as a heterogeneity facet of hepatocellular carcinoma. Fibrogenesis Tissue Repair (2013) 6(1):17. doi: 10.1186/1755-1536-6-17

98. Provenzano, PP, and Keely, PJ. Mechanical signaling through the cytoskeleton regulates cell proliferation by coordinated focal adhesion and Rho GTPase signaling. J Cell Sci (2011) 124(8):1195–1205. doi: 10.1242/jcs.067009

99. Schrader, J, Gordon-Walker, TT, Aucott, RL, van Deemter, M, Quaas, A, Walsh, S, et al. Matrix stiffness modulates proliferation, chemotherapeutic response, and dormancy in hepatocellular carcinoma cells. Hepatology (2011) 54(4):1192–1205. doi: 10.1002/hep.24108

100. Carloni, V, Luong, TV, and Rombouts, K. Hepatic stellate cells and extracellular matrix in hepatocellular carcinoma: more complicated than ever. Liver Int (2014) 34(6):834–843. doi: 10.1111/liv.12465

101. Tang, HW, Feng, HL, Wang, M, Zhu, QL, Liu, YQ, and Jiang, YX. In vivo longitudinal and multimodal imaging of hypoxia-inducible factor 1alpha and angiogenesis in breast cancer. Chin Med J (Engl) (2020) 133(2):205–11. doi: 10.1097/CM9.0000000000000616

102. Tredan, O, Galmarini, CM, Patel, K, and Tannock, IF. Drug resistance and the solid tumor microenvironment. J Natl Cancer Inst (2007) 99(19):1441–54. doi: 10.1093/jnci/djm135

103. Wilson, GK, Tennant, DA, and McKeating, JA. Hypoxia inducible factors in liver disease and hepatocellular carcinoma: current understanding and future directions. J Hepatol (2014) 61(6):1397–406. doi: 10.1016/j.jhep.2014.08.025

104. Lin, D, and Wu, J. Hypoxia inducible factor in hepatocellular carcinoma: A therapeutic target. World J Gastroenterol (2015) 21(42):12171–8. doi: 10.3748/wjg.v21.i42.12171

105. Powis, G, and Kirkpatrick, L. Hypoxia inducible factor-1alpha as a cancer drug target. Mol Cancer Ther (2004) 3(5):647–54.

106. Ju, C, Colgan, SP, and Eltzschig, HK. Hypoxia-inducible factors as molecular targets for liver diseases. J Mol Med (2016) 94(6):613–27. doi: 10.1007/s00109-016-1408-1

107. Chen, C, and Lou, T. Hypoxia inducible factors in hepatocellular carcinoma. Oncotarget (2017) 8(28):46691–703. doi: 10.18632/oncotarget.17358

108. Comerford, KM, Wallace, TJ, Karhausen, J, Louis, NA, Montalto, MC, and Colgan, SP. Hypoxia-inducible factor-1-dependent regulation of the multidrug resistance (MDR1) gene. Cancer Res (2002) 62(12):3387–94.

109. Poller, B, Wagenaar, E, Tang, SC, and Schinkel, AH. Double-transduced MDCKII cells to study human p-glycoprotein (ABCB1) and breast cancer resistance protein (ABCG2) interplay in drug transport across the blood–brain barrier. Mol Pharmaceutics (2011) 8(2):571–82. doi: 10.1021/mp1003898

110. Wu, FQ, Fang, T, Yu, LX, Lv, GS, Lv, HW, Liang, D, et al. ADRB2 signaling promotes HCC progression and sorafenib resistance by inhibiting autophagic degradation of HIF1alpha. J Hepatol (2016) 65(2):314–24. doi: 10.1016/j.jhep.2016.04.019



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

Copyright © 2022 Zhao, Liu, Gao, Zou, Ren and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 16 December 2022

doi: 10.3389/fonc.2022.973045

[image: image2]


Prediction of bile duct injury after transarterial chemoembolization for hepatocellular carcinoma: Model establishment and verification


Jianxi Guo †, Xueying Zhang † and Jian Kong *†


Department of Interventional Radiology, Shenzhen People’s Hospital (Second Clinical Medical College of Jinan University, First Affiliated Hospital of Southern University of Science and Technology), Shenzhen, China




Edited by: 

Fan Feng, The 302th Hospital of PLA, China

Reviewed by: 

Yu-Dong Xiao, Second Xiangya Hospital, Central South University, China

Xudong Gao, Fifth Medical Center of the PLA General Hospital, China

*Correspondence: 

ian Kong
 Kongjian@mail.sustech.edu.cn

†ORCID:
 Jianxi Guo
 orcid.org/0000-0001-8878-4169
 Xueying Zhang
 orcid.org/0000-0001-6593-6078 

Jian Kong
 orcid.org/0000-0002-4786-2287

Specialty section: 
 This article was submitted to Gastrointestinal Cancers: Hepato Pancreatic Biliary Cancers, a section of the journal Frontiers in Oncology


Received: 07 September 2022

Accepted: 01 December 2022

Published: 16 December 2022

Citation:
Guo J, Zhang X and Kong J (2022) Prediction of bile duct injury after transarterial chemoembolization for hepatocellular carcinoma: Model establishment and verification. Front. Oncol. 12:973045. doi: 10.3389/fonc.2022.973045




Objective

This study aimed to establish and validate a predictive model for bile duct injury in patients with hepatocellular carcinoma (HCC) after drug-eluting bead transarterial chemoembolization (DEB-TACE).



Methods

We retrospectively analyzed 284 patients with HCC treated with DEB-TACE at our hospital between January 2017 and December 2021, of whom 63 patients experienced postoperative bile duct injuries. Univariate and logistic multivariate regression analyses were performed to identify the risk factors for bile duct injury, as well as establish and internally validate the nomogram model. The area under the curve (AUC) of the receiver operating characteristic (ROC) curve, calibration curve, Hosmer-Lemeshow goodness of fit test, decision curve analysis (DCA), and clinical impact curve (CIC) were used to assess the predictive power, clinical value, and practicability of the nomogram model.



Results

The incidence of bile duct injuries after DEB-TACE was 22.18% (63/284), with one injury occurring in every 2.86 sessions of DEB-TACE treatment. Univariate and logistic multivariate regression analyses indicated that a history of hepatectomy (odds ratio [OR]=2.285; 95% confidence interval [CI]=1.066–4.898; P<0.05), subjective angiographic chemoembolization endpoint level (OR=1.832; 95% CI=1.258–2.667; P<0.05), alkaline phosphatase (OR=1.005; 95% CI=1.001–1.010; P<0.05), and platelet count (OR=1.005; 95% CI=1.001–1.009; P<0.05) were independent risk factors for bile duct injury after DEB-TACE among patients with HCC. The risk nomogram model based on the above four variables was validated using the bootstrap method, showing consistency between the predicted and experimental values. Furthermore, the model performed well in the Hosmer-Lemeshow goodness-of-fit test (2=3.648; P=0.887). The AUC of this model was 0.749 (95% CI=0.682–0.817), with an overall accuracy of 69.01%, a positive predictive value of 73.02%, a negative predictive value of 67.87%, a sensitivity of 73.0%, and a specificity of 67.90%, suggesting that the nomogram model had good accuracy and discrimination. In addition, DCA and CIC revealed a high clinical value and practicability of the model.



Conclusion

Bile duct injury in patients with HCC treated with DEB-TACE is caused by multiple factors rather than a single factor. The nomogram prediction model used in this study had a good fitting degree and prediction efficacy, with high clinical value and practicability.





Keywords: DEB-TACE, HCC, bile duct injury, risk factors, prediction model



Introduction

Transarterial chemoembolization (TACE) is the recommended treatment for intermediate-stage hepatocellular carcinoma (HCC), postoperative recurrence of HCC, and a few cases of stage A Barcelona Clinic Liver Cancer (BCLC) because of its advantages such as minimal invasiveness, safety, and fewer complications (1). Previous studies have shown that some patients with HCC can achieve the standard of clinical cure or long-term tumor-bearing survival, as well as a significant improvement in the quality of life after treatment with TACE (2, 3). Ischemic bile duct injury, also known as ischemic biliary tract disease, ischemia-related biliary tract disease, or ischemic cholangitis, is a complex biliary tract disease that refers to a local or diffuse bile duct injury in which various factors cause bile duct damage (4). Bile duct injury is a rare and serious complication of conventional TACE (c-TACE) with an estimated incidence of 0.5–4% (5–8). In recent years, the increasing demand for TACE led to the development of novel embolization agents with improved therapeutic effects and fewer systemic adverse effects; thus, drug-eluting beads TACE (DEB-TACE) is gradually being applied in clinical practice. Several retrospective and prospective clinical studies have documented a higher incidence of postoperative ischemic bile duct injury and other complications with DEB-TACE than with c-TACE (9–11). Due to the lack of effective approaches, treatment outcomes and prognosis of ischemic bile duct injury remained unsatisfactory (12). Several studies have described the pathophysiology, risk factors, imaging findings, and clinical significance of bile duct injuries (13, 14); however, predictive factors of bile duct injury after DEB-TACE have received little attention. Therefore, this retrospective study analyzed the incidence of bile duct injury after DEB-TACE and by screening potential risk factors, we developed a nomogram prediction model for postoperative bile duct injury among patients with HCC undergoing DEB-TACE.



Material and methods


Study population

The institutional review board of Shenzhen People’s Hospital approved this retrospective study (No. LL-KY-2022137-01) and waived the requirement for informed consent from the patients. All the procedures performed in this study involving human participants were in accordance with the 2013 revision of the Declaration of Helsinki.

A total of 284 patients diagnosed with HCC were treated with DEB-TACE at our hospital between January 2017 and December 2021, and the patients are consecutive in the present study. The inclusion criteria were as follows: 1) pathological or clinically confirmed diagnosis of HCC according to the American Association for the Study of Liver Diseases; 2) liver function grade A or B in Child–Pugh class, stage A or B BCLC, and 0 score in Eastern Cooperative Oncology Group; patients who refused to undergo surgery and those with no surgical indications or postoperative residual disease and recurrence but consistent with DEB-TACE treatment indicators; 3) those who did not undergo other treatments for HCC before hepatectomy or DEB-TACE treatment until the follow-up period, including interventional therapy (e.g., c-TACE and ablation), chemotherapy, and radiotherapy; 4) no bile duct injury before hepatectomy or DEB-TACE; and 5) DEB-TACE treatment performed for ≥2 times with a follow-up period of ≥6 months or those who achieved a complete response (CR) after initial DEB-TACE treatment after a follow-up period of ≥6 months. Patients were excluded if 1) those with a history of choledochojejunostomy, percutaneous transhepatic cholangiodrainage, endoscopic retrograde cholangiopancreatography, or other biliary system surgeries; 2) patients with infiltrative HCC; 3) those with missing data or who did not complete the follow-up; 4) patients with comorbid severe heart, lung, liver, kidney, or other organ dysfunction; and 5) those with contraindications for vascular interventional procedures, such as severe coagulopathy and iodine allergy.



DEB-TACE procedure

All interventional procedures were performed in an independent room of digital subtraction angiography (DSA,1200 mA, Siemens, Munich, Germany), and all interventional radiologists completed specialized training in interventional radiology with more than 10 years of experience in independent procedures. DEB-TACE was performed as follows: the patient was placed in the supine position, and the inguinal region was disinfected and draped. The puncture site was anesthetized using local anesthesia; the right femoral artery was punctured using the Seldinger method, and a 5F catheter sheath (Terumo, Tokyo, Japan) was passed through the artery. A 5F-Pigtail (Cordis, Miami Lakes, USA) catheter was introduced using a guidewire (Terumo, Tokyo, Japan) for abdominal aortography to observe the presence of variant and parasitic vessels supplying the tumor area. A Yashiro catheter (Terumo, Tokyo, Japan) was passed through the celiac trunk or the common hepatic artery for angiography. Angiography image collection included the arterial, parenchymal, and venous phases. Attention was paid to identifying the collateral feeding artery of the tumor to assess the blood flow in the tumor-supplying artery and portal vein and the presence of a combined hepatic arteriovenous fistula. A 2.4F coaxial microcatheter (Boston Scientific, Boston, MA, USA) was superselectively passed through the segmental or subsegmental tumor-supplying artery while avoiding the cystic, right gastric, and sickle arteries. The diameter of the CalliSheres ® beads (Hengrui Medical, Suzhou, China) was selected according to the tumor size and number and intraoperative angiographic findings. CalliSheres® beads were loaded with chemotherapeutic drugs (2 mL/vial DEBs with 50 mg pirarubicin), which were then mixed with 10–15 mL non-ionic contrast agent, iophorol-350 (Hengrui Medical, Suzhou, China). Sterile water and/or a contrast agent was injected to achieve a good suspension of the microspheres. After the catheter reached the target vessel, the micropheres injected slowly at a rate of 1 mL/min using a 3 mL syringe. Subjective angiographic chemoembolization endpoint (SACE) level was used to assess embolization, and the ideal endpoint was defined as the disappearance of residual tumor blush and near stasis of the residual antegrade arterial flow. Repeated angiography was performed 5 min later to confirm the embolization endpoint. The catheter and sheath were removed, compression hemostasis and bandaging were performed at the puncture site, and the right lower limb was immobilized in bed for 8 h. All patients were routinely administered symptomatic treatment for liver and stomach protection and pain relief, as well as antiemetic therapy after procedure.



Data collection

The data of all patients were collected from the inpatient information retrieval system, including 1) demographic data: age, sex, personal history, medical history, comorbidity, and treatment history; 2) clinical features: tumor load, size, and distribution; 3) imaging data: abdominal ultrasonography (US), computed tomography (CT), and magnetic resonance imaging (MRI) before and after bile duct injury; 4) laboratory examination: routine blood tests, coagulation function, liver and kidney function, and tumor markers; 5) the number of DEB-TACE treatments; and 6) SACE level (15). The four stages of SACE are SACE I: normal residual antegrade arterial flow and reduced residual tumor blush; SACE II: reduced residual antegrade arterial flow and residual tumor blush; SACE III: reduced residual antegrade arterial flow and no residual tumor blush; and SACE IV: no residual antegrade arterial flow and residual tumor blush. If DEB-TACE was performed more than once, follow-up was continued until bile duct injury was detected.



Imaging assessment of bile duct injury

Imaging evaluation was completed by two associated chief radiologists who have been engaged in CT and MRI diagnosis for more than 10 years, and both were blinded to the patient’s baseline data and treatments. Disagreements were resolved through consultation. If the bile duct was normal before DEB-TACE, the imaging manifestations of the bile duct injury after the procedure, such as intrahepatic biliary dilatation, biloma, and hilar biliary stricture, were recorded (5, 16, 17). Specific imaging findings were as follows: 1) imaging diagnosis of bile duct dilatation revealed bile duct shadows distributed in the liver lobe or a segment along the Glisson’s sheath and running along the portal vein, which might be accompanied by congestion and edema; 2) imaging diagnosis of the hilar biliary stricture was based on magnetic resonance cholangiopancreatography, and the original MRI images showed hilar bile duct filling defect performance or different degrees of stenosis with or without bile duct dilatation; 3) imaging diagnosis of biloma revealed circular, isolated, or polycystic low-density areas accompanied by signs of infection or quasi-circular low-density areas distributed along the Glisson’s sheath, which communicated with the bile duct. Bile duct injury caused by DEB-TACE was defined as any one or more of the aforementioned imaging findings combined with laboratory tests of AKP, GGTP, TBil and DBil (14). It should also be differentiated from bile duct changes due to tumor invasion, include imaging manifestations, history of TACE treatment, morphology and occurrence time of bile duct dilatation.



Follow-up protocol

All patients underwent routine blood tests, coagulation function, liver and kidney function, and imaging examinations (e.g., CT, MRI, and US) before DEB-TACE. The first follow-up was conducted by performing CT/MRI and enhanced CT/MRI 4–6 weeks after the procedure. If the tumor response was evaluated as complete response (CR), the follow-up was performed every 2–3 months and then every 6 months; however, if the tumor response was evaluated as a partial response (PR), DEB-TACE treatment was continued according to the treatment plan until CR was achieved. If tumor recurrence or progression occurred during follow-up, the corresponding treatment regimen was administered according to the BCLC criteria. All patients were followed up for at least 6 months after the initial DEB-TACE treatment, and the follow-up was terminated when patients experienced bile duct injury or serious complications.



Statistical analysis

The kappa index was calculated to analyze the consistency between the two radiologists, with values <0.4 indicating poor agreement, 0.4–0.75 indicating good agreement, and >0.75 indicating excellent agreement. Continuous variables are expressed as mean ± standard deviation for normally distributed and non-normally distributed variables. Numerical differences between the two groups were assessed using the chi-square test for categorical variables, and continuous variables were assessed using the t-test or Mann–Whitney U test. Univariate analysis was used to screen for potential risk factors for bile duct injury, and multivariate logistic regression analysis was performed. A p-value of < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS, version 26.0 (IBM Corp., Armonk, NY, USA).

The RMS program was used to establish the risk nomogram prediction model, and the Caret program bootstrap method was used for internal verification. ROCR and RMS program were used to draw the receiver operating characteristic (ROC) curves. The area under the curve (AUC), accuracy, positive and negative predictive values, sensitivity, and specificity of the ROC curve were calculated to assess the accuracy and discrimination of the model. The calibration curve and Hosmer-Lemeshow goodness-of-fit test were developed to evaluate the consistency of the observed and theoretical values, and P >0.05 indicated good performance. Clinical impact curve (CIC) and decision curve analysis (DCA) were performed to reflect the net benefit and clinical practicability of the nomogram model. The above statistical analyses were conducted using R software, version 3.6.1.




Results


Basic characteristics

A total of 284 patients with HCC were included, and an average of 2.82 ± 1.35 (range, 1–7) DEB-TACE treatment sessions per patient were performed successfully, with a total number of 802 DEB-TACE sessions. Varying degrees of postoperative bile duct injury occurred in 63 patients (22.18%), including 41 (65.08%) with biliary dilatation (Figure 1), 12 (19.05%) with biloma (Figure 2), and 10 (15.87%) with hilar biliary strictures (Figure 3). The mean age was 54.67 ± 11.94 years, and there were 43 (68.25%) males and 20 (31.75%) females. Of the 63 patients with a bile duct injury, 48 (76.19%) and 7 (11.11%) patients had HBV and HCV infections, respectively, 8 (12.70%) had alcohol/other types of cirrhosis, and 16 (25.40%) had a history of liver tumorectomy. There were 48 (76.19%) patients with grade A and 15 (23.81%) patients with grade B liver function Child–Pugh scores. As for BCLC, 33 (52.38%) patients had stage A and 30 (47.62%) had stage B BCLC (Table 1).




Figure 1 | A 41-year-old female patient who was diagnosed with hepatitis B more than 10 years ago underwent CT examination due to epigastric pain, and CT findings indicated a large hepatocellular carcinoma in the right lobe of the liver (A). The patient underwent two DEB-TACE treatment sessions. After 6 weeks, CT reexamination revealed a significant reduction in necrosis of the liver tumor; however, multiple intrahepatic bile duct necroses were observed around the tumor without significant enhancement (B–D) (red arrow).






Figure 2 | A 52-year-old male patient with HCC who received multiple DEB-TACE treatment sessions complained of abdominal pain accompanied by high a fever 4 weeks after undergoing the procedure. CT findings indicated multiple low-density shadows in the liver without obvious enhancement (red arrow). During puncture catheter drainage, we found that the drainage was a clear, yellowish biliary fluid, not liver abscess suppurative fluid, and the bacterial culture of the fluid was negative on multiple occasions.






Figure 3 | A 55-year-old male patient who underwent HCC resection and received two DEB-TACE treatment sessions presented with mild yellow staining of the sclera and skin, which occurred 6 weeks after the procedure. MRI and MRCP findings suggested intrahepatic bile duct dilation, localized stricture of the hilar bile duct, and no signs of tumor invasion or compression in the hilar liver (A, B) (red arrow).




Table 1 | Demographic characteristics and results of the univariate analysis of patients with HCC.





Treatment response

The kappa consistency test was used to analyze the inter-examiner agreement in the diagnosis of bile duct injury after DEB-TACE, and the kappa value was 0.85, indicating excellent consistency.

The mean maximum tumor diameter was 56.16 ± 31.51 mm, and the mean number of tumors was 2.75 ± 1.98 among the 63 patients with HCC. Patients were grouped according to tumor burden ranging from six-and-twelve score (linear predictor = largest tumour diameter (cm) + tumour number) (18), including 19 (30.16%) patients with a tumor burden of ≤6, 34 (53.97%) with a tumor burden of 6–12, and 10 (15.87%) with a tumor burden of ≥12. These 63 patients with bile duct injury underwent a total of 180 DEB-TACE sessions, with an average interval of 40.57 ± 8.68 days between two DEB-TACE treatments. One bile duct injury occurred in every 2.86 DEB-TACE treatment sessions and 56.13 ± 47.72 days after the last treatment. Overall, 5 (7.94%) patients had SACE I, 9 (14.28%) had SACE II, 30 (47.62%) had SACE III, and 19 (30.16%) had SACE IV. The diameter of the loaded beads selected for DEB-TACE treatments ranged from 70–150 µm in 20 (31.75%) patients, 100–300 µm in 33 (52.38%), and 300–500 µm in 10 (15.87%) patients (Table 1).



Risk factors of bile duct injury

Univariate analysis showed that there were significant differences in age, history of hepatectomy, tumor burden group, SACE level, Bead diameter, alkaline phosphatase (AKP), gamma glutamyl-transpeptidase (GGTP), and platelet (PLT) count between HCC patients with and without bile duct injury after DEB-TACE (all P <0.05; Table 1).

The abovementioned factors with statistical significance were included in the multivariate analysis. As shown in Table 2, a history of hepatectomy (odds ratio [OR], 2.285; 95% confidence interval [CI], 1.066–4.898; P <0.05), SACE level (OR, 1.832; 95% CI, 1.258–2.667; P <0.05), AKP (OR, 1.005; 95% CI, 1.001–1.010; P <0.05), and PLT count (OR, 1.005; 95% CI, 1.001–1.009; P < 0.05) were all independent risk factors for bile duct injury after DEB-TACE. Specifically, in the stratified analysis of SACE levels, no significant difference (P >0.05) was found in SACE I between patients with bile duct injury (5 injuries, 7.94%) and without bile duct injury (27 cases, 12.22%); similar results were found in SACE III with p values >0.05. In contrast, among patients with SACE II, the proportion of bile duct injuries (9 injuries, 14.28% vs 90 cases, 40.72%) was significantly lower (P <0.05). Among patients with SACE IV, the proportion of bile duct injuries (19 injuries, 30.16% vs 28 cases, 12.67%) was significantly higher (P <0.05).


Table 2 | Results of the multivariate logistic regression analysis.





Risk nomogram model

A risk nomogram model was established based on the history of hepatectomy, SACE level, AKP, and PLT count (Figure 4). The nomogram was validated using the bootstrap method, showing consistency between the predicted and experimental values (Figure 5), and the model performed well in the Hosmer-Lemeshow goodness-of-fit test (χ2 = 3.648; P=0.887), indicating its superior predictive ability. The ROC curve of the risk prediction model for predicting bile duct injuries after DEB-TACE among patients with HCC is shown in Figure 6, with an AUC of 0.749 (95% CI, 0.682–0.817), an overall accuracy of 69.01%, a positive predictive value of 73.02%, a negative predictive value of 67.87%, a sensitivity of 73.0%, and a specificity of 67.90%, suggesting that the nomogram model had good accuracy and discrimination. DCA in Figure 7 shows that when the threshold of the model was set within the range of 0.1–0.6, the decision curve was located above the None and All lines, indicating that when the prediction model was used to make clinical decisions, a greater net benefit rate of the population could be obtained compared with the prediction scheme of “all bile duct injuries” or “none bile duct injuries,” further proving that the model had a high value of clinical practical application. In addition, CIC was drawn based on the DCA, which showed that the cost and benefit ratios were within the acceptable range (Figure 8), further suggesting that the model had high clinical practicability.




Figure 4 | Risk nomogram model for the prediction of bile duct injuries after DEB-TACE in patients with HCC. **, *** refers to the contribution weight.






Figure 5 | Calibration curve of the risk nomogram model for the prediction of bile duct injuries after DEB-TACE in patients with HCC.






Figure 6 | ROC curve of the risk prediction model for the prediction of bile duct injuries after DEB-TACE in patients with HCC.






Figure 7 | DCA of the risk prediction model for the prediction of bile duct injuries after DEB-TACE in patients with HCC. The horizontal line (i.e., the None line) represents that no patient had a bile duct injury, while the gray curve (i.e., the All line) represents all patients who had a bile duct injury.






Figure 8 | CIC of the risk prediction model for the prediction of bile duct injuries after DEB-TACE in patients with HCC. The red line (i.e., number of high-risk patients) represents the number of patients classified as positive by the model at each threshold probability, whereas the blue curve (i.e., number of high-risk patients with an outcome) represents the number of patients with true positives at each threshold probability.






Discussion

Since first reported in 1985 by a Japanese scholar, Masatoshi et al. (19), bile duct injury caused by TACE has been successively recorded worldwide. In 1993, Kobayashi confirmed through autopsies that the branches of the hepatic artery were embolized after TACE, resulting in bile duct necrosis (20). In 2001, Kim reported that ischemic bile duct injury after TACE for liver cancer is a serious complication (16). In 2008, Bang reported that repeated TACE could cause ischemic biliary stricture (6), and Guiu et al. in 2012 reported that a higher incidence of bile duct injuries was observed after DEB-TACE compared with c-TACE (9). With poor symptom specificity and difficulty in clinical diagnosis, once the ischemic bile duct injury is complicated by an irreversible bile duct injury, the clinical prognosis will be poor, and TACE has to be terminated in time. Therefore, the prevention and prediction of the occurrence of such complications have become the focus of recent research.

Generally, the primary etiology of bile duct injury after TACE is ischemia of the artery supplying the bile duct (16, 21). Several studies simulated bile duct ischemia by ligating the hepatic artery in rats and concluded that impaired bile duct function resulted in increased expression of the apoptotic bile duct and apoptotic cholangiocyte genes in liver tissue sections (22). Biliary artery ischemia can lead to necrosis and shedding of biliary epithelial cells, followed by bile duct dilatation and/or stenosis, bile retention and/or spillage, and finally, biloma or other irreversible injuries (23). The incidence of bile duct injury after DEB-TACE in our study was approximately 22.2% (63/284), which was lower than the 33% incidence rate reported in a previous study (10). This higher incidence may be explained by the presence of comorbid liver cirrhosis among our patients with HCC, as the proliferation, dilatation, and formation of a microarterial-portal shunt of the capillary plexus around the bile duct in cirrhosis acts as a compensatory mechanism for liver tissue ischemia, which could make it resistant to bile duct injury after TACE to a certain extent (6).

Among the 63 patients with a bile duct injury in this study, the incidence of intrahepatic and hilar bile duct injuries was 84% (53/63) and 16% (10/63), respectively, indicating that the former was more common and might be closely related to the biliary vascular anatomy. The bile duct is mainly divided into small, interlobular, and large bile ducts (including the left, right, and common hepatic ducts), of which the large bile duct is the predilection site for bile duct injury. The bile duct primarily originates from the hepatic artery, which is graded in turn, and finally forms a special bile duct system called the peribiliary vascular plexus, i.e., double capillaries located both below and around the bile duct epithelium. In addition to the blood supply from the hepatic artery branches and anastomotic branches, the hilar bile duct can also be supplied by the gastroduodenal artery through the anastomotic branches (7, 13, 24). In most DEB-TACE sessions, superselective catheterization is used for hepatic artery embolization, which avoids the feeding artery of the hilar bile duct and further reduces the incidence of hilar bile duct injury.

The association between the number of TACE treatment sessions and the occurrence of bile duct injury remains controversial. It has been reported that patients undergoing multiple TACE sessions were prone to bile duct injuries (6). This may be due to the incomplete repair and re-embolization of injured vessels due to repeated TACE sessions, followed by gradual reduction of blood vessels supplying the bile duct, and finally, ischemic injury. However, it has also been demonstrated that bile duct injury occurs in patients with HCC treated with one TACE session (9). In this study, we found that bile duct injuries occurred after an average of three DEB-TACE treatment sessions; therefore, we recommend that patients with HCC who underwent more than two or three DEB-TACE treatment sessions should be carefully monitored for the occurrence of bile duct injuries.

Currently, bile duct injury after DEB-TACE is caused by a combination of factors rather than a single factor. The results of the univariate analysis in this study suggested that age, history of hepatectomy, tumor burden group, SACE level, bead diameter, AKP, GGTP, and PLT count were associated with bile duct injury after DEB-TACE. The results of the logistic multivariate regression analysis showed that the independent risk factors for bile duct injury after DEB-TACE include a history of hepatectomy, SACE level, AKP, and PLT count.

Our results showed that a higher proportion of patients with a bile duct injury had a history of undergoing surgical resection for liver cancer than those without a bile duct injury, and some bile duct injuries were caused by DEB-TACE due to residual hepatectomy margins or microvascular invasion. In contrast, the surgical resection of HCC results in the modification of the intrahepatic bile duct supply system, which reduces its supply vessels while losing its siphon effect. TACE may cause the embolic microspheres to enter the normal liver parenchyma, increasing the probability of bile duct injury to a certain extent. However, during surgical resection, the hepatic artery and blood vessels of the bile duct are blocked, resulting in preliminary ischemia of the bile duct. If TACE is performed again to inject the embolic agent, it may lead to further bile duct ischemia and, finally, ischemic necrosis. Therefore, a history of hepatectomy may be a risk factor for bile duct injury.

Kobayashi et al. (20) performed autopsies on patients with HCC who underwent TACE treatment and revealed a reduced or even disappeared non-necrotic peribiliary capillary network near the biloma, as well as some peripheral vascular embolism and liver parenchymal atrophy. Malagari et al. (25) have reported that the degree of embolism was a significant risk factor for bile duct injury after DEB-TACE, which was consistent with our results, which demonstrated that the SACE level (OR, 1.832; 95% CI, 1.258–2.667; P <0.05) at the embolization endpoint was an independent risk factor for bile duct injury. Specifically, in the stratified analysis of SACE levels, it was found that when the embolization endpoint was SACE II, the proportion of bile duct injuries was significantly lower than that in patients without bile duct injury (9 injuries, 14.28% vs 90 cases, 40.72%; P <0.05). When the embolization endpoint was SACE III, there was no statistically significant difference between the two groups (P >0.05). However, in patients with SACE IV at the embolization endpoint, the proportion of bile duct injuries was significantly higher than that in patients without bile duct injuries (19 injuries, 30.16% vs 28 cases, 12.67%; P <0.05). The above results indicate that the more thorough the degree of embolization, the higher the probability of bile duct injury. With a higher SACE level, the embolic agent is more likely to enter the supply vessel of the embolized bile duct, resulting in biliary ischemic injury. To improve the tumor response rate and reduce bile duct injury, we recommend using SACE II or III rather than SACE IV as the embolization endpoint.

Laboratory tests for AKP, GGTP, and total bilirubin demonstrated good clinical significance in monitoring concurrent bile duct injuries. This study found that AKP and GGTP levels were significantly higher in patients with a bile duct injury than in those without a bile duct injury, and logistic multivariate regression analysis suggested that elevated AKP was an independent risk factor for bile duct injury (OR, 1.005, 95% CI, 1.001–1.010; P <0.05). Yu et al. (26) believed that significantly elevated AKP was more sensitive than CT imaging in predicting bile duct injuries. Therefore, we suggest that close attention should be paid to the possibility of bile duct injury in patients with higher AKP.

This study found that PLT counts in patients with a bile duct injury were significantly higher than those in patients without a bile duct injury through both univariate and multivariate regression analyses (P <0.05). Combined with the fact that most patients included in this study had cirrhotic portal hypertension and hypersplenism, the decrease in PLT count was closely related to the degree of hypersplenism. This conclusion again illustrates that cirrhosis is a protective factor against bile duct injury (9, 21). HCC patients with high PLT counts who underwent prompt DEB-TACE should be carefully monitored for the occurrence of bile duct injuries.

A nomogram has a high clinical practice value as it collates statistically significant risk factors according to the results obtained from the multivariate regression analysis. Based on the pre-calculated proportion, it uses lines with a scale to clearly describe the relationship between each risk factor in the model, such that the results of the logistic regression analysis are visualized and intuitive (27). A nomogram can be applied in clinical settings by adding the scores corresponding to various independent risk factors, and the total score corresponds to the risk prediction value referring to the incidence of specific events.

We established a risk nomogram based on the history of hepatectomy, SACE level, AKP, and PLT count. The nomogram was validated by the bootstrap method, showing consistency between the predicted and experimental values, and the model performed well in the Hosmer-Lemeshow goodness-of-fit test (χ2 = 3.648; P=0.887). The ROC curve of the risk prediction model was plotted, with an AUC of 0.749 (95% CI, 0.682–0.817) and an overall accuracy of 69.01% (positive predictive value, 73.02%; negative predictive value, 67.87%; sensitivity, 73.0%; specificity, 67.90%), indicating favorable accuracy. In addition, DCA and CIC revealed a high clinical value and practicability of the model. Hence, our nomogram could perform individualized prediction of bile duct injuries after DEB-TACE in patients with HCC.

The prediction model of this study showed that patients with HCC treated with DEB-TACE had a higher probability of postoperative bile duct injury if they had a history of hepatectomy and higher PLT count, AKP, and SACE levels. For example, an HCC patient treated with DEB-TACE with no history of hepatectomy (20 points), PLT count of 180 × 109/L (20 points), SACE IV (40 points), AKP of 200 U/L (23 points), will have a total score of 20 + 20+40+23 = 103 points, and the calculated predictive value will be 0.403, i.e., this patient has a 40% possibility of bile duct injury (Figure 4).

This study had some limitations. First, the retrospective study design might have incorporated information bias, and limited our selection of related variables. Second, only internal validation was used. Although there are many studies suggesting the value of internal validation (28, 29), external validation is still a more reliable way to validate models. therefore, an independent external validation cohort is needed in future studies. Third, considering that our treatment regimens were quite similar, we did not include risk factors such as chemotherapeutic drugs, which could also lead to bile duct injury after TACE. Future studies should include patients who underwent both transcatheter arterial embolization and TACE.

In summary, bile duct injury in patients with HCC treated with DEB-TACE was caused by multiple factors rather than a single factor. Based on the history of hepatectomy, SACE level, AKP, and PLT count, the nomogram prediction model established in this study had a good fitting degree and prediction efficacy with high clinical value and practicability.
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Purpose

To establish a hepatocellular carcinoma imaging database and structured imaging reports based on PACS, HIS, and repository.



Methods

This study was approved by the Institutional Review Board. The steps of establishing the database are as follows: 1) According to the standards required for the intelligent diagnosis of HCC, it was attempted to design the corresponding functional modules after analyzing the requirements; 2) Based on client/server (C/S) mode, 3-tier architecture model was adopted. A user interface (UI) could receive data entered by users and show handled data. Business logic layer (BLL) could process the business logic of the data, and data access layer (DAL) could save the data in the database. The storage and management of HCC imaging data could be realized by the SQLSERVER database management software, and Delphi and VC++ programming languages were used.



Results

The test results showed that the proposed database could swiftly obtain the pathological, clinical, and imaging data of HCC from the picture archiving and communication system (PACS) and hospital information system (HIS), and perform data storage and visualization of structured imaging reports. According to the HCC imaging data, liver imaging reporting and data system (LI-RADS) assessment, standardized staging, and intelligent imaging analysis were carried out on the high-risk population to establish a one-stop imaging evaluation platform for HCC, strongly supporting clinicians in the diagnosis and treatment of HCC.



Conclusions

The establishment of a HCC imaging database can not only provide a huge amount of imaging data for the basic and clinical research on HCC, but also facilitate the scientific management and quantitative assessment of HCC. Besides, a HCC imaging database is advantageous for personalized treatment and follow-up of HCC patients.





Keywords: hepatocellular carcinoma, intelligent diagnosis and treatment, database, C/S mode, SQL server



1 Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in the world, as well as being the fourth most common malignant tumor and the third leading cause of cancer-related death in China (1). To date, several studies have applied deep learning, neural network, radiomics, and other artificial intelligence (AI) methods to imaging diagnostic evaluation and prognostic prediction of HCC patients via extracting and analyzing the clinical data (2–4). Thus, it is of great significance to concentrate on the occurrence, progression, and prognosis of HCC for the precise diagnosis and treatment of HCC. However, the single-center nature of the majority of these studies hindered generalizability of their findings. In spite of progresses achieved in data mining and performing large sample size research, there is no public HCC database worldwide. The establishment of a HCC imaging database can provide a huge amount of data for clinical research, which can not only meet the needs of their own research, but also share resources with researchers from other hospitals, research institutions, and universities. As a result, a comprehensive HCC imaging database is beneficial to the scientific management and quantitative assessment of HCC, and to perform personalized treatment and follow-up of HCC patients (5).

The repository refers to the intelligent knowledge system (or expert system) by the combination of two computer technologies, including AI database (6). Therefore, a database is the basis of repository, and repository is an upgraded version of the database. A repository is also different from the general application program, because the general application program implicitly encodes the knowledge of solving problem, while the repository shows the knowledge explicitly, and forms a relatively independent program entity. The essence of the repository is to develop a computer model, enabling experts to solve the problem (7), and the completeness and accuracy of the data in the repository directly affect the clinical decision-making.

Because of its advantages of simplicity, accuracy, and clinical relevance, structured imaging reports have been widely applied in different organs, such as prostate, lung cancer, breast, etc. (8–10). However, to date, the structured imaging report of HCC has not yet been presented in China. The clinical imaging report of HCC is basically descriptive, and the format and content of reports from various sources are different, hindering its applicability in clinical decision-making. Therefore, there is an urgent need to develop structured imaging reports of HCC.

The present study aimed to establish an imaging database of HCC based on picture archiving and communication system (PACS), hospital information system (HIS), and repository. It was attempted to design the corresponding functional modules after analyzing the requirements, adopt C/S (client/server) mode and a three-tier architecture mode (user interface (UI), business logic layer (BLL), and data access layer (DAL)), use SQL server management software to realize data storage and management, apply the intelligent knowledge system to the imaging diagnosis of HCC, and utilize the database information to initially create the structured imaging reports of HCC. Finally, a HCC data service platform based on PACS, HIS and repository, could be successfully established for collection, retrieval, and analysis of HCC data.



2 Materials and methods


2.1 Design of HCC imaging database

Based on semantic technology, the platform combines database, repository, and AI to establish a HCC imaging database based on PACS, HIS and repository. Besides, the domain knowledge in the repository is integrated with patients’ electronic medical records (EMRs) and PACS to realize the combination of multi-dimensional and multi-level knowledge and standardized expression of data, providing an effective decision support for the selection and adjustment of clinical treatment plans.



2.2 Functional design

Semantic technology is a concept in computer science that aims to bring semantics (the meaning and context of words and sentences) to the computer world, in simple terms, to allow computers to understand words and the meaning aiming to improve computer analysis and ability to understand language. Based on semantic technology, the database can be designed using three modules, including data layer, knowledge layer, and application layer. The data layer mainly concentrates on data retrieval, data collection, and data processing. Data retrieval and data collection include extracting patients’ basic information, examination of information, and diagnosis and treatment information from EMRs, as well as collecting daily real-time HCC imaging data confirmed by surgery and pathology according to subject headings. The knowledge layer is consisted of relevant content in the repository, including clinical guidelines, medical literature, experts’ experience and related professional knowledge, HCC staging and classification, structured imaging reports, and processed data. The application layer includes data processing and analysis, statistical analysis, and clinical decision-making.

The proposed platform takes computed tomography/magnetic resonance imaging (CT/MRI) of liver as the core and incorporates clinically relevant data, including patients’ basic data, examination-related data, and diagnostic and therapeutic data, providing a comprehensive database for the accurate diagnosis and structured imaging reports of HCC. The structured imaging report should include the following contents: quantitative analysis of tumor, liver imaging reporting and data system (LI-RADS) (11), HCC staging (12), treatment method (13–16), and other significant information. The DICOM C-MOVE command was utilized in the PACS system, which automatically collects, archives, permanently online stores the original images and diagnostic reports of pathologically confirmed HCC cases in real-time, and automatically retrieves clinically relevant data and sync matching and archiving. The overall functional design of the system is shown in Figure 1, mainly consisting of three main modules of data retrieval, system setting, and data processing, and further subdivides each sub-module according to the function of the parent node.




Figure 1 | Flow chart and function module of HCC image database.





2.3 Structural design

The database is divided into two parts: data retrieval in the foreground and data management in the background. When a user logs into the software interface, data retrieval is performed in the foreground, and after retrieving the relevant data, it is connected to the background data for processing (Figure 2). The foreground interface design mainly includes various functions, such as imaging data query, pathological diagnosis query, inspection index query, comprehensive query, and decision query. The imaging data query comprises multiple and various imaging examination queries of the same patient. While browsing the image data, routine operations on the image (i.e., window width bed adjustment, image roaming, image registration, and preset window operations) can be performed. A tool can also be used for intelligent area measurement (automatic or manual delineation), quantitative evaluation, etc. After post-processing of annotated images, the original images are not overwritten, and are separately uploaded onto the same case sub-directory to ensure the security of the original imaging data. At the same time, each account corresponds to the personal data under the same case list to ensure personalized storage of the data. The pathological diagnosis query can be searched according to the search term, HCC, and the specified subject words or/and their combinations; the inspection index query can be searched according to the specified search terms, such as alpha-fetoprotein (AFP), CA199, carcinoembryonic antigen (CEA), etc. In the comprehensive query, query can be carried out according to a patient’s ID number, gender, age, and date of admission and discharge. Decision query mainly aims to query the clinical decision suggestions made after the data processing by the knowledge layer. The front-end interface is also equipped with help and message functions, making it convenient for users to inquire about the basic operation steps and leave a message for disposal after finding a problem.




Figure 2 | System architecture of HCC image database. LI-RADS, Liver Imaging Reporting and Data System; BCLC, Barcelona Clinic Liver Cancer; TNM, Tumor Node Metastasis classification.



Data management in the background includes storage of clinical and inspection-related data, storage of intelligent imaging data, export of clinical and imaging data as Excel format, etc. This part mainly involves data storage and security, which requires the authority to manage the account. Ordinary users only have the authority to read data and upload and process data, so as to ensure the security and stability of the data. In order to ensure data security and prevent the loss of important data, all data are stored online on the PACS in the hospital. The original data can only be read and downloaded and cannot be changed. The processed data are stored independently under the same directory and sub-account and are invisible between sub-accounts to ensure the confidentiality of personalized data.



2.4 Database design

According to the standardized design method, the whole process of developing the database and the application system needs to be considered. The database is not only a simple storage of images and clinical data, but also needs to consider the conceptual design. The present study adopts an E-R model (entity-relationship diagram), a logical design (ER model to relational model), and physical design of database (storage structure and access path of database).

Conceptual design is the first stage in the database design process. After analyzing entities in the database, it summarizes and abstracts the attributes of each entity and the relationship between each pair of entities, forming an E-R model that is independent of the specific database management system (DBMS). The ER model of the HCC imaging database includes a total of 7 entities, including patients’ basic information, pathological diagnostic report, CT/MRI report, examination report (tumor marker), CT/MRI path table, treatment method, and postoperative follow-up data (Table 1). The logical design phase (E-R diagram) aims to convert the conceptual design into a data model supported by DBMS and to optimize it.


Table 1 | Logic Design of HCC database.



There are three main types of conflicts between parts of the E-R diagram: attribute conflicts, naming conflicts, and structural conflicts. In the conversion of E-R diagram to a relational model, it is necessary to indicate how to convert the entity and the relationship between entities into relational schemas, and how to determine the attributes and codes of these relational schemas. For instance, the relationship between patient and lesion pathological data, imaging data, and tumor markers is 1-to-1, the relationship between imaging data and patient, imaging data and HCC is many-to-1, and the relationship between pathological data and imaging data is many-to-many. The above-mentioned problem can be solved through a logical design, and database administration is therefore necessary. Physical design mainly refers to the database storage and storage path, that is, the logical design of the database is implemented using an actual physical storage device, so as to establish a physical database with a better performance. In the physical design stage, indexes should be established on the relevant attributes or combinations of attributes according to the requirements of index optimization to optimize the physical structure of the database. Additionally, a database is a system shared by multiple users, and multiple access paths must be established for the same relationship to meet the multiple application requirements of multiple users. One of the tasks of physical design is to determine which access method should be selected. There are three common access methods, including index method, cluster method, and HASH method. The B+ tree index method in the index method has been widely used because of its high efficiency. Thus, we used the B+ tree index method in the proposed database.



2.5 Implementation technique


2.5.1 Development plan

The proposed database is based on the design pattern of C/S. The SQL 2008R2 (relational database management system) server was used, and its functions include storage and backup of HCC imaging data. A client can adopt the framework of ASP+Flexbox+HTML5 and programming languages of Delphi and VC++, and its function includes data storage, visualization, query and writing structured imaging reports.

In the C/S three-tier architecture of the database, the UI receives and displays HCC data according to the type of tags; BLL processes the business logic of the data, including data validation and calculation; DAL saves the data processed by BLL in the database. The advantage of using the three-layer architecture pattern is to reduce the dependency between layers and to realize the idea of “high cohesion, low coupling”, which is conducive to standardization and reuse of logic at each layer. In addition, the present study adopts the C/S architecture, mainly because the system is used in the internal network of the hospital. Using the C/S architecture can complete the data processing on the client side, the response speed is faster, and it is easier to realize the complex logic of the structured imaging report. Moreover, individual requirements, such as structured reporting system and staging and grading are changeable, and the use of C/S architecture can promptly realize individualized configuration of UI and operational habits.



2.5.2 Key technology

Using the three-tier architecture, it is necessary to develop the database system for the three layers of UI, BLL, and DAL. First, UI is located in the outermost layer (the top layer), facing the user, using Active Server Pages (ASP), HyperText Markup Language (HTML), and Adobe Flex (FLEX) technology for front-end interface development and design, aiming to provide an interactive interface for users. BLL reflects the core value of the system architecture, which is located in the middle of UI and DAL, and serves as the link between the previous and the next stages in the data exchange. This layer is realized by the Active Template Library (ATL) of VC++. Visual C++ is an integrated development environment used to create Windows applications in the C, C++, and C++/CLI programming languages. ATL is a Microsoft program library that supports the use of C++ language to write ASP code and other ActiveX programs. Through the active template library, users can build COM components, and then call the COM objects through the script in the ASP page. The DAL, also known as the persistence layer, is mainly responsible for database access, as well as storage and management of relevant data. DAL uses MySQL technology and is a relational database management system, which is widely used due to the advantages of open source, excellent performance, and great portability. Users of this system can set specific labels, such as HCC, focal liver nodular hyperplasia (FNH), liver nodular regenerative hyperplasia (NRH), cholangiocarcinoma (ICC), etc., and then the program will automatically search relevant pathological, imaging, and clinical data (the service supports data interaction through various interfaces, such as database intermediate tables, WebService, and Health Level Seven (HL7, a standard for medical informatics exchange between healthcare providers)) in the RIS system. Then, it automatically collects, organizes, and summarizes data on the server, and all files are available in the PACS and HIS in the hospital. Users can perform secondary analysis on the retrieved data, save structured imaging reports, and export to the Excel. DICOM images can be obtained from PACS through DICOM Query/Retrieve, and images and data can be anonymized.



2.5.3 Quantitative assessment, LI-RADS assessment, and treatment route in the repository

After data collection, the software performs quantitative and LI-RADS assessments of tumors, which can be convenient for further research and analysis. Quantitative assessment is mainly utilized for objective evaluation of target tumors and subjective evaluation of non-target tumors. Size, location, CT value, enhancement mode, peripheral invasion, and lymph node metastasis of target tumors are quantified. All measurement and quantification points are assessed and the current measurement tasks are submitted and reports are created. After entering the LI-RADS evaluation interface, if the current lesion organ is associated with multiple measurement trajectory values, users should enter the classification evaluation wizard. If the current lesion has only one measurement trajectory value, users can skip this step and directly perform LI-RADS assessment and then create LI-RADS reports. After the quantitative and LI-RADS assessments, users should return to the main page and perform HCC staging assessment based on the grading assessment. The repository contains clinical guidelines, medical literature, and specialized repository. Through preliminary quantitative assessment, LI-RADS assessment, and staging and grading, AI can be used to analyze the relevant data in the repository, and some effective treatment measures and guidance can be presented.





3 Results

The proposed system was tested, and the client, under the Windows operating system in the local area network of the hospital, could successfully login into the system (Figure 3 (software login interface)). After searching through keywords, relevant cases could be inquired, sorted, and summarized (Figure 4 search interfaces), and then, quantitative assessment and clinical treatment guidance could be performed on the data of the target cases, including various series of assessments (Figure 5 (LI-RADS), Figure 6 (BCLC), Figure 7 (TNM classification)), clinical staging (Figure 8), treatment roadmap (Figure 8), diagnostic diagram (Figure 9), etc. The results showed that the system could successfully realize the management of HCC cases scientifically in the local area network of the hospital, and effectively ensure the data security and consistency as well.




Figure 3 | System login interface. HCC=hepatocellular carcinoma.






Figure 4 | Working interface of the software. Database indexes are used for faster querying. In the system, patient’s ID number, gender, age, and date of admission and discharge are defined as a database index.






Figure 5 | LI-RADS and Case Analysis. HBV, Hepatitis B Virus; Gd-EOB-DTPA, Gadolinium-Ethoxybenzyl-Diethylenetriamine penta-acetic acid; DCE, Dynamic Contrast Enhanced; DWI, Diffusion Weighted Imaging; SNR, Signal-to-Noise Ratio; PVTT, Portal Vein Tumor Thrombosis; HBP, Hepatobiliary Phase. LI-RADS is effective assessment tools for HCC and adopted by many clinical practices throughout the world. The score of LI-RADS can be calculated by filling in relevant contents according to the form.






Figure 6 | BCLC staging system[14]. *The size of a single tumor is not stated in the BCLC staging system, but tumor size is an influence factor for transplant selection, radiofrequency ablation (RFA) and surgical resection. Hence, the inclusion criteria of single HCC<5cm based on the reference[14]. BCLC, Barcelona Clinic Liver Cancer; PST, Performance Status Test.






Figure 7 | TNM staging system.






Figure 8 | Clinical stages and Treatment roadmap. RFA=radiofrequency ablation.






Figure 9 | Diagnosis roadmap. PNB, Percutaneous needle biopsy.





4 Discussion

PACS and HIS have provided great improvements in the field of health services, the HCC data have a vital importance for diagnosis and treatment. However, HIS have brought along plenty problems as well as the amount of data is increasing day by day. It is simply enough to integrate the various data sources of patients, the medical faculty spends a lot of time to analyze these scattered information data. A comprehensive database which include developing computer-aided detection (CAD) or diagnosis methods is an effective tool to save time. Our present work has demonstrated the establishment of a framework of HCC imaging database and the system has only undergone preliminary testing. The outcome is promising as indicated in the results. The HCC imaging database can not only provide a large number of imaging data sources for the basic and clinical research of HCC, but also facilitate the scientific management and quality control of HCC, including the personalized treatment and follow-up of HCC patients. Therefore, we intend to use the platform in two aspects in the near future. One is to use it in our daily clinical work of HCC, providing a one-stop shop structured imaging report of HCC as explained above, another is to use it to support our clinical research of HCC, focusing on the imaging work.

Since the system is only used in local area network of the hospital, using the C/S architecture can guarantee the system stability and security, the response speed is also faster, furthermore it is suited for high throughput caching and background data processing. In addition, the C/S architecture can reduce the dependency between layers, rationally structured, highly cohesive, loosely coupled, easy to maintain and extend. The SQL Server is a good match for the C/S architecture, which is open source, excellent performance and great portability. Moreover, it is drastically improves execution time reviews, and is an effective management of medical picture archiving and filing. These new structures have the advantages of simple convenient, reliable operation, and quick access for management.

We demonstrated that the tool is able to quickly search the pathological, clinical and imaging data of HCC from PACS and HIS and perform some simple statistic analysis of HCC characteristics for further exploration. Furthermore, some intelligent diagnostic procedures can be implemented via the repository of the database, including the LI-RADS grading, HCC staging according to domestic and international guideline, and finally, a one-stop structured imaging report of HCC can be generated based on the database, including the imaging diagnosis, LI-RADS grading, staging and even a proposed treatment measure of HCC. Thus, the clinical decision making and management of HCC may be improved efficiently.



5 Limitations

There are several limitations to our study. First, our present work has demonstrated the establishment of a framework of HCC imaging database and the system has only undergone preliminary testing. The practical application in clinical work is our direction for the future work. Second, although it is an effective tool to save a lot of time in the assessment of HCC using our database, but efficient and effective use of the HCC data still affected by several barriers. Especially, after the target cases are collected in the database, the software performs quantitative assessment and LI-RADS assessment which require human intervention, this progress will consume much time and manpower. We expect to get help from the developing computer-aided detection(CAD) in the course of further development. Third, Our database and software is only used within the LAN, it is limited for the beneficiaries, so we hope the further extension which will benefit for other medical institutions.



6 Conclusions

The establishment of a HCC imaging database is of great significance for data management, scientific research, and diagnosis and treatment of HCC. This study proposed the successful design and development of a HCC imaging database on the basis of the C/S architecture using a three-tier architecture model. The proposed database can be used for intelligent management of HCC imaging data, accurate imaging evaluation, and auxiliary support for clinical decisions. It can also provide a shared resource and a reliable management platform for clinical testing, teaching, and scientific research on HCC.
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Variables MC'-in MC-out and in-"Up-to-seven” “Up-to-seven”-out and in-HZ P
(n=108) (n=17) n=28)

Demographic data

Age (years) 53.5 (48.0, 59.0) 54.0 (47.0, 57.0) 53.0 (48.5, 56.5) 0.721

Sex 93 (86.1%) 16 (94.1%) 27 (96.4%) 0.232

Male 15 (13.9%) 1 (5.9%) 1 (3.6%)

Female

BMI (kg/m?) 24.3 (22,6, 26.7) 24.8 (23.2, 26.9) 24.8 (22.8,28.8) 0.311

Etiology of liver disease 75 (69.4%) 3 (76.5%) 21 (75.0%) 0.654

CHB 8 (7.4%) 0 (0.0%) 1 (8.6%)

CHC 17 (156.7%) 2 (11.8%) 5 (17.9%)

Alcoholic 8 (7.4%) 2 (11.8%) 1 (3.6%)

Others

MELD 11.0 (8.0, 14.0) 11.0 (9.0, 17.0) 14.0 (9.5, 17.5) 0.139

Tumor characteristics

AFP values (ng/mi) 104 (96.3%) 17 (100.0%) 25 (89.3%) 0.181

< 1000 4 (3.7%) 0 (0.0%) 3(10.7%)

> 1000

Tumor number 1083 (95.4%) 12 (70.6%) 16 (67.1%) <0.001

<2 5 (4.6%) 5 (29.4%) 2 (42.9%)

23

Max tumor diameter (cm) 25(1.5,3.0) 4.0 (3.5,6.0 6.5 (5.5, 9.0) <0.001

Sum of tumor diameter (cm) .5 (1.5, 3.5) 0 (6.0,6.0 8.5(6.8,10.7) <0.001

Pre-LT treatment of HCC

Pre-LT RAF 25 (23.1%) 4 (23.5%) 5(17.9%) 0.821

Pre-LT TACE 66 (61.1%) 11 (64.7%) 17 (60.7%) 0.957

Explant pathology

Microvascular Invasion 50 (46.3%) 12 (70.6%) 26 (92.9%) <0.001

TNM Stage 99 (91.7%) 12 (70.6%) 12 (42.9%) <0.001

I+ 1 9 (8.3%) 5 (29.4%) 16 (57.1%)

i +v

MC, Milan criteria; HZ, Hangzhou criteria; BMI, body mass index; CHB, chronic hepatitis B; CHC, chronic hepatitis C; MELD, model for end-stage liver disease; AFP, alpha-fetoprotein; LT,

liver transplantation; RAF, radiofrequency ablation; TACE, transhepatic arterial chemotherapy and embolization.
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Variables i No bile duct injury

Gender
Males/Females 43/20 145/76 0.153 0.409
Age 54.67 + 11.94 5313 + 1434 0.778 0.025

Liver disease background
HBV/HCV/Alcohol/Others 48/7/6/2 173/24/15/9 0.629 0.787

History of hepatectomy

Yes/No 16/47 30/191 5.048 0.023
TACE number 2.86 £ 1.28 2.81 %127 0.221 0.591
TACE interval time(d) 40.57 + 8.68 40.64 + 8.051 0.061 0.333
Tumor number 275+ 1.98 3.19+232 1.396 0.069
Tumor diameter(mm) 56.16 + 31.51 61.37 + 33.82 1.905 0.285
Tumor burden(6-12 score) 841 + 351 9.43 £ 391 1.870 0.191

Tumor burden group

<6/6-12/212 19/34/10 62/98/61 4.862 0.028
BCLC stage

A/B 33/30 103/108 0.655 0.252
CP class

A/B 48/15 147/74 2133 0.094
SACE level

VIV 5/9/30/19 27/90/76/28 21.987 0.000

Bead diameter(um)

70-150/100-300/300-500 20/33/10 42/130/49 4.937 0.041
ALT 51.19 + 45.75 53.45 + 47.09 0.338 0.736
ASL 69.94 + 57.77 59.32 £ 51.12 1412 0.159
AKP 182.24 + 140.75 129.26 + 70.73 4.082 0.000
GGTP 215.87 + 280.62 147.18 + 128.96 2.764 0.006
ALB 35.64 + 4.99 34.871 + 527 1.032 0.303
TBil 30.07 + 39.34 27.23 +31.77 0.590 0.555
DBil 17.82 + 30.82 15.66 + 25.48 0.567 0.571
PLT 164.38 + 92.85 129.76 + 82.15 2.865 0.004
PT 13.05 + 1.59 13.305 £ 1.55 1124 0.262
PT extension time 1.17 £ 1.55 1.442 + 1.65 1.163 0.246

CP, Child-Pugh score; HBV, hepatitis B virus; HCV, hepatitis C virus.
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Characteristics Statistical value

Median age, years (range) 53 (24-79)
Male gender 102 (89.5)
Etiology

Hepatitis B 102 (89.5)

Hepatitis C 2(1.8)

Non-B, Non-C 10 (8.8)
BCLC stage

A 3(2.6)

B 42 (36.8)

C 69 (60.5)
Child-Pugh class

A 111 (97.4)

B 3(2.6)
Tumor number

1 20 (17.5)

2 21(18.4)

23 73 (64.1)
Maximum tumor size, mm (range) 82 (13-216)
Macrovascular invasion

Presence 55 (48.3)

Absence 59 (51.7)
Extrahepatic Metastases

Presence 23(20.2)

Absence 91 (79.8)
AFP (ng/mL), median (Q1, Q3) 386 (20.5, 7130.5)

>25 81 (71.1)
DCP (mAU/mL), median (Q1, Q3) 2833 (385, 13805)

>40 100 (87.7)
TB (umol/L), median (Q1, Q3) 15 (11, 20)
ALB (g/L), median (Q1, Q3) 40 (37, 42)
ALT (U/L), median (Q1, Q3) 37 (27, 53)
WBC (x109),median (Q1, Q3) 5.26 (4.22, 6.59)
PLT (x109),median (Q1, Q3) 143 (112, 213)
NLR, median (Q1, Q3) 2.61(1.94, 3.32)
PLR, median (Q1, Q3) 125.66 (91.80, 163.37)
Prior treatment before LePD1-TACE

TACE 12 (10.5)

TACE-MWA 5 (4.4)

TACE-lenvatinib/sorafenib 7 (6.1)

TACE-MWA-lenvatinib 2(1.8)

TACE-radiotherapy/lenvatinib 6 (5.3
Treatment after LePD1-TACE

Lenvatinib - PD-1 5 (4.4)

Regorafenib -TACE - PD-1 7 (6.1)

TACE- atezolizumab- bevacizumab 2(1.8)

Radiotherapy- lenvatinib - PD-1 4(3.5)

Others 76.1)

Values are presented as median (range) or n (%). BCLC, Barcelona Clinic Liver Cancer;
AFP, alpha-fetoprotein; DCP, Des-gammacarboxy; TB, total bilirubin; ALB, albumin; ALT,
alanine aminotransferase; WBC, white blood cell; PLT, platelet; NLR, neutrophil
lymphocyte ratio; PLR, platelet lymphocyte ratio; TACE, transarterial
chemoembolization; MWA, microwave ablation; PD-1, programmed death receptor-1
signaling inhibitors.
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Variable Total (n = 114)

Best overall response by mRECIST version 1.1, n (%)

Complete response 9(7.9

Partial response 70(61.4)
Stable disease 13(11.4)
Progressive disease 22(19.3)
Objective response rate, n (%) 79 (69.3)
Disease control rate, n (%) 92 (80.7)

mRECIST, modified Response Evaluation Criteria in Solid Tumors 1.1.
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Variables Univariate Analysis

HR (95% CI)

Gender (Male vs. female) 1.22 (0.42 -3.58)
Age (<53 vs. >53) 0.77 (0.34-1.75)
BCLC stage (B vs. C) 1.79 (0.73-4.34)
Tumor number (=3 vs.< 3) 0.27 (0.09-0.81)
Largest tumor size (<82 vs. >82) 1.61(0.71-3.63)
Up-to-seven criteria (in vs. out) 3.53 (1.03-12.07)
Baseline AFP (<400 vs. >400) 1.78 (0.79- 4.00)
NLR (< 2.165 vs. >2.165) 11.29 (1.52-83.82)
PLR (<96.42 vs. >96.42) 3.33 (0.99-11.19)
Extrahepatic metastasis (absent vs. presence) 1.74 (0.75-4.05)
Macrovascular invasion (absent vs. present) 1.55 (0.69-3.47)
Early AFP response (decrease <20% vs. >20%) 1.23 (0.44-3.45)
Early DCP response (decrease <20% vs. >20%) 0.98 (0.41-2.36)
Early tumor response (CR+PR vs. SD+PD) 2.61 (1.18-5.74)

P value

0.7147
0.5264
0.1950
0.0120
0.2497
0.0331
0.1679
0.0028
0.0393
0.1913
0.2851
0.6919
0.9727
0.0137

Multivariate Analysis

HR (95% CI)

0.22 (0.08- 0.66)

14.91 (1.99-111.79)

2.64 (1.04-6.75)

P value

0.0069

0.0086

0.0419

HR, hazard ratio; Cl, confidence interval; BCLC, Barcelona Clinic Liver Cancer; AFP, alpha-fetoprotein; DCP, Des-gammacarboxy; NLR, neutrophil lymphocyte ratio; PLR, platelet
lymphocyte ratio; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.
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Variables Univariate Analysis

HR (95% CI)
Gender (Male vs. female) 1.14 (0.54-2.42)
Age (<53 vs. >53) 0.66 (0.40-1.10)
BCLC stage (B vs. C) 1.05 (0.63-1.77)
Tumor number (=3 vs.< 3) 0.47 (0.27-0.82)
Largest tumor size (<82 vs. >82) 1.14 (0.69-1.88)
Up-to-seven criteria (in vs. out) 0.98 (0.56-1.72)
Baseline AFP (<400 vs. >400) 1.43 (0.86-2.40)
NLR (<2.165 vs. >2.165) 1.82 (1.00-3.33)
PLR (<96.42 vs. >96.42) 1.30 (0.73-2.32)
Extrahepatic metastasis (absent vs. presence) 1.56 (0.89-2.74)
Macrovascular invasion (absent vs. present) 0.94 (0.57-1.56)
Early AFP response (decrease <20% vs. >20%) 0.39 (0.21- 0.72)
Early DCP response (decrease <20% vs. >20%) 0.43 (0.25- 0.74)
Early tumor response (CR+PR vs. SD+PD) 5.45 (3.22- 9.21)

P value

0.7231
0.1071
0.8412
0.0066
0.6152
0.9437
0.1664
0.0466
0.3658
0.1182
0.8137
0.0020
0.0015
<.0001

Multivariate Analysis

HR (95% CI)

0.39 (0.21-0.71)

2.34 (1.25-4.37)

7.56 (3.81- 14.98)

P value

0.0021

0.0078

<.0001

HR, hazard ratio; Cl, confidence interval; BCLC, Barcelona Clinic Liver Cancer; AFP, alpha-fetoprotein; DCP, Des-gammacarboxy; NLR, neutrophil lymphocyte ratio; PLR, platelet
lymphocyte ratio; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.
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Adverse events

Hypertension
Hand-foot skin reaction
Diarrhea

Skin rash
Proteinuria
RCCEP

Fatigue

Epistaxis

Joint pain
Bleeding (gingiva)
Dysphonia
Anorexia

Myocardial enzymes elevation

Hypothyroidism
AST elevation

ALT elevation
Hyperbilirubinemia
Decreased albumin
Decreased PLT
Decreased WBC

Interruption and/or dose reduction
Discontinued PD-1 inhibitors

All grades, n (%)

39(34.2)
16 (14)
18 (15.8)
14 (12.3)
48 (42.1)
42 (36.8)
43 (37.7)

21 (18.4)
2(1.8)

Grade 3/4, n (%)

10(8.8)
2(18
1009
2(18)
4(36)
000

1(0.9)
00

RCCEP, reactive cutaneous capillary endothelial proliferation; AST, aspartate aminotransferase; ALT, alanine aminotransferase, PLT, platelet; WBC white blood cell; PD-1 inhibitors,

programmed death receptor-1 signaling inhibitors.
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ta source Field 1 Field Field 3
Patient information SN PK, int () Age tinyint () Hepatitis History varchar ()
& pathologic diagnosis
HCC Data SN PK, int () Size/diameter int () Type varchar ()
CT/MR Data SN PK, int () Scan time int () Radiologic Report text
Tumor markers SN PK, int () AFP decimal () CA-199 decimal ()
CT/MR Roadmap SN PK, int () Thumbnail path char () Creation Time varchar()
Form of treatment SN PK, int () Surgical Resection varchar () TACE+ SR varchar ()
Follow up data SN PK, int () Survival Period tiny () Death varchar ()

SN, Serial Number; TACE, Transcatheter Arterial Chemoembolization; SR, Surgical resection; AFP, Alpha-fetoprotein.
There are some retrieve the value of fields and script codes in our software.

Field 4 Field 5

Pathology text

Patient SN FK, int ()
Lesion Site text
CA125 decimal ()
Patient SN FK, int ()
TACE varchar () Other varchar ()

Note tinytext
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Outcomes

Staining success rate (%, Yes/No)
Overall

S8

S8v

s8d

S4

S4b

S3

S5

Surgery duration (min)
Intraoperative bleeding (ML)
Pringle maneuver applied (Yes/No)

Major morbidity (Clavien-Dindo grade >2)

Reoperation

Hospital stay duration (days)
30-day Mortality (Yes/No)
90-day Mortality(Yes/No)

Values are presented as n (%). Fisher’s exact and Student’s t-tests were used, as appropriate; *p < 0.05.

Group A
n=10

80% (8/2)
100% (5/0)
100% (4/0)
100% (1/0)
0% (0/1)
0% (0/1)
100% (3/0)
0% (0/1)
305.3 £23.2
224.5 £ 70.6
10/0
0
0
75+0.8
0/10
0/10

Group C
n =20

60% (12/8)
60% (6/4)

50% (1/1)

67% (4/2)
50% (1/1)
268.4 + 34.7
202 + 859
20/0
2
0
74+09
0/20
1/20

0.42
0.23

>0.99

>0.99
>0.99
0.004*
0.47
>0.99
>0.99
>0.99
0.66
>0.99
>0.99
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Characteristic Group A Group C P

n=10 n=20
Age (years) 56.8 + 6.3 55.25 + 6.9 0.56
Sex (Male/Female) 8/2 17/3 >0.99
Pathologic Diagnosis
Hepatocellular Carcinoma 10 20 >0.99
Others 0 0 >0.99
MVI (0/1/2) 71310 12/7/1 >0.99
BCLC Stage (A1/A2/A3) 10/0/0 20/0/0 >0.99
HBYV Infection (Positive/Negative) 10/0 20/0 >0.99
Tumor Location (Liver Segment)
S8v 4 8 >0.99
s8d 1 2 >0.99
S3 3 6 >0.99
$4b 1 2 >0.99
S5 1 2 >0.99
Longest Diameter of the Tumor (CM) 313 +0.5 3.1+06 0.89
ASA Grade (I/1T) 9 17/3 >0.99
Comorbidities
Hypertension 1 2 >0.99
Diabetes 0 1 >0.99
Varicose Vein 0 1 >0.99
Child Pugh Grade (A/B) 10/0 20/0 >0.99
Open Conversion (Yes/No) 0/10 0/20 >0.99

MVI, microvascular invasion; BCLC stage, Barcelona Clinic Liver Cancer Stage; ASA Grade, American Society of Anesthesiologists physical status; values are presented as n (%). Fisher’s
exact and Student’s t-tests were used, as appropriate; *p < 0.05.
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Clinicopathological features  No. of studies (partici-
pants)

Tumor size (Small vs. Big)

HBV (Present/Absent)

HCV (Present/Absent)

Cirrhosis (Present/Absent)
Alpha-fetoprotein (High vs. Low)
Tumor grade (III-1V/I-II)
Microvascular invasion (Present/
Absent)

Child-Pugh score (B-C vs. A)

Differentiation(H vs. W-M)

*Significant differences; “Substantial heterogeneity

1(1,197)

2(1,923)

2 (300)

0 (1,769)

0 (1,612)

5(2,109)

9 (866)

4 (616)

9 (979)

OR (95% CI)

1.524 (0.959,
2422)
1.340 (1.015,
1.768)*
0.442 (0.186,
1.049)
1.225 (0.938,
1.599)
1.806 (0.821,
3.972)
1.653 (1.201,
2.276)*
1.830 (1.009,
3.318)*
1.254
(0.414,3.798)
0.742 (0.264,
2.091)

Heterogeneity

test

0.017, 53.7%"

0.465, 0.0%

0.239, 27.8%

0410, 3.2%

0.000, 85.1%"

0.039, 43.1%

0.011, 59.7%"

0.147, 44.0%

0.000, 79.9%"

Significance

No

No
No
Yes

Yes

No

Publication
bias

0.876, 0.706

1.000, 0.425

1.000,-

0.592, 0.315

0.929,0.637

0.347, 0.241

0.754,0.420

0.308,0.271

0.917,0.626

Grade

Low

Moderate

Low

Moderate

Low

Moderate

Low

Low

Low





OPS/images/fonc.2022.1012418/table2.jpg
Marker Control No. of studies  Sensitivity Specificity Positive likeli- Negative likeli-  Diagnostic AUC from P-value from Publication Grade

type (participants) hood ratio hood ratio odds ratio  SROC Curve  meta-regression bias
GPC-3 alone  All controls 25 (3931) 0.69 (066, 076 (0.74,  435(299,632) 041 (0.34,050) 12.19 (696, 0.8006" 0.6984 0.968 Moderate
071) 078) 21.36)
Cirrhosis and 9 (1,435) 0.66 (063, 062059,  203(152,271) 056 (0.45,066) 4.5 (253,6582) 07203 0324 Moderate
‘hepatitis 0.70) 0.66)
Cirrhosis only 7 (1,298) 0.69 (0.65, 061 (057, 197 (145270)  052(042,065) 4.8 (236,7.37) 07326 0320 Moderate
073) 0.64)
Healthy 5 (446) 074 (068, 090 (085 627 (407,967)  0.28(0.19,041) 26.26 (1446, 0.8835° 0.628 Low
control 0.79) 094) 47.67)
GPC-3 + AFP All controls 11 (1,480) 091077, 070 (084, 770 (433,13.69) 020 (0.14,0.29) 4645 (22.89, 09277 0.6006 0,031 Moderate
098) 0.89) 9426)
Cirrhosis and 2 (260) 073 (065, 082(0.74, 408 (276,603)  032(0.18,055) 13.20 (5.89, 0.8883° 0.988 Low
hepatitis 0.81) 0.88) 29.59)
Healthy 2(186) 085 (076, 095 (0.89,  1841(705,4813)  0.16(0.10,0.25) 117.11 (37.16, 0500 - Low
control 091) 0.99) 369.02)
GP73 + GPC- All controls 4(511) 0.72(0.65, 087 (0.83, 468 (135,1623)  025(0.04, 184) 18.18 (1.36, 09659 0514 Low
3 0.79) 090) 24347)
AFP + GP73  All controls 3 (365) 0.50 (041, 087 (0.82, 390 (0.30,50.67) 0.9 (0.18, 131) 13.07 (013, 08726° 0.848 Low
+GPC-3 0.59) 0.91) 1345.16)

*Significant differences; *Publication bias. **Better diagnostic value.
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Diagnostic value of GPC-3 high expression

Control type Detection method Cutoff value Study (year) Sample size

Non-HCC Serum, ITHC - Coral et al., 2021 (34) 156
Serum, ELISA >498.7 pg/ml Tan, 2020 (41) 62
Serum, ELISA >4.9 pg/ml Farag et al,, 2019 (42) 250
Tissue, IHC >10% Uthamalingam et al., 2018 (47) 22
Serum, ELISA >6 pg/ml Attallah et al., 2016 (49) 256
Serum, ELISA >0.38 ng/ml Zhu et al,, 2016 (52) 261
Tissue, [HC >400 ng/L Yan et al,, 2015 (56) 116
Tissue, [HC >25% Liu et al,, 2014 (59) 182
Serum, ELISA >60 pg/ml Ma et al., 2014 (60) 218
Serum, ELISA >805.38 pg/ml Long et al,, 2013 (63) 172
Tissue, IHC >3 score ‘Wang et al., 2011 (69) 268
Tissue, WB - Liu et al., 2009 (70) 65

Cirrhosis and hepatitis Serum, ELISA >5 ng/ml Cao et al,, 2021 (32) 200
Serum, ELISA >64 pg/ml Caviglia et al,, 2021 (33) 191
Serum, ELISA >0.057 ng/ml Malov et al., 2021 (34) 110
Serum, CLEIA >73 pg/ml Caviglia et al., 2020 (39) 349
Serum, ELISA > 1.2 ng/ml Gomaa et al., 2020 (40) 60
Serum, ELISA > 0.850 pg/ml Li et al,, 2019 (43) 136
Serum, ELISA > 6.595 pg/ml Tahon et al,, 2019 (44) 70
Serum, ELISA > 5.8 pg/L Unic et al,, 2018 (46) 70
Serum, ELISA 6 pg/ml Attallah et al., 2016 (49) 200
Serum, WB >15 ng/ml Yang et al,, 2013 (64) 77

Healthy control Serum, ELISA > 1.2 ng/ml Gomaa et al., 2020 (40) 50
Serum, ELISA - El-Saadany et al., 2018 (45) 100
Serum, ELISA > 8.98 ug/L Fu et al,, 2013 (62) 90
Serum, ELISA > 6.08 pg/ml Li et al., 2014 (58) 82
Serum, ELISA,JHC >120 ng/ml Song et al., 2011 (68) 104

Baseline characteristic

Indicator OR/SMD* (95% CI) P Balance or not

Gender 1.538 (1.122, 2.107) 0.000, 60.5% Not

Age® 0.576 (0.491, 0.660) 0.000, 90.3% Not

HBV (Present/Absent) 0.589 (0.240, 1.445) 0.026, 72.7% Yes

HCV (Present/Absent) 2.238 (0411, 12.170) 0.000, 94.2% Yes

Cirrhosis (Present/Absent) 3.622 (1.636, 8.015) 0.114, 59.9% Not

Child-Pugh score (B-C vs. A) 1.818 (1.033, 3.201) 0.475,0.0% Not

Prognostic value of GPC-3 high expression

Indicator type Detection method Cutoff value Study (year) Sample size

Clinicopathological features and survival data Tissue, IHC >5% Jeon et al,, 2016 (50) 185
Tissue, IHC >33% ‘Wang et al,, 2016 (51) 135
Tissue, IHC >10% Cui et al,, 2015 (53) 104
Serum, THC >2 score Haruyama et al., 2015 (54) 115
Tissue, [HC >10% Pan et al,, 2015 (55) 300
THC >6 score Ning et al., 2012 (65) 61

Clinicopathological features Immunoreactivity >5% Zhao et al., 2021 (37) 143
Serum, qQRT-PCR 21/3 Zhou et al., 2021 (38) 126
Tissue, IHC >30% Xue et al., 2017 (48) 316
Tissue, [HC >25% Liu et al,, 2014 (59) 101
Tissue, IHC >9 score Fan et al., 2013 (61) 35
Tissue, THC >25% Fu et al, 2013 (62) 160
Tissue, THC >10% Wang et al,, 2012 (66) 31
Tissue, THC >30% Yu et al.et al,, 2012 (67) 316
Tissue, IHC >3 score Wang et al,, 2011 (69) 114
WB - Li et al,, 2006 (71) 41
Tissue, IHC - Ding et al., 2005 (72) 41

Survival data - - Wang et al,, 2021 (36) 264

Baseline characteristic

Indicator OR/SMD*® (95% CI) PP Balance or not

Gender 0.952 (0.713, 1.272) 0.514, 0.0% Yes

Age 1.031 (0.743, 1.430) 0.544, 0.0% Yes

Age* -0.159 (-0.332, 0.015) 0.221, 30% Yes

IHC, immunohistochemistry.
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2508 Publications identified through electronic database searching
765 PubMed, 1491 EmBase, 13 Cochane Library, 239 CNKI

1577 Excluded as duplicates

931 Publications screened by checking title

—>» 388 Publication exclused

543 Publications screened by checking abstract

454 Publications removed

131 No biomarker use
108 Reviews

187 No useful data

10 Case reports

18 Meta-analysis

89 Full-text articles assessed for eligibility

48 Records removed
7 Reviews
13 Original research
7 No control group

5 Recurrent research
16 No useful data

41 Original researches included in meta-analysis
25 Reported data of GPC-3 diagnostic accuracy
18 Reported data of GPC-3 prognostic significance
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CAI GC% Negativecis-acting elements Negative repeat elements

Optimized OX40L sequence 0.93 557 0 0
Original OX40L sequence from NM_003326 0.54 46.3 1 0

"Codon usage bias was adjusted to fit the highest expression profile of the target host. A CAI (Codon Adaptation Index) of 0.8 - 1.0 is regarded as good for high expression.
"Repeated area in the original sequences were removed to avoid stem-loop structures in mRNA and facilitate the synthesis process.

“Undesired motif including restriction enzyme site to be used in sub-cloning and negative cis-acting sites were modified.

dWhole sequence was fine-tune to increase the translation efficiency and prolong the half-life of mRNA.
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ONTOLOGY
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cC
cC
cC
cC
BP
BP
BP
BP
BP
CC
CC
CcC
CC
CC

ID

GO:0000775
GO:0005819
GO:0098687
GO0:0000779
G0:0000776
GO:0000070
GO:0007059
GO:0140014
GO:0000280
GO:0000819
GO:0000775
GO:0005819
GO:0098687
GO:0000779
GO:0000776

Description

Chromosome, centromeric region

Spindle

Chromosomal region

Condensed chromosome, centromeric region
Kinetochore

Mitotic sister chromatid segregation
Chromosome segregation

Mitotic nuclear division

Nuclear division

Sister chromatid segregation
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spindle
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Condensed chromosome, Centromeric region
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GeneRatio

32/565
42/565
39/565
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p-adjust
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Cell lines Groups Sorafenib

BMS-1166

ICso values (mg/kg)

MHCCO7-H tumor volumes 0.52 + 027
tumor weights 0.11 £ 0.05
H22 tumor volumes 3.84 £ 079
tumor weights 1.04 + 061

2.59 + 0.50
0.75 + 0.38

5.66 + 0.67
0.64 + 0.48

Table notes: H22 cells were stil inoculated into Bal/c mice, and after MHCCS7-H cells
were inoculated into SCID mice, the SCID mice were infused with healthy human-derived
peripheral blood lymphocytes (1 x 107 cells for each time and perfumed time times). The
concentrations of sorafenib: 3, 2, 1, 0.5, 0.2, 0.1 mg/kgin SCID miceand 10, 5, 2, 1, 0.5,
0.2 mg/kg in BalB/c mice; BMS-1166: 10, 5, 2, 1, 0.5, 0.2 mg/kg in SCID mice and 20,

10, 5, 2, 1, 0.5 mg/kg in BalB/c mice.
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Immune cells Biomarkers r p-value

B cells CDI19 —-0.0065 0.89
CD79A 0.13* 0.0075%**
CD8" T cells CD8A 0.11* 0.027**
CD8B 0.059 023
CD4" T cells CD4 0.34% 8.6E-13+%
M1 macrophages NOS2 -0.07 0.16
IRF5 -0.26" 6.5E-08****
PTGS2 035" 1.4E-13*+*
M2 macrophages CD163 0.29° 8.8E-10***
VSIG4 0.3* 2.6E-10+*
MS4A4A 0.14* 0.0048***
Neutrophil CEACAMS 0.11* 0.031+*
ITGAM -0.097" 0.046**
CCR7 0.067 0.17
Dendritic cells HLA-DPBI 0.063 0.2
HLA-DQB1 -0.092 0.061
HLA-DRA 0.051 0.29
HLA-DPAI 0.079 0.1
CDIC 0.13% 0.0087+**
NRPI -0.073 0.14
ITGAX -0.13* 0.0087***

“p < 0.05; *p < 0.01; ***p < 0.001.
*Statistically significant results.
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