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The MDM2 binding protein (MTBP) has been considered an important regulator of human malignancies. In this study, we demonstrate that the high level of MTBP’s endogenous expression is correlated with poor prognosis of advanced hepatocellular carcinoma (HCC) patients who received sorafenib. MTBP interacted with the Pregnane X receptor (PXR) and enhanced the transcription factor activity of PXR. Moreover, MTBP enhanced the accumulation of PXR in HCC cells’ nuclear and the recruitment of PXR to its downstream gene’s (cyp3a4’s) promoter region. Mechanically, the knockdown of MTBP in MHCC97-H cells with high levels of MTBP decelerated the clearance or metabolism of sorafenib in HCC cells and led to the resistance of HCC cells to sorafenib. Whereas overexpression of MTBP in in MHCC97-L cells with low levels of MTBP showed the opposite trend. By establishing the interaction between MTBP and PXR, our results indicate that MTBP could function as a co-activator of PXR and could be a promising therapeutic target to enhance the sensitivity of HCC cells to molecular targeting agents.
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Introduction

The hepatocellular carcinoma (HCC) has been a fatal threat to the health of the people of China due to the high rates of hepatitis and the resistance or insensitivity to HCC cells in relation to molecular targeting agents. This has been considered an important influencing factor for poor prognoses of patients with advanced HCC (1–4). The PXR (pregnane X receptor) is a member of the nuclear receptors super-family and mainly expresses in the liver and gastrointestinal tract tissues (5, 6). It has long been considered to be the regulatory center for the metabolism and detoxification of exogenous drugs and toxicants; results of recent studies show that it is also a key regulator for anti-tumor drug resistance in cancerous cells (7–10). Upon binding and activating by ligands, PXR can recruit the promoter or enhancer regions to mediate the transcription of its downstream drug-resistance-related genes, inducing cyp3a4 and abcb1 (also named multi-drug resistance 1 [mdr-1]/ATP binding cassette subfamily B member 1 [ABCB1]). It does this by encoding the P-glycoprotein [P-gp]) to mediate the elimination of sorafenib in cancerous cells via the N-oxide metabolism of sorafenib or by decreasing the intracellular accumulation of it, which in turn reduces the clinical efficacy or resistance of the drug during treatment (5–10).

The MDM2 binding protein (MTBP) has a molecular weight of 104 kDa and was originally found to interact with MDM2 (murine double minute 2) (11, 12). Recently, MTBP has been regarded as an important regulator of human cancer cells’ proliferation or metastasis (13, 14). MTBP could promote human cancer cells’ proliferation or metastasis by functioning as a co-activator of c-MYC (cellular-myelocytomatosis viral oncogene) or ZEB2 (Zinc Finger E-Box Binding Homeobox 2) (13). In this study, MTBP was found to function as a co-activator of PXR, further enhancing PXR’s downstream drug-resistance-related genes. MTBP was highly expressed in HCC clinical specimens compared to those of the paired non-tumor tissues. The knockdown of MTBP in MHCC97-H with high levels of endogenous MTBP could have decelerated the elimination or clearance of sorafenib and enhanced the antitumor effect of sorafenib in MHCC97-H cells. Whereas overexpression of MTBP in in MHCC97-L cells with low levels of MTBP showed the opposite trend.



Materials and Methods


Clinical Specimens and Agents

The use of clinical specimens and cell lines were approved by the ethics committee of the Fifth Medical Center, General Hospital of Chinese PLA (People’s Liberation Army). All methods and experiments were carried out in accordance with the Helsinki Declaration. A total number of 52 patients with advanced HCC received sorafenib as described in our previous publications (Feng et al. [2018] and Shao et al. [2018]) (7, 8). The cDNA samples were conserved at -80°C (7, 8). The expression of MTBP in the cDNA of the patients was examined by quantitative polymerase chain reaction (qPCR). The hepatic cell lines L-02, HepG2, MHCC97-H, MHCC97-L, BEL-7402, SMMC-7721 and Hu7 cells were conserved in our lab and cultured in Dulbecco’s Modified Eagle Medium (DMEM, Hyclone, Thermo Fisher Scientific Corporation, Waltham, MA, USA). We added Fetal Bovine Serum (FBS, Invitrogen, Thermo Fisher Scientific Corporation, Waltham, MA, USA) at 37°C in DMEM to culture cells. The antitumor agents (the molecular targeted agents), sorafenib, regorafenib, lenvatinib, apatinib and anlotinib, were chemically synthesized by Dr. and Prof. Shuang Cao in Wuhan Institute of Technology. Rifampicin, a typical agonist of PXR, and ketoconazole, a typical antagonist of PXR, were purchased from Selleck Corporation.

For cell-based experiments, the molecular targeting agents were dissolved in DMSO (dimethyl sulfoxide) and diluted with phenol red-free DMEM (Thermo Fisher Scientific Corporation) (15, 16). For the animal experiments, the formulation (oral liquid for the oral administration) of molecular targeting agents was prepared by using PEG400 and Twenn80 (17, 18). The lentivirus particles with the full length of MTBP and the siRNA of MTBP were purchased from the Vigene Corporation, Jinan City, Shandong Province, China.



Luciferase Examination

The luciferase reporters of PXR (PXRE-Luc, XREM-Luc, DR3-Luc and ER6-Luc) were described in our previous publication (7, 8). The cells were cultured and suspended using the phenol red-free DMEM supplemented with 0.5% charcoal-stripped fetal bovine serum (FBS; Hyclone, Logan, Utah, USA). Cells were transfected with the MTBP and siMTBP and analyzed by luciferase activation or β-gal activation following the instructions provided in methods section of the manuscript by Yang et al., Zhao et al. and Cui et al. (19–21).



Quantitative Polymerase Chain Reaction

The mRNA samples were extracted from the HCC cells and reverse-transcribed into the cDNA samples by use of an RNeasy Mini kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. The quantitative real-time PCR (qPCR) was performed following the methods described by Jia et al. and Yin et al. (22, 23). The level of β-actin mRNA was measured as a loading control. Primers used in the qPCR experiments included: (1) MTBP forward sequences 5′-TCCTGTAGTTTCGTCAGATCCT-3′ and reverse sequences 5′-CCGTTTCAATCGGGATACTTCA-3′; (2) ABCB1 forward sequences 5’-GCTG TCAAGGAAGCCAATGCCT-3’ and reverse sequences 5’-TGCAATGGCGATCCTCTGCTT C-3’; (3) CYP3A4 forward sequences 5’-CCGAGTGGATTTCCTTCAGCTG-3’ and reverse sequences 5’-TGCTCGTGGTTTCATAGCCAGC-3’; and (4) β-actin forward sequences 5’-CACCA TTGGCAATGAGCGGTTC-3’ and reverse sequences 5’-AGGTCTTTGCGGATGTCC ACGT-3’.



Western Blot Experiments

Total protein samples were extracted from HCC cells and the subcutaneous tumor tissues; western blot experiments were performed following the methods described in our previous publication. The antibodies against P-GP (P-glycoprotein, encoded by abcb1), CYP3A4, Lamin A, PXR and β-Actin were purchased from Abcam Corporation, Cambridge, UK. The expression levels of proteins were examined by their antibodies. The blots were visualized via the chemiluminescence by use of an ECL kit (Amersham Biosciences, Piscataway, NJ, USA).



Pharmacokinetic Examination

The sustaining of sorafenib in HCC cells and tumor tissues was examined by liquid chromatography–mass spectrometry/mass spectrometry (LC-MS/MS) methods to reveal the elimination or clearance of sorafenib in HCC cells. Pharmacokinetic experiments were performed according to the protocols described in our previous work (7, 8).



ChIP Experiments

The HCC cells were transfected with the siRNA of MTBP and MTBP were treated with rifampicin for 30min. Then, cells were harvested for ChIP analysis and the experiments were performed following the methods described by Ma et al. (2016) and Wang et al. (2018) (24, 25). The primers to amply the promoter region (the PXRE region [−362/+52]) of the promoter of cyp3a4 were (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’.



The Subcellular Sub-Fraction Analysis

The HCC cells were transfected with the siRNA of MTBP and MTBP were treated with rifampicin for 30min to 1h. Next, the cells were harvested and the subcellular sub-fraction was performed following the methods provided by Yang et al. and Lu et al. (26, 27). Lamin A was used as the indicator of the nuclear sub-fraction and β-Actin was chosen as the indicator of the cytoplasm sub-fraction. The protein levels of MTBP, PXR, Lamin A and β-Actin were examined by their antibodies.



Cell Survival Examination

The HCC cells were transfected with the siRNA of MTBP and MTBP were treated with the indicated concentration of molecular targeting agents (10μmol/L, 3μmol/L, 1μmol/L, 0.3μmol/L, 0.1μmol/L, 0.03μmol/L and 0.01μmol/L) for 48h. The cells were then analyzed by the MTT (3-[4,5-dimethyl-2-thiazolyl[-2,5-diphenyl-2-H-tetrazolium bromide, Thiazolyl Blue Tetrazolium Bromide) experiments following the methods descripted by Zhang et al. (28). The related survival cell number was determined by measuring the O.D. 490nm. The inhibitory rates of agents on HCC cells were calculated as [(the O.D. 490nm values of the control group) – (the O.D. 490nm values of the treatment group)]/(the O.D. 490nm values of control group) * 100%. The IC50 values of agents on HCC cells were calculated based on these inhibitory rates (29, 30).



The In Vivo Antitumor Effect of Molecular Targeting Agents on HCC Cells

The animal experiments were reviewed approved by the Institutional Animal Care and Use Committee, the Fifth Medical Center, Chinese PLA. All animal experiments were performed in accordance with the UK Animals (Scientific Procedures) Act, 1986 and the associated guidelines. Nude mice ages 4 to 6 weeks were purchased from the Si-Bei-Fu Corporation (Beijing, China). For the subcutaneous tumor model, HCC cells were cultured and harvested to prepare the single cell suspension. Then, the cell-suspension was injected into the subcutaneous positions of the mice (about 1×106 cells for each injection point). Three to four days after injection, mice received the molecular targeting agents via oral administration once every two days. After three to four weeks’ treatment, the mice were collected and their tumor volumes were calculated as width2*length/2 (31, 32). Their tumor weights were measured with a precise balance. The inhibition rates of molecular targeting agents on HCC cells’ subcutaneous growth were calculated based on tumor weights and tumor volumes. For the intrahepatic tumor model, HCC cells were first injected into the mice to form tumor tissues (7, 8). Next, the tumors were collected to prepare micro-blocks of tumor tissues which were mixed with medical hydrogel to form hydrogel drips with tumor tissues. Supplemental Table 1 shows the weights of the micro-blocks formed by the MHCC97-H cells and the MHCC97-L cells and transplanted into the mice. The hydrogel drips were adhered onto the surface of the liver organs of the mice. Three to four days after injection, the mice received the molecular targeting agents via oral administration once every two days. After three to four weeks’ treatment, mice received a micro-PET screening to examine the intrahepatic growth of HCC cells. After micro-PET screening, the mice were harvested and their livers with nodules formed by HCC cells were collected (7, 8). The results were shown as micro-PET images, the quantitative results of micro-PET, the images of liver organs with nodules or the quantitative results of liver organs’ images with nodules formed by HCC.



The Statistical Analysis

Statistical significance analyses were analyzed by using the statistical software (software version: SPSS 9.0, the IBM corporation, Armonk, New York, USA). The IC50 values or the Statistical significance was analyzed by Bonferroni correction with or without two ways ANOVA.




Results


MTBP Enhanced the Transcription Factor Activation of PXR

First, the expression of MTBP in hepatic cells was examined. As shown in Figure 1, among hepatic cell lines, MHCC97-H, a highly aggressive HCC cell line, expressed the highest level of endogenous MTBP, whereas MHCC97-L, an HCC cell line with low aggressiveness, expressed the lowest level of endogenous MTBP. Therefore, MHCC97-H cells were used to knockdown MTBP’s expression and MHCC97-L cells were used to overexpress MTBP.




Figure 1 | The expression of the highest level of MTBP among the hepatic cell lines. The hepatic cell lines MHCC97-H (a highly aggressive HCC cell line), MHCC97-L (a lowly aggressive HCC cell line), L-02 (a non-tumor hepatic cell line), Hu7 (a HCC cell line with dysfunction of P53), HepG2 (a HCC cell line), BEL-7402 (a HCC cell line) and SMMC-7721 (a HCC cell line) were cultured and harvested for western blot experiments. The protein levels of MTBP in these cells were examined by the antibodies. The β-Actin was chosen as the loading control.



Next, the effect of MTBP on PXR’s transcription factor activation was examined. As shown in Table 1, rifampicin, a typical agonist of PXR, induced the transcription factor activation of PXR. The overexpression of MTBP enhanced the activation of PXR induced by rifampicin and the EC50 values decreased; the knockdown of MTBP decreased the activation of PXR induced by rifampicin and the EC50 values increased (Table 1).


Table 1 | The effect of MTBP on PXR’s transcription factor activation.



Moreover, the overexpression of MTBP enhanced the mRNA or protein levels of PXR’s downstream genes, cyp3a4 and abcb1, induced by rifampicin. The knockdown of MTBP decreased the mRNA and protein levels of PXR’s downstream genes, cyp3a4 and abcb1, induced by rifampicin (Table 1 and Figure 2). Therefore, MTBP enhanced the transcription factor activation of PXR.




Figure 2 | MTBP enhanced the expression of PXR downstream genes. (A) The MHCC97-H cells were transfected with a control siRNA or the siRNA of MTBP, whereas the MHCC97-L cells were transfected with an empty vector or MTBP (B). Cells were treated with solvent control or rifampicin (10μmol/L concentration) and harvested for the western blot experiments. The protein levels of PXR, MTBP, CYP3A4 and P-gp (encoding by the acbc1) in these cells were examined by the antibodies. The β-Actin was chosen as the loading control.





MTBP Interacted With PXR and Promoted the Accumulation of PXR in Nuclear and the Recruitment of PXR to the Promoter of Its Downstream Gene cyp3a4

To further examine the effect of MTBP on PXR, the protein interaction between MTBP and PXR was examined by co-immunoprecipitation (co-IP). As shown in Figure 3, MTBP interacted with PXR in MHCC97-H cells. Additionally, the overexpression of MTBP promoted the accumulation of PXR in nuclear induced by rifampicin, whereas the knockdown of MTBP deceased the accumulation of PXR in nuclear (Figure 4). The recruitment of PXR to the promoter of its downstream gene, cyp3a4, was examined by ChIP analysis (Figure 4). As shown in Figure 4, the overexpression of MTBP promoted the recruitment of PXR to the promoter region of cyp3a4. The knockdown of MTBP decreased the recruitment of PXR to the gene’s promoter region (Figure 4). Therefore, MTBP interacted with PXR and promoted the accumulation of PXR in nuclear and the recruitment of PXR to the promoter of its downstream gene.




Figure 3 | MTBP interacted with PXR. (A) The HEK293 cells that were co-transfected with HA-PXR or FLAG-MTBP were analyzed by co-IP experiments. (B) The MHCC97-H cells which were transfected with FLAG-MTBP were analyzed by co-IP experiments.






Figure 4 | MTBP promotes the accumulation of PXR in nuclear or the recruitment of PXR to the promoter regions of its downstream gene. The MHCC97-L (A) cells were transfected with an empty vector or MTBP, whereas the MHCC97-H (B) cells were transfected with a control siRNA or the siRNA of MTBP. Cells were treated with a solvent control or rifampicin and harvested for the cellular sub-fraction experiments. The expression levels of PXR or MTBP in cellular sub-fractions was examined by the western blot assay. The Lamin A (the nuclear-skeletal protein) was used as the indicator of the nuclear sub-fraction, whereas β-Actin was used as the indicator of the cytoplasm sub-fraction. The MHCC97-L (C) cells were transfected with an empty vector or MTBP, whereas the MHCC97-H (D) cells were transfected with a control siRNA or the siRNA of MTBP. Cells were treated with a solvent control or rifampicin and harvested for the ChIP experiments.





MTBP Accelerated the Eliminationof Sorafenib in HCC Cells

These results indicate that MTBP enhanced the activation of PXR and enhanced the expression of PXR’s downstream genes which mediated the metabolism of sorafenib. Therefore, the effects of MTBP on the elimination or clearance of sorafenib in HCC cells were examined by the LC-MS/MS methods. As shown in Figure 5 and Table 2, the overexpression of MTBP in MHCC97-L cells accelerated the elimination of sorafenib in HCC cells and the subcutaneous tumor tissues, and the half-life time (t1/2 values) of sorafenib in HCC cells or tumor tissues was significantly reduced. The knockdown of MTBP in MHCC97-H cells accelerated the elimination of sorafenib in HCC cells or the subcutaneous tumor tissues, and the half-life time (t1/2 values) of sorafenib in HCC cells or tumor tissues was significantly reduced. Therefore, MTBP accelerated the elimination or clearance of sorafenib in HCC cells.




Figure 5 | MTBP accelerates the clearance or metabolism of sorafenib in HCC cells. (A, B) The MHCC97-H (A, B) cells were transfected with a control siRNA or the siRNA of MTBP, whereas the MHCC97-L (C) cells were transfected with an empty vector or MTBP. The cells were cultured (A, C) and injected into nude mice to form subcutaneous tumor tissues. The sustaining of sorafenib in cultured HCC cells (A, C) or the subcutaneous tumors (B) was examined by the LC-MS/MS methods. The results were shown as the represented images of LC-MS/MS at represented time points or the drug sustaining curves (D–F). *P < 0.05.




Table 2 | The effect of MTBP on the metabolism or the clearance of sorafenib in HCC cells.





MTBP Enhanced the Resistance of HCC Cells to Molecular Targeting Agents

The antitumor effect of molecular targeting agents on HCC cells was examined by MTT experiments. As shown in Supplemental Table 2, sorafenib inhibited the survival of HCC cells in a dose-dependent manner. The overexpression of MTBP enhanced the resistance of MHCC97-L cells to sorafenib and the IC50 values of sorafenib on MHCC97-L cells were increased (Supplemental Table 2). The knockdown of MTBP in MHCC97-H enhanced the antitumor effect of the drug on MHCC97-H cells and the IC50 values of sorafenib on MHCC97-H cells decreased. Moreover, the overexpression of MTBP enhanced the resistance of MHCC97-L cells to molecular targeting agents regorafenib, lenvatinib, anlotinib and apatinib; the knockdown of MTBP enhanced the sensitivity of MHCC97-H cells to molecular targeting agents.



MTBP Repressed the In Vivo Antitumor Effect of Sorafenib on HCC Cells’ Subcutaneous Growth and the Intrahepatic Growth

To further examine the effect of MTBP on the in vivo antitumor activation of molecular targeting agents, the subcutaneous tumor model was used. As shown in Figure 6 and Table 2, the molecular targeting agents inhibited the subcutaneous growth of HCC cells in nude mice. The overexpression of MTBP decreased the antitumor effect of molecular targeting agents and the IC50 values increased (Figure 6 and Table 3). The knockdown of MTBP enhanced the sensitivity of MHCC97-H cells to molecular targeting agents and the IC50 values decreased (Figure 6 and Table 3). The results were shown as the images of subcutaneous tumor tissue formed by MHCC97-H from the mice received sorafenib treatment and the IC50 values of molecular targeting agents sorafenib, regorafenib, lenvatinib, anlotinib or apatinib (Figure 6 and Table 3). The expression level of the related factors (MTBP, PXR, abcb1 or cyp3a4) in the subcutaneous tumors (Figure 6A) was shown as Figures 6F–I.




Figure 6 | MTBP decreased the antitumor effect of sorafenib on the subcutaneous growth of HCC cells. MHCC97-H cells were cultured and transfected with a control siRNA or the siRNA of MTBP. Cells were injected into mice to form subcutaneous tumor tissues and the mice received sorafenib treatment via oral administration. The mice were harvested and the tumor tissues were collected. The results were shown as the images of tumor tissues (A), tumor volumes (B), inhibition rates of sorafenib calculated by tumor volumes (C), tumor weights (D) or inhibition rates of sorafenib calculated by tumor weights (E). (F–I) the expression level (the mRNA level) of MTBP (F), PXR (G), cyp3a4 (H) or abcb1 (I) in subcutaneous tumors (A) was examined by qPCR and shown as the scatter-plot images (F–I). *P < 0.05.




Table 3 | MTBP decreased the in vivo antitumor effect of molecular targeting agents.



Next, the intrahepatic tumor models were used. As shown in Figure 7, the intrahepatic growth of HCC cells could form the intrahepatic nodules (tumor lesions) in the livers of the mice. The intrahepatic growth of HCC cells were shown as the micro-PET images (live imaging of small animals) and the images of livers with nodules (Figure 7). Treatment with sorafenib inhibited the intrahepatic growth of HCC cells in the liver of each of the mice (Figure 7). The overexpression of MTBP repressed the antitumor effect of sorafenib on both the micro-PET intensity images of the livers and the nodules formed by MHCC97-L (Figure 7). The knockdown of MTBP enhanced the antitumor effect of sorafenib both on the micro-PET intensity images of the livers and the nodules formed by MHCC97-H (Figure 7). Therefore, MTBP enhanced the resistance of HCC cells to molecular targeting agents.




Figure 7 | MTBP decreased the antitumor effect of sorafenib on the subcutaneous growth HCC cells. (A) MHCC97-H cells were cultured and transfected with a control siRNA or the siRNA of MTBP. Cells were first injected into mice to form subcutaneous tumor tissues; the micro-blocks of subcutaneous tissues were transplanted into the liver of each mouse to form intrahepatic tumor lesions (nodules). Then, the mice were given a sorafenib (0.5mg/kg) treatment via oral administration. The results were shown as the images of micro-PET, the quantitative results of micro-PET images (A) or the images of liver organs with nodules formed by HCC cells, the radio-activation of liver organs to blood, the intensity of liver regions to body-background (micro-PET’s images) or the relative area of the nodules. (B) MHCC97-L cells were cultured and transfected with empty vectors or the vectors of MTBP. Cells were first injected into mice to form subcutaneous tumor tissues and the micro-blocks of subcutaneous tissues were transplanted into the each liver to form the intrahepatic tumor lesions (nodules). Then, the mice were given sorafenib (3.0mg/kg) treatment via oral administration. The results were shown as the images of micro-PET, the quantitative results of micro-PET images (A) or the images of liver organs with nodules formed by HCC cells, the radio-activation of liver organs to blood, the intensity of liver regions to body-background (micro-PET’s images) or the relative area of nodules. *P < 0.05 The white arrow in Figure 7 indicated the liver region from mircoPET examination; whereas the black arrow in Figure 7 indicated the nodules or lesions formed by HCC cells in the liver organs.





MTBP Is Associated With the Poor Prognosis of HCC Patients

The above results indicate that MTBP could interact with PXR and enhance the transcription activation of PXR to mediate the resistance of HCC cells to sorafenib. To confirm the specificity of MTBP and the clinical significance of MTBP, the expression of MTBP in advanced HCC clinical specimens was examined and the patients were divided into two groups (MTBP-high group and MTBP-low group) according to the median value of the endogenous MTBP level (Figures 8A–D). As shown in Figures 8C, D and Table 4, the prognosis for patients in MTBP-high groups is much worse than that of patients in MTBP-low groups (the TTP [time to progress] is 9.0 months [median], 95% CI [7.8-10.2 months] versus 12.0 months [median], 95% CI [9.0-12.6 months], log-rank P=0.022; the OS [overall survival] is 11.0 months [median], 95% CI [9.9-13.4 months] versus 16.0 months [median], 95% CI [3.5-16.8 months], log-rank P=0.003).


Table 4 |  MTBP expression and clinical outcome of patients received sorafenib treatment.






Figure 8 | The high level of MTBP is related to the poor prognosis of advanced HCC patients who received sorafenib treatment. (A) The mRNA level of MTBP in the HCC clinical specimens and the paired non-tumor specimens were examined by qPCR. (B) The patients with advanced HCC were divided into two groups (MTBP-high or MTBP-low) according to the median value of MTBP’s mRNA level. (C, D) The OS or TTP of MTBP-high or MTBP-low groups’ patients are shown as survival curves. (E, F) The relationship between the expression of MTBP and the expression of PXR’s downstream genes CYP3A4 (E) and ABCB1 is represented (F). (G) The co-relation between MTBP with PXR in HCC clinical specimens and was shown as scatter-plot images. *P < 0.05.



Moreover, the relationship between the expression of MTBP with the downstream genes of PXR, cyp3a4 and ABCB1 in clinical specimens was examined. As shown in Figures 8E, F, the expression of MTBP-1 was positively related to the expression of cyp3a4 (P<0.0001) and ABCB1 (P<0.0001) in clinical specimens. As expectative, the expression of MTBP in HCC specimens did not associate with PXR (Figure 8G). Therefore, the data from the clinical specimens confirmed MTBP’s pro-proliferative and oncogenic activation and the effect of MTBP on PXR’s activation.



The Specificity of MTBP on PXR’s Activation

Further experiments were performed in Huh-7 cells (P53-deficient HCC cells), HEK293 (PXR-negative cell line), and using PXR antagonist ketoconazole treating cells. The activation of PXR was revealed by the EC50 values of rifampicin on luciferase reporters or mRNA level of PXR’s downstream genes. As shown in Supplemental Table 3, overexpression of MTBP enhanced the activation of luciferase reporters or the mRNA level of PXR’s downstream genes, cyp3a4 or abcb1; knockdown of MTBP decreased the transcription factor activation of PXR. Treatment of ketoconazole almost blocked the activation of PXR. Moreover, overexpression of MTBP could only enhanced the activation of luciferase reporters or the mRNA level of PXR’s downstream genes, cyp3a4 or abcb1 in the presence of PXR (Supplemental Table 4). Therefore, The specificity of MTBP on PXR’s activation was confirmed by using the multi-assays.




Discussion

The molecular targeting agents represented by sorafenib are of great significance for the treatment of advanced HCC but it has been clearly reported that patients’ sensitivity to the drug varies according to each individual. During the treatment, patients are prone to developing resistance to molecular targeting agents (33). Some cellular signaling pathways, including CSCs (cancer stem cells), the Notch pathway, the EMT (epithelial-mesenchymal transition) and mTOR (mammalian target Rapamycin) can affect the antitumor activity of molecular targeting agents (34–40). Results from recent studies have shown that metabolic factors are also important mechanisms for the resistance of various molecular targeted therapies. Yin et al. reported that the use of the SREBP-1 inhibitor Betulin down-regulated the transcription factor activity of SREBP-1 to increase the sensitivity of HCC cells to sorafenib (23). Ma et al. reported that miR-6077 can promote the antitumor effect of anlotinib on NSCLC (non-small cell lung cancer) cells by down-regulating the expression level of GLUT-1 (glucose transporter 1) sensitivity (41). SREBP-1 (Sterol Regulatory Element Binding Protein-1) and GLUT-1 are important regulators of cellular material and energy metabolism (42–45) for modulating the microenvironment of tumor cells. Therefore, it is necessary to further examine the participation of the aberrant metabolism of malignant tumor cells in the progress or resistance of cancer cells to antitumor agents (46).

PXR can act as a regulatory hub for the elimination and detoxification of exogenous drugs and toxicants through its downstream resistance-related genes, known to induce the metabolism and elimination of molecularly-targeted drugs, resulting in the resistance of HCC cells to the drugs (47, 48). In this study, MTBP interacted with PXR and enhanced the transcription factor activation of PXR which eventually caused the accelerated elimination or clearance of sorafenib. These results not only extend our knowledge about PXR’s regulation but also our knowledge about resistance to the drug.

MTBP was first identified by an MDM2-interacting protein (49). Recently, multiple points of evidence have indicated the pro-proliferative and oncogenic activation of MTBP. This activation has been carried out by multiple mechanisms: (1) MTBP is co-amplified with c-MYC and functions as c-Myc’s co-activator (50); (2) MTBP could enhance the activation of ZEB2 to induce the EMT process of cancerous cells (13); (3) MTBP inhibits the apoptosis of cancer cells via suppression of the MDM2/P53 axis (14); and (4) MTBP can enhance the metastasis of HCC cells via the MDM2-Mediated E-Cadherin Degradation (11).

In this study, MTBP interacted with PXR and functioned as the co-activator of PXR to enhance the resistance of HCC cells to molecular targeting agents. Our results are consistent with those of our previous publication in which we mentioned that MTBP can function as an activator of ZEB or c-MYC (50). ZEB is the important transcription factor mediating the EMT process of human cancer cells; c-MYC not only promotes the proliferation of cancer cells, it also participates in the aberrant metabolism of cancer cells (51–55). Therefore, in the future it would be valuable to examine the interaction between MTBP and the transcription factors. MTBP has also been found to act as a tumor suppressor in some cases. Findings from our previous work and related data indicate that MTBP may not significantly affect the proliferation of HCC cells but it does inhibit the metastasis of HCC cells by inhibiting the activation of ACTN (alpha-actinin 4) (56–59). It is possible that ACTN is the main mechanism by which MTBP functions and the different expressions of ACTN, c-MYC and ZEB in different cells may affect the role of MTBP (56–59).

In this study we not only detected the expression of the drug-resistant genes CYP3A4 and ABCB1, we also directly observed the effects of MTBP on the metabolism and clearance of the molecularly-targeted drug sorafenib. The overexpression of MTBP can accelerate the metabolism and clearance of sorafenib in HCC cells and tissues while the knocking down of MTBP expression can prolong the retention time of sorafenib in HCC cells and tissues. Because the drug has been used in clinical treatments for a long time, its drug metabolism-related characteristics, such as those noted in our previous results, have established an LC-MS/MS method for detecting it. The application time of several other new molecules is shorter than that of sorafenib and data related to LC-MS/MS methodologies for these drugs is rarely reported. It will be valuable to establish these methods in the future for detecting the effects of MTBP on the metabolism and clearance of regorafenib, lenvatinib, apatinib and anlotinib in HCC cells.
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Increasing evidence has shown that the metabolism and clearance of molecular targeted agents, such as sorafenib, plays an important role in mediating the resistance of HCC cells to these agents. Metabolism of sorafenib is performed by oxidative metabolism, which is initially mediated by CYP3A4. Thus, targeting CYP3A4 is a promising approach to enhance the sensitivity of HCC cells to chemotherapeutic agents. In the present work, we examined the association between CYP3A4 and the prognosis of HCC patients receiving sorafenib. Using the online tool miRDB, we predicted that has-microRNA-4277 (miR-4277), an online miRNA targets the 3’UTR of the transcript of cyp3a4. Furthermore, overexpression of miR-4277 in HCC cells repressed the expression of CYP3A4 and reduced the elimination of sorafenib in HCC cells. Moreover, miR-4277 enhanced the sensitivity of HCC cells to sorafenib in vitro and in vivo. Therefore, our results not only expand our understanding of CYP3A4 regulation in HCC, but also provide evidence for the use of miR-4277 as a potential therapeutic in advanced HCC.
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Introduction

Though many advances have been made in the treatment of advanced HCC, it remains a major challenge for China’s public health (1–3). In China, more than 80 million people suffer from viral liver disease or related acute and chronic liver diseases (1). These patients have a high risk of developing HCC (1, 4). Furthermore, most HCC patients are diagnosed with advanced disease, so they are not candidates for radical treatment strategies like surgery or liver transplantation (5–7). At present, drug treatment strategies for advanced HCC are limited, they are mainly based on various molecular targeted therapeutics (8–10), or immune checkpoint inhibitors targeting PD-1/PD-L1 (programmed cell death-1/programmed cell death ligand-1) (11–13). Among them, molecular-targeted agents like sorafenib have been used in clinical treatment for many years, though several problems remain: the efficacy of sorafenib varies based on the patient, and resistance is common; sorafenib treatment often induces serious side effects (14, 15); newer agents such as lenvatinib, regorafenib, and carbozantinib (8–10), have the same chemical parent ring structure (1-(4- (pyridin-4-yloxy)phenyl) urea) as sorafenib. Therefore, it is important to understand the mechanisms of resistance to sorafenib and other agents, and to study and explore sensitization strategies for HCC cells to molecular targeted agents. This will not only provide more choice for the patient, but it will also help improve the efficacy of combination therapies using targeted agents and/or immune checkpoint inhibitors.

The metabolism and clearance mechanisms of sorafenib and other exogenous agents in HCC cells are crucial factors in the development of HCC chemoresistance (16, 17). Via a systemic analysis, Feng et al. (18) and Shao et al. (19) found that sorafenib can act as a ligand/agonist to activate PXR/NR1I2 (pregnane X receptor/nuclear receptor subfamily 1 group I member 2) and induce expression of downstream genes involved in chemoresistance, including cyp3a4 and abcb1 (ATP-binding cassette, sub-family B, member 1). Ultimately, this accelerates elimination of the therapeutic and results in drug resistance through negative feedback regulation (18, 19). Although related studies have expanded our understanding of PXR in HCC, much remains unclear; PXR is not the only metabolism-related nuclear receptor in HCC cells, and the CAR/NR1I3 (constitutive androstane receptor/nuclear receptor subfamily 1 group I member 3) may have similar functions to PXR (20, 21). By inhibiting the activity of PXR alone, CAR may have a compensatory effect on the function of PXR. Moreover, targeting oxidative metabolism, which is mediated by CYP3A4 in the initial step of sorafenib elimination in HCC cells, represents a promising approach to enhance the sensitivity of these cells to targeted agents (22, 23). This makes CYP3A4 more advantageous to target compared with PXR or CAR. Both PXR and CAR mediate the expression of CYP3A4 to eliminate sorafenib. By inhibiting CYP3A4, compensatory effects between PXR and CAR can be avoided.

MicroRNA is a type of small non-coding RNA transcribed by RNA polymerase II (24–27). In mammalian cells, miRNA can directly affect the 3’UTR of the target mRNA to degrade it in a sequence-specific manner and silence gene expression (28–30). Because of this feature, miRNAs are widely used as anti-cancer therapeutics. By predicting miRNAs that target certain sets of oncogenes, one can identify novel anti-cancer miRNAs that can be added to lentiviral particles to reduce expression of the target oncogene and sensitize cells to targeted agents. Our study used the online tool miRDB to identify miR-4277, a potential repressor of CYP3A4 expression. We infected HCC cells with lentiviral particles containing pre-miR-4277 and confirmed the effect of miR-4277 on CYP3A4 and the elimination of sorafenib.



Materials and Methods


Cell Lines and Reagents

The HCC cell lines, MHCC97-H, HepG2, BEL7402 or SMMC7721, were grown in our lab and described previously (18, 19). The clinical specimens of advanced HCC were also descripted in our previous work (18, 19). The use of human subjects was approved by the ethics committee of the Fifth Medical Center, General Hospital of Chinese PLA (People’s Liberation Army). All assays were carried out in accordance with the Helsinki Declaration. Sorafenib, lenvatinib, cabozantinib, regorafenib, anlotinib, and apatinib were chemically synthesized by Dr. Shuang Cao at the Wuhan Institute of Technology, Wuhan City, Hubei Province of China. The potential cyp3a4’s inhibitor, ketoconazole, amprenavir or diltiazem, was also gifts from Dr. Shuang Cao at the Wuhan Institute of Technology, Wuhan City, Hubei Province of China. All agents were initially prepared as powders purified to >99% by using the HPLC (high performance liquid chromatography) (Supplemental Table 1). The miR-4277 was a microRNA potentially targeting to cyp3a4’s 3’UTR via an online tool, miRDB, and the full-length sequences of has-pre-miR-4277, wild-type cyp3a4 and cyp3a4, and miR-4277 mutated at its targeting sites (two targeting sites of miR-4277 located in the 3’UTR of cyp3a4: 1st site of 496th – 503th nt [a 8mer site]; 2nd site of 984th – 991st nt [a 8mer site]) for the 3’UTR were chemically synthesized and prepared as lentiviral particles: (1) Luc-1 (the luciferase reporter with the wild type of the 1st miR-4277 targeting site), (2) Luc-2 (the luciferase reporter with the wild type of the 2nd miR-4277 targeting site), (3) Luc-3 (the luciferase reporter with the wild type of the 1st and 2nd miR-4277 targeting site), (4) Luc-4 (the luciferase reporter with the wild type of the 2nd and the mutated 1st miR-4277 targeting site), (5) CYP3A4 mutations (CYP3A4Mut1 [the vector of cyp3a4 with the mutation of the 1st miR-4277 targeting site], CYP3A4Mut2 [the vector of cyp3a4 with the mutation of the 2nd miR-4277 targeting site], or CYPMut [the vector of cyp3a4 with the mutation of the 1st and 2nd miR-4277 targeting site]).



Quantitative PCR

The endogenous mRNA levels of cyp3a4 in HCC clinical specimens were identified using quantitative polymerase chain reaction (qPCR) in accordance with methods described by Wang et al. (20) and Ma et al. (20, 25). The primers used were: (1) cyp3a4, forward sequence 5’-CCGAGTGGATTTCCTTCAGCTG-3’, reverse sequence 5’-TGCTCGTG GTTTCATAGCCAGC-3’; (2) β-actin, forward sequence 5’-CACCATTGGCAATGA GCGGTTC-3’, reverse sequence 5-AGGTCTTTGCGGAT GTCCACGT-3’; (3) PXR/NR1I2 (31), forward sequence 5’-CCCACCTCAGA AGACAAAGC-3’, reverse sequence, 5’-GAACCCCAGACCCTACACAA-3’ (4); CAR/NR1I3 (31): forward sequence, 5’-TACTGTGCTTCGTGCTCCTG-3’, Reverse sequence, 5’-CCTGG TCTTCGGGTTCAAG-3’. The results (the relative expression level [folds of β-Actin]) of PXR or CAR was shown as heat-map.



Western Blot

MHCC97-H cells were cultured and TACT transfected with plasmids, such as miR-4277 or cyp3a4; the cells were then harvested and proteins were extracted as previously described by Wei et al. (32) and Jia et al. (32, 33). Antibodies against CYP3A4 (Cat. No.: ab124921) and β-Actin (Cat. No.: ab8226) were purchased from the Abcam Corporation, Cambridge, UK). The images of western blot was quantitatively analyzed by Image J Software (National Institutes of Health [NIH], Bethesda, Maryland, USA).



Assessment of Sorafenib Elimination in HCC Cells

HCC cells were used to examine the rate of elimination of sorafenib (18, 19, 34, 35). For cell-based experiments, HCC cells were treated with 1 μmol/L of sorafenib for 12 h. After treatment, the cells were harvested at a series of time-points. For in vivo experimentation, HCC cells were cultured and subcutaneously injected into mice to generate tumors. When tumor volume reached 2000 mm3, a solution of sorafenib was directly injected into the tumors. After injection, the tumors were excised at a series of time-points. Next, sorafenib was extracted from MHCC97-H cells or tumors using the acetonitrile (ACN). The sustaining amount of sorafenib at each time-point was measured using liquid chromatography–mass spectrometry/mass spectrometry (LC-MS/MS) and the in vitro/in vivo half-life of sorafenib was determined (18, 19, 34, 35).



Assessment of Cell Survival

After transfection or treated with potential inhibitor of cyp3a4, HCC cells were treated with a series concentrations of sorafenib, lenvatinib, cabozantinib, regorafenib, anlotinib, or apatinib (10 μmol/L, 3 μmol/L, 1 μmol/L, 0.3 μmol/L, 0.1 μmol/L, 0.03 μmol/L, or 0.01 μmol/L). After 48 h, MTT was performed to measure ell survival, and the IC50 value of each agent was calculated (36–38).



Nude Mouse Tumor Model

All animal experiments were reviewed approved by the Institutional Animal Care and Use Committee, the Fifth Medical Center, Chinese PLA. All animal experiments were performed in accordance with the UK Animals (Scientific Procedures) Act, 1986 and the associated guidelines. Female nude mice were purchased from the Si-Bei-Fu Corporation, Beijing China. Following transfection, MHCC97-H cells were prepared as a single-cell suspension and subcutaneously injected into nude mice (39, 40). The mice orally received sorafenib once every two days. Tumors from the mice were harvested, and the volumes and weights were measured (39, 40).



Statistical Analysis

SPSS 9.0 statistical software (IBM Corporation, Armonk, NY, USA) was used for all statistical analyses. Statistics were calculated using two-way ANOVA with the Bonferroni correction. IC50 values and the half-lie values (t1/2 values) were calculated using Origin software (Origin 6.1; OriginLab Corporation, Northampton, MA, USA). The *P < 0.05 being statistically significant between groups. The heat-map of the qPCR results were obtained according to the methods by Zhou et al. (41) and Yin et al. (42).




Results


High Levels of cyp3a4 mRNA Expression Are Associated With Poor Prognosis in HCC Patients Receiving Sorafenib

Though it has been suggested that cyp3a4 participates in the resistance of HCC cells to sorafenib, the clinical significance of cyp3a4 requires further analysis. As shown in Figure 1, the endogenous mRNA levels of cyp3a4 were examined in 52 clinical specimens from patients with advanced HCC (Figure 1 and Table 1). According to the median expression level of cyp3a4 in HCC tissue samples, patients were divided into two groups: a cyp3a4 high expression group [cyp3a4-high] and a cyp3a4 low expression group [cyp3a4-low]) (Figure 1A). We then performed survival analysis (Figures 1B, C). The prognosis of patients in the cyp3a4 high expression group [cyp3a4-high] treated with sorafenib, as measured by TTP (time to progress) and OS (overall survival), was significantly worse than that of the cyp3a4 low expression group [cyp3a4-low]) (Figures 1B, C and Table 1). Therefore, high levels of cyp3a4 appear to be associated with poor prognosis of HCC patients receiving sorafenib.




Figure 1 | High levels of cyp3a4 is associated with poor prognosis in advanced HCC. (A) The endogenous mRNA levels of cyp3a4 were assessed in 52 clinical specimens from patients with advanced HCC. According to the median expression level of cyp3a4 in HCC tissue samples, patients were divided into two groups: a cyp3a4 high expression group [cyp3a4-high] and a cyp3a4 low expression group [cyp3a4-low]) (B, C). Survival analysis included analysis of TTP and OS. *P < 0.05.




Table 1 | CYP3A4 expression and clinical outcome of sorafenib treatment.





miR-4277 Represses the Expression of cyp3a4 by Targeting its 3’UTR

To explore CYP3A4 as a potential anti-cancer target, miR-4277 was identified via the online tool miRDB as a microRNA that could potentially target cyp3a4. The potential binding sites of miR-4277 in the 3′-UTR of cyp3a4 as well as in wild type cyp3a4 and cyp3a4 with mutated miR-4277 binding sites are shown in Figure 2A. To confirm the effects of miR-4277 on cyp3a4 expression, we used a luciferase reporter construct for cyp3a4 and transfected cells with miR-4277. As shown in Figures 2B and 3, overexpression of miR-4277 repressed the activation of Luc-1 (the luciferase reporter with the wild type of the 1st miR-4277 targeting site), Luc-2 (the luciferase reporter with the wild type of the 2nd miR-4277 targeting site), Luc-3 (the luciferase reporter with the wild type of the 1st and 2nd miR-4277 targeting site), and Luc-4 (the luciferase reporter with the wild type of the 2nd and the mutated 1st miR-4277 targeting site). Moreover, miR-4277 did not affect the activation of Luc-5 (the luciferase reporter with the wild type of the 2nd and the mutated 1st miR-4277 targeting site) (Figure 3).




Figure 2 | miR-4277 is predicted to target the 3’UTR of cyp3a4. (A) The sequences of miR-4277 and cyp3a4 are shown as schematic diagrams. (B) The luciferase reporters containing the 3’UTR region of cyp3a4 containing the miR-4277 binding site are shown as a schematic diagram.






Figure 3 | miR-4277 represses the activation of cyp3a4’s 3’UTR luciferase reporters in MHCC97-H cells. The effect of miR-4277 on the activation of Luc-1 (the luciferase reporter with the wild type of the 1st miR-4277 targeting site) or Luc-2 (the luciferase reporter with the wild type of the 2nd miR-4277 targeting site), Luc-3 (the luciferase reporter with the wild type of the 1st and 2nd miR-4277 targeting site), Luc-4 (the luciferase reporter with the wild type of the 2nd and the mutated 1st miR-4277 targeting site), or Luc-5 (the luciferase reporter with the wild type of the 2nd and the mutated 1st miR-4277 targeting site) was examined. The results are shown as histograms. *P < 0.05.



Next, the effect of miR-4277 on the CYP3A4 protein expression was examined via western blot. As shown in Figure 4, miR-4277 not only inhibited the protein expression of the endogenous CYP3A4 in MHCC97-H cells, but also the expression of CYP3A4MUT1 or CYP3A4Mut2. Transfection of miR-4277 did not affect the expression of CYP3A4MUT (Figure 4). Therefore, these results suggest that miR-4277 targets the 3’UTR of cyp3a4 in a sequence specific manner.




Figure 4 | miR-4277 represses the expression of CYP3A4 in MHCC97-H cells. The effect of miR-4277 on wild type CYP3A4 or CYP3A4 mutations (CYP3A4Mut1 [the vector of cyp3a4 with the mutation of the 1st miR-4277 targeting site], CYP3A4Mut2 [the vector of cyp3a4 with the mutation of the 2nd miR-4277 targeting site], or CYPMut [the vector of cyp3a4 with the mutation of the 1st and 2nd miR-4277 targeting site]) in MHCC97-H cells was measured by western blot. The results are shown as blots (A) or the quantitative results (B). *P < 0.05.





miR-4277 Reduces the Elimination of Sorafenib in HCC Cells

Our results above suggest that miR-4277 represses the expression of CYP3A4 in MHCC97-H cells; therefore, we assessed whether miR-4277 could affect the elimination of sorafenib via LC-MS/MS. As shown in Table 2, overexpression of miR-4277 reduces elimination of sorafenib in cultured MHCC97-H cells; the half-life (t1/2) of sorafenib in MHCC97-H cells was also decreased in the presence of miR-4277 (Table 2). Transfection of CYP3A4Mut but not CYP3A4Mut1 or CYPMut2 blocked the effect of miR-4277 on the reduction in t1/2 of sorafenib (Table 2). Therefore, miR-4277 blocked elimination of sorafenib in HCC cells by targeting the 3’UTR of cyp3a4.


Table 2 | The effect of miR-4277 on Sorafenib in cultured MHCC97-H cells.





miR-4277 Enhances the Sensitivity of HCC Cells to Targeted Agents

To further examine the effect of miR-4277 on cyp3a4 in HCC cells, the effects of other targeted agents were assessed by MTT. As shown in Table 2, overexpression of miR-4277 enhanced the sensitivity of MHCC97-H cells to sorafenib, with a decrease in its IC50 value. Transfection of CYP3A4Mut but not CYP3A4Mut1 or CYPMut2 blocked the effect of miR-4277 on the reduction in t1/2 value for sorafenib. Similar results were obtained for five other targeted agents, including regorafenib, lenvatinib, anlotinib, cabozantinib, and apatinib (Table 3). Therefore, miR-4277 appears to enhance the sensitivity of HCC cells to multiple targeted agents by targeting the 3’UTR of cyp3a4.


Table 3 | miR-4277 enhanced the sensitivity of MHCC97-H cells to molecular targeted agents, regorafenib, lenvatinib, anlotinib, cabozantinib, or apatinib.





miR-4277 Inhibits the Growth and Induces Sensitization of HCC Tumors to Sorafenib in Nude Mice

The effect of miR-4277 to induce sensitivity to sorafenib was further confirmed in a nude mice model. As shown in Figure 5, sorafenib inhibited the subcutaneous growth of HCC cells in a dose-dependent manner, and transfected with miR-4277 further enhanced this effect (Figure 5).




Figure 5 | miR-4277 enhances the antitumor effects of sorafenib in inhibiting the growth of HCC cells in a nude mouse model. MHCC97-H cells were transfected with vectors (control miR or miR-4277) and subcutaneously injected into nude mice. The mice then received the indicated dose of sorafenib via oral administration. The results are shown as tumor images (A), tumor volumes (B), or tumor weights (C). *P < 0.05.



Moreover, the specificity of miR-4277 for cyp3a4 was examined in our subcutaneous tumor model. As shown in Figure 6, MHCC97-H cells were transfected with control, miR-4277, or miR-4277 + CYP3A4Mut (the expression vectors of cyp3a4 with the mutated binding sites of miR-4277). Transfection of miR-4277 inhibited the subcutaneous growth of MHCC97-H cells, and a 0.5 mg/kg dose of sorafenib had no effect (Figure 6). Transfection of miR-4277 enhanced the sensitivity of MHCC97-H cells to sorafenib, whereas CYP3A4Mut blocked the effect of miR-4277 (Figure 6).




Figure 6 | miR-4277 enhances the antitumor effect of sorafenib in a nude mouse model. MHCC97-H cells were transfected with vectors (control miR, miR-4277, or miR-4277 + CYP3A4Mut) and subcutaneously injected into nude mice. The mice then received the indicated dose of sorafenib via oral administration. The results are shown as tumor images (A), tumor volumes (B), or tumor weights (C). *P < 0.05.



The elimination of sorafenib in subcutaneous tumors were also examined to further confirm the effect of miR-4277. As shown in Table 4, overexpression of miR-4277 reduced the rates of sorafenib elimination in tumor tissues formed by MHCC97-H cells, and the t1/2 of sorafenib in these tissues was also decreased. Transfection of CYP3A4Mut but not CYP3A4Mut1 or CYPMut2 blocked this effect. These results further confirm the effect of miR-4277 on sorafenib elimination.


Table 4 | Effect of miR-4277 on the clearance of sorafenib in the subcutaneous tumors formed by MHCC97-H cells.





The Endogenous mRNA Level of PXR and CAR in Clinical Specimens

The above results mainly focus on the roles of miR-4277/cyp3a4 in HCC cells. To further confirm the clinical significance of cyp3a4, the expression level of PXR and CAR in HCC clinical specimens was examined by qPCR. As shown in Figure 7, the expression of PXR or CAR were detected in the HCC clinical specimens. The expression level of CAR was also higher than that of PXR (Figure 7). Therefore, the endogenous mRNA level of PXR and CAR are positive in HCC clinical specimens and the compensatory effect between PXR and CAR cannot be ignored.




Figure 7 | The endogenous expression of PXR or CAR in HCC clinical specimens. The endogenous expression of PXR or CAR in HCC clinical specimens was examined by qPCR. The results were shown as heat-map from the relative expression level (folds of β-Actin).





miR-4277 Also Enhances the Sensitivity of Sorafenib in Some Other HCC Cell Lines

Next, the effect of miR-4277 on sorafenib was examined in some other HCC cell lines. As shown in Table 5, transfection with miR-4277 decelerated the metabolism or clearance of sorafenib in HepG2, BEL-7402 or SMMC-7721 cells, and the t1/2 values of sorafenib increased, respectively (Table 5). Moreover, transfection of miR-4277 also enhances the sensitivity of these three HCC cell lines to sorafenib (Table 5), and the IC50 values of sorafenib decreased, respectively (Table 5). Transfection of CYP3A4Mut almost blocked the effect of miR-4277 on sorafenib’s metabolism/clearance rates or the antitumor activation on HCC cells. Therefore, miR-4277 also enhances the sensitivity of sorafenib in some other HCC cell lines by targeting cyp3a4’s 3’UTR.


Table 5 | The effect of miR-4277 on sorafenib in HCC cells.





The Potential Inhibitor of CYP3A4 Enhances the Sensitivity of MHCC97-H Cells to Sorafenib

Furthermore, the effect of potential inhibitors of cyp3a4 were used. As shown in Table 6, treatment of 1μmol/L concentration of ketoconazole, amprenavir or diltiazem, decelerated the metabolism or clearance of sorafenib in MHCC87-H cells, and the t1/2 values of sorafenib increased, respectively (Table 6). Treatment of these agents also enhances the sensitivity of MHCC97-H cells to sorafenib (Table 6), and the IC50 values of sorafenib decreased, respectively (Table 6). The effect of ketoconazole is much greater than amprenavir or diltiazem. Therefore, the inhibited of CYP3A4 both via miR-4277 or inhibitors could enhance the sensitivity of HCC cells to sorafenib.


Table 6 | The effect of potential inhibitors of CYP3A4 on sorafenib in MHCC97-H cells.






Discussion

Currently, targeted therapy remains a first-line choice for patients with advanced HCC; however, the overall clinical benefit of these therapies are unsatisfactory (43–45). It is important to block chemoresistance pathways in HCC to improve sensitivity to targeted agents. Zhu et al. (14) systematically summarized the possible mechanisms of resistance of HCC cells to sorafenib and discerned the compensatory effects of various signal pathways, including the epithelial-mesenchymal transition and signals from the tumor stem cell environment, may increase resistance to sorafenib (14). Although studies like these are beneficial to expand our understanding of sorafenib resistance in advanced HCC, several issues persist. The liver is the body’s regulatory center for exogenous metabolism and clearance (46, 47). HCC arises from hepatocytes, and the metabolism and clearance of exogenous agents may be specific to the ability of HCC cells to tolerate sorafenib (18, 19). Feng et al. (18) showed that sorafenib can function as a ligand/agonist to induce PXR transcription factor activity and accelerate the metabolism and clearance rate of sorafenib. It does this by inducing the expression of drug resistance genes downstream of PXR, such as cyp3a4 or abcb1 (ATP-binding cassette, sub-family B, member 1), and through a similar negative feedback mechanism that induces resistance of HCC cells to sorafenib itself. This means that HCC patients with high background expression levels of PXR may not be sensitive to sorafenib (18). With long-term treatment, sorafenib can also induce the activity of PXR in HCC cells and the expression of drug-resistant genes, which ultimately leads to multidrug resistance (18). CYP3A4 is an important regulator of sorafenib metabolism and clearance in HCC cells as it can mediate the oxidative metabolism of sorafenib (48). Our study identified that a microRNA that can act on the 3’UTR of cyp3a4: miR-4277. We found that it could down-regulate the expression levels of CYP3A4 in HCC cells, reduce elimination of sorafenib, and ultimately enhance the sensitivity of HCC cells to sorafenib. Therefore, miR-4277 and cyp3a4 represent ideal targets that can be modulated to overcome the resistance of HCC cells to targeted therapy. Our results also showed that the potential inhibitors of CYP3A4 had the similar effect of miR-4277 on sorafenib in HCC cells. The effect of ketoconazole is significantly stronger than amprenavir or diltiazem (49–55). Since ketoconazole is also considered to be an inhibitor of PXR, this needs to be discussed in depth.

The transcription of cyp3a4 is mainly mediated by PXR, but it can also regulated by CAR (56–58). In cancerous cells, particularly in HCC, the activity of PXR may also be compensated by CAR. Using miRNA or PXR antagonists alone to down-regulate the activity of PXR may be an inefficient method of fully blocking the resistance of malignant tumor cells to anti-tumor agents. CAR can also induce the resistance of tumor cells to anti-tumor agents. Wang et al. (20) previously used miR-4271 to down-regulate the expression levels of CAR, which significantly enhanced the sensitivity of tumor cells to anlotinib (20). Our results also examined the expression of PXR and CAR in HCC’s clinical specimens. Therefore, we selected CYP3A4 in our study to avoid the compensation effects of PXR and CAR in HCC cells.

miRNA is an important type of non-coding RNA that induces the post-transcriptional silencing of target genes’ expression in a sequence-specific manner by targeting the 3’UTR (26). This feature makes miRNA an ideal strategy for anti-tumor gene therapy; tumors can be treated by cloning the full pre-miRNA sequence into a vector and delivering it in lentiviral particles (26). Transfection of lentiviral particles into tumor cells or via intratumor tissue injection can down-regulate the expression levels of certain oncogenes (26). Li et al. (59), Yang et al. (60), and Li et al. (61) showed that miR-140-3p, miR-30c, and miR-148a can inhibit the expression of PXR and CYP3A4, respectively, by acting on the 3’UTR of PXR and reduce the elimination of anti-cancer agents in tumor cells. Our study used an online tool to identify miR-4277 as a regulator of cyp3a4 expression. This miRNA had the highest score among all miRNAs tested from the miRDB database. We then constructed mutants to confirm the effect of miR-4277 on cyp3a4. Transfecting HCC cells with miR-4277 decreased the expression levels of CYP3A4 and enhanced the sensitivity of HCC cells to targeted agents. Besides miR-4277, there are also some other miRNAs could target to cyp3a4. Ekström et al. (62), Tang et al. (63), Gill et al. (64), Huang et al. (65), Li et al. (66) and Zastrozhin et al. (67) suggested that the miR-27 family, miR-142, miR-200a, miR-150 or miR-328 could targets to cyp3a4 (62–67). Therefore, our results extended the knowledge of miRNAs on cyp3a4.

It is worth mentioning that in our study, elimination of sorafenib was measured via LC-MS/MS. We observed that miR-4277 could prolong the half-life of sorafenib in HCC cells and tissues and reduce its elimination. Several other targeted agents were tested for their ability to kill HCC cells; however, we failed to detect the presence of these agents in HCC cells, mainly due to the lack of efficient protocols for assessing the levels of the compounds. In the future, LC-MS/MS methodology for these and other targeted agents will likely be established well enough to determine the effect of miR-4277 on their elimination rate in HCC cells.

Furthermore, Drug interactions mediated by CYP3A4 are not only closely related to clinical treatment and drug contraindications, but also an important mechanism of anti-tumor drug resistance (68, 69). CYP3A4 is not only closely related to the metabolism and drug resistance of cytotoxic chemotherapy agents such as paclitaxel and camptothecin, but also closely related to the metabolism and drug resistance of molecularly targeted agents such as Imatinib, Gefitinib and Pazopanib (70–75). Therefore, the results of this study can be extended to other types of malignant tumor molecular targeted therapy in the future.
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Hepatocellular carcinoma (HCC) is an aggressive tumor with a poor prognosis that highly expresses phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (ERK). The PI3K/AKT/mTOR and MAPK/ERK signaling pathways play a crucial role in HCC tumor formation, cell cycle, apoptosis and survival. However, no effective targeted therapies against these pathways is available, mainly due to the extensive and complex negative feedback loops between them. Here we used CK-3, a dual blocker of the PI3K/AKT/mTOR and MAPK/ERK pathways, against HCC cell lines to verify its anti-tumor activity in vitro. CK-3 exhibited cytotoxic activity against HCC, as demonstrated with MTT and colony formation assays. The anti-metastatic potential of CK-3 was demonstrated with wound healing and cell invasion assays. The ability of CK-3 to block both the PI3K/AKT/mTOR and MAPK/ERK pathways was also confirmed. CK-3 induced the apoptosis of Hep3B cells, while Bel7402 cells died via mitotic catastrophe (MC). Oral administration of CK-3 also inhibited the subcutaneous growth of BEL7402 cells in nude mice. Simultaneous PI3K/AKT/mTOR and MAPK/ERK pathway inhibition with CK-3 may be superior to single pathway monotherapies by inhibiting their feedback-regulation, and represents a potential treatment for HCC.
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Introduction

Liver cancer is one of the leading causes of cancer-related deaths worldwide (1–3). Hepatocellular carcinoma (HCC) accounts for the vast majority of liver cancers, representing nearly 75% of all primary liver tumors (4–6). The geographic regions with the highest incidence of HCC are Asia and Africa, and nearly half of all cases are estimated to occur in China (7–10). The most effective treatment for liver cancer is presently surgical resection. However, this treatment can only be performed when the liver has sufficient intrinsic function, therefore it is not an option for patients with cirrhosis (11–14). Understanding the molecular mechanisms of HCC oncogenesis is therefore critical to treating life-threatening liver cancers in patients who are not surgical candidates (15, 16).

The PI3K/AKT/mTOR signaling pathway plays a crucial role in tumor formation, cell cycle progression, apoptosis, and survival (17–20). The development of targeted therapies against these pathways has not been entirely successful, mainly because of the extensive and complex internal and external pathway negative feedback loops between them (21). PI3K (phosphatidylinositol 3-kinase) is activated by a variety of mitotic signals and catalyzes the formation of secondary lipid messenger phosphphao-tidylinositol-3,4,5-triphosphate (22–24). The mTOR protein kinase includes two distinct protein complexes that collectively regulate the PI3K/AKT/mTOR signaling pathway (25). AKT directly phosphorylates mTOR, which in turn phosphorylates P70S6K, a downstream substrate of mTOR that is critical to protein synthesis (26). Previous studies hypothesized that tumor resistance to MAPK/ERK (mitogen-activated protein kinase/extracellular signal-regulated kinase) inhibition may be the result of a negative feedback loop formed by the activation of AKT in response to ERK inhibition (27–29). There is also crosstalk between the PI3K and MAPK pathways. A negative feedback loop occurs after ERK suppression, activating the PI3K pathway (30–32). This loop is likely related to the mechanism by which the oncogenic Ras protein activates the MAPK/ERK signaling cascade towards mTOR activation (33). Hepatocellular carcinoma (HCC) is an aggressive tumor with a poor prognosis that highly expresses phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein kinase (ERK) (34, 35). Given these obstacles, the combined inhibition of both the PI3K/AKT/mTOR and MAPK/ERK pathways may be a potential strategy for treating liver cancer.

In this study we investigated the anti-cancer properties of CK-3 (Figure 1A), a dual inhibitor of the PI3K/AKT/mTOR and MAPK/ERK pathways, on multiple HCC cell lines. CK-3 can function as a potential treatment of HCC.




Figure 1 | The effect of CK-3 on Hep3B and Bel7402 cell proliferation. (A) Structure of CK-3. (B) MTT assay of cells treated with CK-3 for 24, 48, and 72 h. (C) Effect of CK-3 on cell proliferation as evaluated with the colony formation assay. Data are presented as the mean ± SD of three independent experiments (n = 3). *p < 0.05, ***p < 0.001 compared with the control group.





Methods and Materials


Chemical Compounds and Reagents

CK-3 was provided by associate professor Ding Huaiwei (Shenyang Pharmaceutical University) (Supplemental Figure 1). Purity (99.1%) was verified with high performance liquid chromatography. The molecular structure of CK-3 was analyzed with proton nuclear magnetic resonance and mass spectrometry (Supplemental Figures 2–4). The small molecular inhibitor of PI3K/AKT pathway (LY294002) or MEK (GSK2118436) was conserved in our lab. For the cellular experiments, DMSO (dimethyl sulfoxide) was used to dissolve the pure CK-3 powder (also the other agents), and then use DMEM (DuIbecco’s modified eagIe’s medium) without FBS (Fetal Bovine Serum) to dilute the CK-3 (also the other agents) DMSO-solution to prepare solutions containing a series of concentrations CK-3. For the animal experiments, PEG400 and Tween 80 was used to dissolve the pure CK-3 powder, and then use physiological saline to dilute the CK-3 PEG400-Tween 80-solution to prepare solutions containing a series of concentrations CK-3. These two solutions/samples were prepared according to the methods descripted by Xie at al. (36) and Wang et al. (36, 37).



Cell Culture

The Hepatocellular carcinoma cell lines, MHCC97-H, Hep3B, HepG2, Bel7402 and SMMC7721, were obtained from the American Type Culture Collection (ATCC). Cells were cultured in Dulbecco’s Modified Eagle Medium (Logan, UT, USA) with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA) at 37°C and 5% CO2 condition.



Cell Survival Examination

Cell viability was assessed with a routine MTT assay (7, 38). Cells were seeded in 96-well plates in complete medium. After being incubated overnight they were exposed to diverse concentrations of CK-3 for 24 h, 48 h and 72 h. The cells were then analyzed using the MTT (0.5 mg/ml) assay and measured with a microplate-reader (Elx 800 Bio-Tek, USA). Cell viability was expressed as a percentage, with comparisons between the IC50 values of anti-tumor compound on HCC cells vs. controls.



Colony Formation Assay

Hep3B and Bel7402 cells were seeded into 6-well plates with a density of 1×103 cells/well and treated with CK-3 (0.1 [low concentration], 0.3 [middle concentration] and 1 [high concentration] μM) for 48 h. After being shifted into fresh medium without drug treatment for 1 week, the colonies were washed twice with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde (PFA) for 10 min. The colonies were then stained with crystal violet (Beyotime, Nanjing, China) and quantified after being dissolved with glacial acetic acid (38). The plates were then analyzed with a microplate reader.



Wound-Healing Approach

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-μL pipette tip (39). The cells were washed twice with PBS. The migration ability of the cells was tested after CK-3 (0.3, 1 and 3 μM) treatment for 48 h. Wound area at 0 h and 48 h was measured with NIH ImageJ (Bethesda, MD, USA).



Cell Invasion and Migration Assay

The invasiveness (the in vitro invasion examination) of Hep3B and Bel7402 cells after treatment with CK-3 (0.3, 1 and 3 μM) was evaluated with a 24-well Transwell Matrigel (Corning Life Sciences, Bedford, MA, USA). Cells were seeded into the upper chambers of the Matrigel after being suspended in serum-free medium. Medium containing 10% FBS was added to the lower chambers. After 48 h, cells that penetrated into the lower chambers were fixed with 4% paraformaldehyde (PFA) for 10 min, stained with 0.1% crystal violet solution for 30 min, then washed twice with PBS. For the cell migration assay, the cells were directed seeded in to the upper chambers. The wells were quantified and the relative invasion/migration cell numbers were calculated according to the methods by Yu et al. (40).



In Vitro Phosphatidylinositol 3-Kinase (PI3K) Inhibition Assay

This experiment was performed by Shanghai ChemPartner Co., Ltd. The PI3K assay was performed with the PI3K-GloTM Class Profiling Kit (Promega, #V1690), which measured the amount of ADP produced during the kinase reaction. IC50 values were compared with Prism.



Molecular Docking

The X-ray crystal structures of PI3K (PDB ID code: 3DBS) and ERK (PDB ID code: 5K4I) were obtained from the Protein Data Bank (PDB) (http://www.wwpdb.org) and prepared with the protein preparation wizard in Maestro (version 10.6, Schrödinger, Cambridge, MA, USA). The active site was defined according to the binding position of the co-crystal ligand. Glide was used for protein-ligand docking in standard precision (SP) after ligand preparation.



Western Blotting

Total protein samples were extracted from Hep3B and Bel7402 cells, separated with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE), and electrophoretically transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were then blocked with non-fat milk (5% in TBST) at 4°C overnight, and the primary antibody was incubated for 2 h at room temperature. After washing three times with TBST (10 min for each time), the membranes were incubated with horseradish peroxidase (HRP) conjugated secondary antibodies for 2 h at room temperature. Blots were visualized with enhanced chemiluminescence reagents and analyzed using ImageJ.

The following primary antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA): E-cadherin, PTEN, p-AKT (Ser473), AKT, p-mTOR, mTOR, p-p70S6K1 (Thr389), p70S6K1, p-ERK1/2, ERK1/2, Bcl-2, and Bax. The antibody against GAPDH was purchased from Proteintech (Rosemont, IL, USA). Anti-rabbit IgG and anti-mouse IgG secondary antibodies conjugated with horseradish peroxidase (HRP) were purchased from Abcam (Cambridge, UK).



Cell Morphology Changes

Hep3B and Bel7402 cells were treated with CK-3 for 48 h, then stained with Hoechst 33342 (Beyotime, Shanghai, China). After being washed twice with PBS the cells were observed and photographed with a fluorescence microscope (Olympus, Tokyo, Japan).



Apoptosis Analysis

After treatment with CK-3 for 48 h, Hep3B and Bel7402 cells were collected and washed twice with PBS. The cells were then incubated with Annexin V-FITC and PI from the Annexin V-FITC Apoptosis Kit (BD, Pharmingen, USA) in the dark for 20 min as per the manufacturer’s instructions. The cells were then re-suspended in binding buffer and measured with flow cytometry analysis (FACS) (BD Biosciences, Franklin Lakes, NJ, USA). Data was analyzed with Flow Jo.7.6.1 (Tree Star, Ashland, OR, USA) (41, 42).



Cell Cycle Analysis

After incubation with CK-3 for 48 h, Hep3B and Bel7402 cells were collected and fixed overnight in cold 70% (v/v) ethanol at 4°C. After being washed with PBS the cells were stained with PI using the Cell Cycle Analysis Kit (BD) according to the manufacturer’s instructions. The samples were then analyzed with fluorescence-activated cell sorting (43).



The In Vivo Antitumor Activation of CK-3 via a Nude Mice Model

The usage of nude mice were permitted by the Animal Ethics Committee, General Hospital of Northern Theater Command. BEL7402 cells were cultured and injected into the nude mice mice’s subcutaneous tumor position. Mice were received 10mg/kg (high dose), 5mg/kg (middle dose) or 1mg/kg (low dose) of CK-3 via oral administration once per two days. After 10-15 times’ treatment, the tumors were collected and the tumor volumes/tumor weights were examined (25, 44, 45). The inhibitory rates of CK-3 on BEL-7402 cells’ subcutaneous growth was calculated according to the tumor volumes or tumor weights. The expression level of cell proliferation related factor Ki67; the EMT (epithelial-mesenchymal transition) related factors N-Cadherin, E-Cadherin, Vimentin; the pro-survival/anti-apoptosis related factors Survivin, cIAP-1, cIAP-2, BCL-2 in the tumor tissues was examined by qPCR (quantitative polymerase chain reaction) following the methods descripted by Ma et al. (46) and Yang et al. (10), and the primers were also used the sequences provided by Ma et al. (46). The heat-map was performed according the methods descripted by Zhou et al. and Wang et al. (29, 47).



Statistical Analysis

All data were expressed as mean ± SD, and all experiments were performed in triplicate. Differences among experimental groups were compared using analysis of variance (ANOVA) followed by the Student’s t-test (P < 0.05). SPSS22.0 (IBM, Armonk, NY, USA) was used for statistical analysis and GraphPad software (GraphPad Software, La Jolla, CA, USA) was used to present the analyzed data. p-values < 0.05 were considered to be statistically significant.




Results


CK-3 Has a Cytotoxic Effect Against Various HCC Cell Lines

The MTT assay showed that CK-3 had a cytotoxic effect against HCC cell lines, especially Hep3B and Bel7402 cells (Table 1). Testing different concentrations of CK-3 for 24 h, 48 h and 72h (Figure 1B) demonstrated that the effect of CK-3 on cell proliferation was time- and dose-dependent. Moreover, the colony formation assay indicated that CK-3 can reduce the proliferation of Hep3B and Bel7402 cells (Figure 1C).


Table 1 | The antiproliferative activity of CK-3 on HCC cell lines (mean ± SD, n=3).





CK-3 Inhibits the Migration and Invasion of HCC Cell Lines

We evaluated the migration capabilities of HCC cell lines after CK-3 treatment using a wound healing assay. The number of cells that migrated into a wounded region after treatment with CK-3 for 48 h were counted and compared with controls (Figure 2A). A Transwell invasion assay or transwell migration assay was then used to confirm the in vitro invasiveness/migration of these cells. As shown in Figure 2B, CK-3 notably decreased the number of cells that invaded or migrated to the bottom of the membrane. The level of E-cadherin was increased in Hep3B and Bel7402 cells after treatment with CK-3 for 48 h (Supplemental Figure 5). The dose dependency was also noted by CK-3’s effect (Figure 2 and Supplemental Figure 5).




Figure 2 | Effects of CK-3 on Hep3B and Bel7402 cell migration and invasion. (A) CK-3 inhibited the migration of cells as demonstrated with a wound-healing assay. Dashed lines represent the edge of a wound. Micrographs were taken at 100x magnification. (B, C) Inhibition effects of CK-3 on invasion/migration as demonstrated with a Transwell experiment. Stained cells were quantified by counting three random fields per Transwell. Micrographs were taken at 200x magnification. *p < 0.05, **p < 0.01, ***p < 0.001, compared with controls.





CK-3 Suppresses HCC Cell Lines by Down-Regulating Both the PI3K/AKT/mTOR and MAPK/ERK Signaling Pathways

To investigate whether CK-3 inhibited Hep3B and Bel7402 cell proliferation by regulating PI3K, we examined the ability of CK-3 to inhibit PI3K activity in vitro (Table 2). CK-3 selectively inhibited the activity of the PI3K catalytic subunits PI3Kα and PI3Kδ. As indicated in Figure 3A, the expression of p-AKT (Ser473 point), p-mTOR and p-p70S6K1 (Thr389) was decreased after CK-3’s treatment. In addition, CK-3 treatment resulted in a significant increase in the expression of PTEN, which is an AKT pathway inhibitor (Figure 3A). Moreover, CK-3 could also inhibited the phosphorylation of ERK in HCC cells (Supplemental Figure 6). The specificity of CK-3 on HCC cells were confirmed by using the LY294002 or GSK2118436 in HCC cells (Figures 3B, C).


Table 2 | PI3 Kinase-activity profile of CK-3.






Figure 3 | CK-3 suppressed the PI3K/AKT/mTOR and MAPK/ERK pathways in Hep3B and Bel7402 cells. (A) Inhibitory effects of CK-3 on the level of PTEN, p-AKT, AKT, p-mTOR, mTOR, p-p70S6K and p70S6K proteins as shown with western blotting. (B, C) The inhibitory effects of CK-3, LY294002 or GSK2118436 on the level of p-ERK and EKK proteins as shown with western blotting.



The interaction between proteins and CK-3 was explored with molecular docking technology. As shown in Figures 4A, B, the pyridine ring of CK-3 penetrated into the active site of PI3Kγ and formed a major hydrogen bond with Lys883. Moreover, Lys833 and Val882 also formed hydrogen bonds with the oxygen atom on the sulfonyl group and the oxygen atom on the sidechain. Furthermore, the optimal conformation of CK-3 was well matched to the ERK2 protein active cavity (Figures 4C, D). The oxygen atom of the amide on the sidechain and the nitrogen atom on the pyridine ring formed hydrogen bonds with Lys114 and Ser41 as hydrogen acceptors. Met108 and Lys151 also interacted with the nitrogen atom on the imidazole ring and the oxygen atom on the sulfonyl group with hydrogen bonds.




Figure 4 | The molecular docking of CK-3 with PI3K or ERK. (A, C) A two-dimensional interaction diagram of CK-3 on the catalytic cavity of PI3K (PDB code: 3DBS) and ERK (PDB code: 5K4I). (B, D) A three-dimensional interaction diagram of CK-3 on the catalytic cavity of PI3K and ERK. The crystal structures of proteins are depicted as green and purple cartoons, and key amino acids are depicted as gray sticks. CK-3 is shown as pink sticks. Hydrogen bonds are represented by yellow dotted lines.





CK-3 Effects on Apoptosis and Cell Cycle Arrest in HCC Cell Lines

Apoptotic cells were detected with the Hoechst 33342 and Annexin V-FITC/PI staining assays. Compared with the control group, the nuclear DNA in cells that received a high-dose of CK-3 exhibited more condensed and fragmented staining (Figure 5A). To verify these results the level of apoptosis-associated proteins was evaluated with western blotting. As shown in Figure 5B, the expression of Bax was significantly up-regulated after CK-3 treatment, while the level of Bcl-2 was markedly down-regulated. Hep3B and Bel7402 cells had a high degree of apoptosis-like death, as shown with the Annexin V-FITC/PI staining assay (Figure 5C).




Figure 5 | Effects of CK-3 on Hep3B and Bel7402 cell apoptosis and reproduction. (A) Morphology of the cell nuclei changes following incubation with CK-3 for 48 h, as visualized with Hoechst 33342. Scale bar =200 μm. (B) The level of Bax and Bcl-2 in cells treated with CK-3 at various concentrations for 48 h was evaluated with western blotting. All blotted proteins were normalized to GAPDH. (C) Annexin V-FITC/PI double-staining of cells after 48 h of CK-3 treatment. Bar graphs show the quantification of the apoptotic cells. (D) DNA analysis of cells after CK-3 treatment was performed using flow cytometry. The percentage of cells in each phase of the cell cycle is shown in the histogram. Data are presented as mean ± SD of three independent experiments (n = 3). *p < 0.05, **p < 0.01, compared with the control group.



Cell cycle distribution analysis indicated that CK-3 induced Hep3B cell cycle arrest in the G2/M phase. The proportion of polyploid Bel7402 cells strongly increased after CK-3 treatment for 48 h (Figure 5D), suggesting that CK-3 caused cell cycle arrest during mitosis, which was different from that of Hep3B cells.



The In Vivo Antitumor Effect of CK-3 on BEL7402 Cells

The above results were obtained from the cultured HCC cells. To further examine the antitumor effect of CK-3, the BEL-7402 was cultured and injected into nude mice to form subcutaneous tumor tissues. As shown in Figure 6, BEL-7402 cells could form subcutaneous tumor tissues in nude mice. Oral administration of 10mg/kg CK-3 (high dose of CK-3) or 10mg/kg CK-3 (middle dose of CK-3) but not 1mg/kg CK-3 (low dose of CK-3) could inhibited the subcutaneous growth of BEL-7402 cells in nude mice (Figures 6A, C–F). Oral administration of CK-3 also inhibited the expression of Ki67, N-cadherin, Viemntin, Survivin, cIAP-1, cIAP-2 or BCL-2 and enhanced the expression of E-cadherin in tumor tissues formed by BEL7402 cells in a dose-dependent manner (Figure 6B).




Figure 6 | The in vivo antitumor activation of CK-3. BEL-7402 was cultured and injected in to the subcutaneous position of the nude mice. Mice were received the CK-3 via oral administration. The results were shown as the images of tumor tissues (A), the heat-map indicated the inhibitory rates of CK-3 on proliferation, pro-survival, anti-apoptosis or EMT related factors (B), tumor volumes (C), inhibitory rates of CK-3 according to tumor volumes on Bel-7402 (D), tumor weights (E), inhibitory rates of CK-3 according to tumor weights on Bel-7402 (F). *P < 0.05.






Discussion

The PI3K/AKT/mTOR and MAPK/ERK pathways play a dominant role in HCC proliferation, migration, reproduction and apoptosis (48–50). Our in vitro experiments confirmed that CK-3 inhibited the proliferation (Figure 1), migration and invasion (Figure 2) of HCC cells by inhibiting these two pathways. Our results showed that the activity of PI3Kα and PI3Kδ was selectively reduced by CK-3 and we observed that CK-3 could simultaneously block the PI3K/AKT/mTOR and MAPK/ERK pathways. Therefore, modulation of PI3K is just one aspect of CK-3 function and it is valuable to continue to optimize the structure of CK-3. As there is a crosstalk between the PI3K and MAPK pathways ERK inhibitors may activate AKT through a negative feedback loop, thereby activating the PI3K pathway (47, 51, 52). We therefore believe that AKT feedback activation can be stabilized via ERK inhibition. Combination PI3K and ERK inhibition therefore seems to be a good strategy for overcoming the limitations of monotherapy, thereby best preventing AKT activation. Furthermore, a molecular modeling study showed that CK-3 can occupy the active binding sites of PI3K and ERK and form various interactions with the residues on the active site (Figure 3). These hydrogen bonds played a crucial role in the conformational stability of CK-3 and also increased the affinity of the compound to these proteins (53, 54).

It is well known that AKT plays an important role in the PI3K signaling pathway, which promotes the activation of a number of downstream pathways that participate in tumorigenesis (55–57). Weller (58) demonstrated that of the steps in the PI3K/AKT/mTOR cascade, mTOR and its two downstream factors 4EBP1 and P70S6K were directly activated by AKT. 4EBP1 plays a key role in cell proliferation, and P70S6K is important for mitogen integration and nutrient signaling to control cell proliferation and size (59). PTEN is an important tumor suppressor that inhibits the PI3K/AKT signaling pathway and antagonizes cell proliferation, differentiation, apoptosis, and cell cycle processes (Figure 3) (60, 61).

We demonstrated that CK-3 caused G2/M phase cell cycle arrest in Hep3B cells, and induced the apoptosis of these cells by regulating Bax and Bcl-2 protein expression. In contrast, CK-3 caused cell cycle arrest during the mitosis phase in Bel7402 cells, which also caused an apoptosis-like death (Figure 4). The major mode of programmed cell death is apoptosis, a highly regulated ordered cell destruction meant to remove damaged or redundant cells. Controlling apoptosis is an important focus of cancer treatment (62–64). Apoptosis can occur through two signaling pathways: an “external” pathway mediated by death receptors and an “internal” pathway mediated by mitochondria. Both involve mitochondria and Bcl-2 family proteins (65). Our results confirmed that CK-3 significantly down-regulated the expression of Bcl-2 and up-regulated the level of Bax, which might also be regulated by the intrinsic apoptosis pathway.

Unlike apoptosis and necrosis, MC is a novel anti-tumor process that is caused by a unique nuclear alteration. MC is considered p53-independent cell death and has the morphologic features of both apoptosis and necrosis. In our study CK-3 enlarged the volume of Bel7402 cells and increased the number of multi-nucleated cells, both of which were clearly observed by the Hoechst 33342 and Annexin V-FITC/PI double-staining assays. The formation of multinucleated cells is a typical morphological feature of MC (66). That CK-3 induced this unique form of cell death suggests that it may be useful in the setting of apoptosis resistance.

In conclusion, our results indicate that CK-3 blocks the PI3K/AKT/mTOR and MAPK/ERK signaling pathways and exerts an anti-tumor effect on Hep3B and Bel7402 cells. These findings confirm that dual targeting the PI3K/AKT/mTOR and MAPK/ERK pathways is a promising strategy for the treatment of HCC. Although CK-3 may become a candidate therapy against HCC in the future, further translational research is required.
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Supplementary Figure 1 | The synthetic route of CK-3.


Supplementary Figure 2 | The HPLC fingerprint of CK-3 in the presence work.


Supplementary Figure 3 | HR-MS spectrum of compound CK-3 in the presence work.


Supplementary Figure 4 | 1H-NMR spectrum of compound CK-3 in the presence work.


Supplementary Figure 5 | CK-3 enhanced the expression of E-Cadherin in HCC cells E-cadherin expression of HCC cell lines after treatment with CK-3 was evaluated with a western blot. All blotted proteins were normalized to GAPDH. Data are presented as the mean ± SD of three independent experiments (n = 3). *P < 0.05.


Supplementary Figure 6 | CK-3 suppressed the PI3K/AKT/mTOR pathways in Hep3B and Bel7402 cells. Effects of CK-3 on p-ERK and ERK expression were evaluated. The bar graphs show the relative levels of PTEN, p-AKT, AKT, p-mTOR, mTOR, p-p70S6K, p70S6K, p-ERK, and ERK. All blotted proteins were normalized to GAPDH.


Supplementary Figure 7 | CK-3 suppressed the MAPK/ERK pathways in Hep3B and Bel7402 cells. Effects of CK-3 on p-ERK and ERK expression were evaluated. The bar graphs show the relative levels of PTEN, p-AKT, AKT, p-mTOR, mTOR, p-p70S6K, p70S6K, p-ERK, and ERK. All blotted proteins were normalized to GAPD.
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Background

Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-related deaths worldwide. PAFAH1B3 plays an important role on occurrence and development in a variety tumor. However, the function of PAFAH1B3 in HCC remains unclear.



Methods

The TIMER, ONCOMINE, Human Protein Atlas (HPA), GEPIA, The Cancer Genome Atlas (TCGA), HCCDB, UALCAN and LinkedOmics database were used to analyze the prognostic value, co-expression genes and regulator networks of PAFAH1B3 in HCC. siRNA transfections and inhibitor of PAFAH1B3 P11 were used to verify the anti-tumor effect on HCC cell lines. Gene expression was detected by qRT-PCR. The functions of PAFAH1B3 downregulation in HCC cell lines were investigated using cell cycle analysis, apoptosis detection, CCK8 assay and transwell assay. Western blot was used to evaluate the role of PAFAH1B3 on metabolic pathways in HCC cells.



Results

Based on the data from databases, the expression of PAFAH1B3 was remarkably increased in HCC patients. High expression of PAFAH1B3 was associated with poorer overall survival (OS) and disease-free survival (DFS). And PAFAH1B3 was notably linked to age, sex, grade, stage, race, and TP53 mutational status. Then, the functional network analysis showed PAFAH1B3 may be involved in HCC through cell cycle, cell metabolism, spliceosome, and RNA transport. Furthermore, the mRNA expression of PAFAH1B3 was also increased in HCC cell lines. Flow cytometry analysis showed that PAFAH1B3 manipulated apoptosis and cell cycle regulation. CCK8 assay showed that PAFAH1B3 silencing or pharmacologic inhibitor of PAFAH1B3 inhibited the proliferation of HepG2, Huh7 and MHCC-97H cells. Transwell assay results showed that PAFAH1B3 silencing also significantly impaired the invasion and migratory ability of HCC cells. In addition, PAFAH1B3 silencing significantly downregulated the expression of glycolysis and lipid synthesis signaling pathways.



Conclusion

Our findings suggested that PAFAH1B3 plays a critical role in progression of HCC. PAFAH1B3 as a prognosis marker and potential target for HCC has prospective clinical significance.





Keywords: PAFAH1B3, hepatocellular carcinoma, biomarker, prognosis, cancer databases



Introduction

Primary liver cancer is one of the fourth most common malignant tumors leading to death, hepatocellular carcinoma (HCC) is the most common form of primary liver cancer and is an important medical problem (1, 2). The development of HCC is closely related to the existence of chronic liver disease, the risk factors leading to HCC are known to mainly include hepatitis B virus (HBV), hepatitis C virus (HCV), alcohol, metabolic syndrome, diabetes, obesity, nonalcoholic fatty liver disease (NAFLD) and so on (2, 3). HCC treatment options vary and depend on tumor stages. For the early and intermediate stage, surgical resection image-guided ablation and chemoembolization treatments are mainly (2). However, most patients are diagnosed in advanced stages when HCC is discovered and are characterized by poor survival (4, 5). It’s because there is a lack of effective biomarkers to detect and treat HCC. Most recently, the FDA approved sorafenib, cabozantinib, lenvatinib and other drugs for the treatment of advanced HCC (6–8), but the overall survival of patients is still less than 1 year (9). Therefore, we urgently need to explore new oncogenes, especially those that can be used as targets for the treatment of HCC.

Platelet-activating factor acetyl hydrolase (PAF-AH), an acetylhydrolase, is known to induce the inactivation of the platelet-activating factor (PAF) through deacetylation (10). PAF-AH contains 3 subunits: PAFAH1B1, PAFAH1B2, and PAFAH1B3, with PAFAH1B2 and PAFAH1B3 exhibiting catalytic functions (11). Several studies have indicated the relationship between PAFAH1B3 and cancer progression. Blocking PAFAH1B3 and PAFAH1B2 have been shown to extensively affect lipid metabolism and upregulate the expression of lipids that inhibit breast cancer growth (12). Selective inhibition of PAFAH1B3 has been reported remarkably increased in gastric cancer cells, and high PAFAH1B3 expression was significantly correlated with proliferation, migration and immune infiltration (13). A previous study showed that PAFAH1B3 intervention might be useful for the treatment of HCC (14). However, the specific biological role of PAFAH1B3 in HCC and whether it is a therapeutic target remains unclear.

In our study, we used multiple cancer databases to analyze the PAFAH1B3 expression in various cancer, and further analyzed the prognostic value, co-expression genes, regulator networks of PAFAH1B3 in HCC. Importantly, further investigation in vitro revealed the correlation of PAFAH1B3 with proliferation, apoptosis, cell cycle, metastasis, and tumor-infiltrating immune cells. Finally, to further explore the potential relationship between PAFAH1B3 and tumor metabolic activity, we tested the expression of key targets involved in lipid and glucose metabolism. Our finding provides new insights into potential prognosis and therapeutic strategies for HCC.



Materials and Methods


ONCOMINE Dataset

The ONCOMINE online cancer database (https://www.oncomine.org/) was used to compare the transcription levels of PAFAH1B3 in multiple cancers (15). Several forms of HCC studies, including the Roessler Liver, Roessler Liver 2, Chen Liver, and Wurmbach Liver Study, were used in this analysis (16–18). This database allows the comparison of the relative transcript levels of PAFAH1B3 in cancer specimens and normal controls (15). The cutoff p-value was set as 0.01, and the fold change was set as 1.5.



GEPIA Dataset

GEPIA (http://gepia.cancer-pku.cn/) is a new web server for analyzing the gene expression profiling of 9736 cancer and 8587 normal samples produced by TCGA and Genotype-Tissue Expression (GTEx) projects (19). This database allows the analysis of differential gene expression, pathological stages, patient survival curves, and evaluation of similar genes and correlation in tumor and normal samples (19).



Human Protein Atlas Analysis

HPA (https://www.Proteinatlas.org/) was used to analyze the protein expression of PAFAH1B3 in normal and HCC tissues (20).



HCCDB Dataset

HCCDB is an HCC online database for exploring the gene expression of 3917 clinical samples based on TCGA and GTEx. HCCDB provides functions such as differential gene expression analysis, survival analysis, and coexpression analysis (21).



UALCAN Dataset

The UALCAN (http://ualcan.path.uab.edu) interactive web portal was used to analyze the gene expression profiles of 31 cancer types based on TCGA and clinical samples (22). UALCAN allows the analysis of relative gene expression, clinicopathological features, and differential gene expression in individual cancer types (22).



LinkedOmics Dataset

LinkedOmics (23) is a multiomics database that integrates global proteomics data into TCGA tumor samples. It contains multiomics and clinical data for 32 cancer types and 11 158 clinical samples based on the TCGA project. LinkedOmics provides 3 analysis modules, namely the LinkFinder, LinkCompare, and LinkInterpreter modules, to conduct a comprehensive analysis of the data. The cutoff FDR was set as 0.05, and the simulation was set to 1000. LinkedOmics is publicly available at (http://www.linkedomics.org/login.php).



TIMER Analysis

TIMER dataset (http://timer.comp-genomics.org/) was used to investigate the correlation between the expression of PAFAH1B3 and infiltration levels of immune cells (24).



Cell Culture and Transfection

Cell lines were acquired from the Cell Bank of the Type Culture Collection (Chinese Academy of Sciences, Shanghai, China). HepG2, MHCC-97H, Huh7, and LO2 were cultured in DMEM (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA) and antibiotics at 37°C and 5% CO2. HCC cell lines were transfected with siRNAs targeting PAFAH1B3 or control siRNA (Genechem, China) using Lipofectamine RNAIMAX (Invitrogen, USA). The efficiency of the knockdown was confirmed using qRT-PCR analysis. The siRNA used were as follows: PAFAH1B3 siRNA1: 5’- CGACAGGUGAACGAGCUGGUATT-3’; PAFAH1B3 siRNA2: 5’-GGAGAAGAACCGACAGGUGAATT-3’.



Growth Inhibition Assays

For the in vitro studies, P11 (Cayman, USA), a selective inhibitor of PAFAH1B3, was dissolved in DMSO at a concentration of 50 mM, kept at -20°C as a stock solution. For the analysis of cell lines, HepG2, Huh7 and MHCC-97H cells were grown in drug-free medium for 3 days prior to experiences. The HCC cells were treated with various concentrations of P11 at -37°C for 48h. cells were treated DMSO instead of P11 served as control group. The experience was performed at least 3 times.



Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from HepG2, MHCC-97H, Huh7, and LO2 cell lines using the One Step TB Green® PrimeScript™ PLUS RT-PCR Kit (Takara, Beijing, China) according to the manufacturer’s protocol. All samples were run on a Roche LightCycler 480 machine. The cycles of target genes were normalized to those of the β-actin gene to obtain the ΔCT value. The expression of each target gene was presented as fold change, which was calculated through relative quantification using the 2−ΔΔCt method. The primers used were as follows: PAFAH1B3: Forward: 5’-ACATCCGGCCCAAGATTGTG-3’; Reverse: 3’-GGGCTGTCGCTCATTCACC-5. PKM2: Forward: 5-’ATGTCGAAGCCCCATAGTGAA-3’; Reverse: 3’-TGGGTGGTGAATCAATGTCCA-5’. GLUT1: Forward: 5’-GCCAGAAGGAGTCAGGTTCAA-3’; Reverse: 3’-TCCTCGGAAAGGAGTTAGATCC-5’. PFK: Forward: 5’-GTACCTGGCGCTGGTATCTG-3’; Reverse: 3’-CCTCTCACACATGAAGTTCTCC-5’. HK2: Forward: 5’-GAGCCACCACTCACCCTACT-3’; Reverse: 3’-CCAGGCATTCGGCAATGTG-5’. FASN: Forward: 5’-AAGGACCTGTCTAGGTTTGATGC-3’; Reverse: 3’-TGGCTTCATAGGTGACTTCCA-5’. SREBP-1: Forward: 5’-TGCTCTGGCTTTGCCTTGCTG-3’; Reverse: 3’-AGGGCGTGAAGACTGAGGTGGA-5’. β-actin: Forward: 5’-CATGTACGTTGCTATCCAGGC-3’; Reverse: 3’-CTCCTTAATGTCACGCACGAT-5’.



Cell Counting Kit-8 (CCK8) Assay

The proliferation of HCC cells was assessed using the CCK-8 assay (Takara, China). Briefly, 2000 cells/well were incubated in triplicate in a 96-well plate, and 10 μL CCK-8 was added to each well after 48 h. After a 4h incubation at 37°C, the optical density (OD) value was measured at 450 nm absorbance.



Western Blot

For western blot analysis, the total cellular protein of HCC cells was obtained by RIPA lysis buffer. The protein concentration was determined using the bicinchoninic acid (BCA) assay (Fdbio Science, China). Equal amounts of protein sample were loaded to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE) and then transferred to the nitrocellulose filter membrane (GE Healthcare, USA). Next, membranes were incubated with the blocking buffer Tris-buffered saline/Tween 20 (TBST) in 5% bovine calf serum at room temperature for 1 hour and then incubated with primary antibody (CSTC64G5, CST4970L, ab150299, ab3259) overnight at 4°C and horseradish peroxidase (HRP)-conjugated secondary antibody. Signals of the protein were detected using an ImageQuant LAS 4000 auto-exposure system (GE Healthcare).



Transwell Assay

The transwell assay were using the 8.0μM transwell chamber (Corning, USA). DMEM medium without FBS was placed into the upper chambers to rehydrate the Matrigel (Corning, USA) for 2 hours at 37°C. Then remove the supernatants, one hundred thousand HCC cells containing DMEM medium without FBS were plated in the upper chamber. After incubation for 48 hours, the cells in the upper chambers were fixed with 4% paraformaldehyde for 15 minutes and stained with crystal violet for 20 minutes. The numbers of invading and migrating cells were counted in three randomly selected fields.



Flow Cytometry Analysis

We analyzed the apoptosis and cell cycle of HCC cell lines using Flow Cytometry. After indicated treatments, for the cell apoptosis analysis, HCC cells were collected separately, and incubated with Annexin-V (BioLegend, United States) in the dark for 15 min, the apoptotic cells were detected on a FACSCantoTM II Flow Cytometer (BD, United States). For the cell cycle analysis, HCC cells were collected separately, and resuspend in 1 mL of ice-cold ethanol 70% overnight at 4°C, then incubated with RNaseA (Novoprotein, China) at 37°C for 30 min, then incubated with propidium iodide (PI) in the dark at 4°C for 30 min, then scanned in FACSCantoTM II Flow Cytometer.



Statistical Analysis

We performed differential gene expression and DNA copy number analyses between tumor and normal samples using the t-test. The p-value and fold change were used to assess the statistical significance of the difference, with p < 0.01 and fold change >1.5 being considered significant. We also used t-test to conduct analysis of multiple clinicopathological characteristics of samples of patients with HCC from UALCAN, with p < 0.05 indicating significance. Kaplan-Meier curves were used to analyze the prognosis of patients with HCC with different median expression levels of PAFAH1B3. A log-rank test p < 0.05 indicated that the analysis was statistically significant. All experience data were analyzed using GraphPad 8.0.




Result


Elevated Expression of PAFAH1B3 in a Variety of Malignant Tumors

We used the ONCOMINE, TIMER and HCCDB cancer database to analyze the mRNA expression of PAFAH1B3 in multiple cancer types. Our results show that PAFAH1B3 was highly expressed in a wide variety of malignant tumors compared with normal samples, including BLCA (P=3.20E-09), BRCA (P=3.20E-09). CHOL (P=2.04E-64), COAD (P=2.26E-09), ESCA (P=2.11E-07), HNSC (P=4.15E-13), KICH (P=5.04E-09), KIRC (P=0.041), KIRP (P=9.92E-06), LIHC (P= 4.51E-20), LUAD (P=7.89E-35), LUSC (P=2.01E-31), PRAD (P=2.52E-13), READ (P=1.57E-07), STAD (P=1.69E-15), THCA (P=1.98E-22), UCEC (P=2.52E-13) (Figure 1A). The protein and mRNA expression of PAFAH1B3 was also highly expressed in HCC tissues (Figures 1B, C and Table 1). Several forms of HCC studies, including the Roessler Liver, Roessler Liver 2, Chen Liver, and Wurmbach Liver Study, also showed similar results (Figures 1D–G and Supplement Table 1). We observed that multiple clinicopathological analyses of PAFAH1B3 in the UALCAN database consistently showed the elevated transcription levels of PAFAH1B3 in HCC patients than healthy people in subgroup analyses based on age, gender, tumor grade, cancer stages, ethnicity and TP53 mutation (Table 2).




Figure 1 | Expression of PAFAH1B3 in hepatocellular carcinoma (HCC). (A) The transcription level of PAFAH1B3 in TIMER databases. (B) The transcription level of PAFAH1B3 in ONCOMINE databases. (C) The protein expression of PAFAH1B3 in LIHC (HPA). (D) Boxplot showing the levels of PAFAH1B3 mRNA in the Roessler Liver. (E) Boxplot showing the levels of PAFAH1B3 mRNA in the Roessler Liver 2 datasets. (F) Boxplot showing the levels of PAFAH1B3 mRNA in the Chen Liver datasets. (G). Boxplot showing the levels of PAFAH1B3 mRNA in the Wurmbach Liver datasets. *p < 0.05; ***p < 0.001.




Table 1 | The expression of PAFAH1B3 in tumor tissues and the adjacent normal tissues, according to t-test in HCCDB.




Table 2 | Expression of PAFAH1B3 in LIHC (Liver hepatocellular carcinoma) subgroups classified by age, sex, tumour grade, individual cancer stages, race, and TP53 mutational status (UALCAN).





High Expression of PAFAH1B3 Is Associated With Poor Prognosis in HCC

We evaluated the prognostic value of PAFAH1B3 in a variety of malignant tumors using the GEPIA database. Patients were divided into two groups based on the median expression level of PAFAH1B3 in each cohort. We found that the increased expression of PAFAH1B3 was correlated with poor overall survival (OS) (P=0.0012) and disease-free survival (DFS) (P=0.0047) in HCC (Figures 2A, B). Besides, high expression of PAFAH1B3 was also associated with overall survival in adrenocortical carcinoma (P=0.00035), acute myeloid leukemia (P=0.032), lung adenocarcinoma (P=0.008), mesothelioma (P=0.0022), sarcoma and skin cutaneous Melanoma (P=0.0038) (Supplement Figures 1A–F).




Figure 2 | Prognostic Value of PAFAH1B3 in Patients with hepatocellular carcinoma (HCC) (GEPIA). (A) Overall survival (OS) of PAFAH1B3 in HCC. (B) Disease-free survival (DFS) of PAFAH1B3 in HCC.





Coexpression Genes of PAFAH1B3 in Hepatocellular Carcinoma

We examined the genes coexpressed with PAFAH1B3 to explore common genetic risk factors in HCC. As shown in Figure 5A, 19 922 genes were shown to be significantly associated with PAFAH1B3. More specifically, several genes, such as PRR19, UBE2S, and SNRPA, showed a strong positive association with PAFAH1B3 (Figure 3A and Supplement Table 2). We found that the identified coexpressed genes were involved in cell cycle regulation (25), promotion of tumor growth, metastasis, and recurrence (26). Figure 3B shows the 50 significant genes positively and negatively correlated with PAFAH1B3 respectively. Then, co-expressed genes enrichment analysis was using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. The Go analysis results showed PAFAH1B3 co-expressed genes participate primarily in mitotic cell cycle phase transition, RNA catabolic processes, mRNA processing pathways (Supplement Figure 2A). The KEGG analysis results showed that spliceosome, ribosome, cell cycle and RNA transport were significantly enriched (Supplement Figure 2B). These results suggest that a widespread impact of PAFAH1B3 on the proliferation.




Figure 3 | Coexpression of PAFAH1B3 in hepatocellular carcinoma (HCC) (LinkedOmics). (A) Total genes highly correlated with PAFAH1B3. (B) Heatmaps showing the 50 significant genes positively and negatively correlated with PAFAH1B3 in LIHC. Red and blue indicate positively and negatively correlated genes, respectively.





Regulators of PAFAH1B3 Networks in Hepatocellular Carcinoma

To further explore the targets of PAFAH1B3 in HCC, the generated kinase, miRNA, and transcription factor target networks of positively correlated gene sets were analyzed by GSEA. Our results showed that the ataxia telangiectasia mutated and Rad3-related (ATR), cyclin-dependent kinase 1 (CDK1), and polo-like kinase 1 (PLK1) kinases were the most significant target networks related to kinase-target regulation (Table 3). Moreover, these screened kinase genes were shown to be significantly related to HCC (27–29). We further noticed that the miRNA-target network was associated with (ATGTTAA) MIR-302C, (TAATAAT) MIR-126, (TGAATGT) MIR-181A, MIR-181B, MIR-181C, and MIR-181D (Table 3). The enrichment of transcription factors was shown to be related mainly to E2F, ELK1, and NRF1 (Table 3). We also observed that the identified transcription factors were also significantly related to HCC (30–32).


Table 3 | The Kinase, miRNA and transcription factor-target networks of PAFAH1B3 in HCC (LinkedOmics).





PAFAH1B3 mRNA Was Upregulated in Hepatocellular Carcinoma Cell Lines, PAFAH1B3 Silencing or Inhibitor P11 Impairing HepG2, Huh7 and MHCC-97H Proliferation and Metastasis

Firstly, we verified the mRNA expression of PAFAH1B3 in HCC cell lines. We found that the levels of mRNA expression of PAFAH1B3 were increased in HCC cell lines, especially in HepG2, compared with the LO2 liver cell line (p < 0.001) (Figure 4A). We verified that PAFAH1B3 was successfully silenced by siRNA in HepG2, Huh7 cells and MHCC-97H (p<0.0001) (Figure 4B). Next, we use the CCK8 assay to explore the effects of PAFAH1B3 silencing and pharmacological inhibition on proliferation of HCC cells. Our results showed that siRNA-induced silencing impaired the proliferation of HepG2, Huh7 and MHCC-97H cells (p<0.0001) (Figure 4C). P11 could also impaired the proliferation of HepG2, Huh7 and MHCC-97H cells in a concentration dependent manner (Figure 4D). Besides, transwell assay results showed that PAFAH1B3 silencing also significantly impaired the invasion and migratory ability of HCC cells (Figures 4E, F). These results suggested that high expression of PAFAH1B3 was associated with the proliferation and metastasis of HCC cell lines.




Figure 4 | High expression of PAFAH1B3 related to the proliferation and metastasis of HCC cells. (A) Levels of PAFAH1B3 mRNA in LO2, MHCC-97H, Huh7, and HepG2 cell lines. (B) Quantitation of the levels of PAFAH1B3 mRNA in HepG2, Huh7 and MHCC-97H cells by qRT-PCR after transfection for 48 h with different siRNAs targeting PAFAH1B3 (si-1 and si-2) or a control siRNA. (C) Proliferation of HepG2 and Huh7 cells after silencing PAFAH1B3 for 48 h (D) Proliferation of HepG2 and Huh7 cells after pharmacologic inhibitor of PAFAH1B3 for 48 h (E) Invasion assay. (F) Migratory assay. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.





PAFAH1B3 Silencing and P11 Induce Cell Cycle Arrest and Apoptosis

Then we further explore the effects of PAFAH1B3 on distribution of the cell cycle and apoptosis in HCC cells by flow cytometric analysis. PAFAH1B3 was silenced by siRNA or pharmacological inhibited by P11 with 20μM dose for 48 hours. As shown in Figures 5A, B, P11 was significantly induced apoptosis in HepG2, huh7 and MHCC-97H cells, PAFAH1B3 siRNA was only induced apoptosis in HepG2 and MHCC-97H, but not in Huh7. P11, a selective inhibitor of PAFAH1B3, also could target PAFAH1B2. Therefore, we used ONCOMINE online cancer database to analyze the mRNA expression of PAFAH1B1 and PAFAH1B2 in HCC and found that the mRNA expression of PAFAH1B1 and PAFAH1B2 was no significant changes in HCC (Supplement Figure 3). So, we did not continue to study the role of PAFAH1B2 in HCC, but our results showed that both PAFAH1B2 and PAFAH1B3 inhibition could have better effector than PAFAH1B3 siRNA in Huh7 cells. Next, we found that PAFAH1B3 silencing or P11 increased the percentage of HepG2 in sub-G1 phase (Figures 5C, D). PAFAH1B3 silencing or P11 induced G0/G1 cell cycle arrest in Huh7 and MHCC-97H (Figures 5E–H). These results implied that targeting PAFAH1B3 exerts potent antitumor effects in HCC cell lines by inducing cell cycle arrest and apoptosis.




Figure 5 | The effects of PAFAH1B3 on HCC cell apoptosis and cell cycle. (A, B) The flow cytometry analysis revealed the effects of PAFAH1B3 silencing or inhibitor P11 on cell apoptosis. (C–H) Cell cycle analysis in HepG2, Huh7 and MHCC-97H cells. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. NS, no significance.





PAFAH1B3 Silencing Downregulated the Expression of Glycolysis and Lipid Synthesis Signaling Pathways

We next investigated whether the metabolic genes of HCC were regulated by PAFAH1B3 silencing in HepG2, Huh7 and MHCC-97H cells. In the present study, qRT-PCR showed glycolysis- and lipid synthesis-related genes, including PKM2, HK2, GLUT1, PFK, FASN and SREBP-1, were significantly downregulated by the silencing of PAFAH1B3 in HepG2, Huh7, and MHCC-97H cells (Figures 6A–C). Finally, we verified the impact of PAFAH1B3 on lipid synthesis and glycolysis signaling pathways by western blot. The results show that PAFAH1B3 Silencing in HepG2, Huh7 and MHCC-97H led to the obviously downregulated levels of Glut1. And the levels of HK2 and SREBP1 were slightly downregulated (Figure 6D). Taken together, the PAFAH1B3 participated in maintaining metabolic homeostasis in HCC cells.




Figure 6 | PAFAH1B3 downregulates glycolysis and lipid synthesis signaling pathways. (A–C) Analysis of glycolysis-and lipid synthesis-related genes (PKM2, HK2, GLUT1, PFK, FASN and SREBP-1) in HepG2 Huh7 and MHCC-97H cells after silencing PAFAH1B3 for 48 h. (D) Analysis of glycolysis-related key enzymes and lipid synthesis-related transcription factor (HK2, GLUT1 and SREBP-1) in HCC cells by Western blot after silencing PAFAH1B3 for 48 h. *p < 0.05; **p < 0.01; ***p < 0.001. NS, no significance.






Discussion

HCC is one of the most common cancers in the world, there is currently no effective treatment for HCC. Therefore, new therapeutic targets to treat HCC are urgently needed. In recent years, PAFAH1B3, as a pan-cancer target, is found to be significantly upregulated in a variety of malignant tumors. Recent studies showed PAFAH1B3 as a key metabolic driver was correlated with poor prognosis, and PAFAH1B3 knockdown or pharmacological inhibition impaired cancer cell survival through enhancing tumor-suppressing signaling lipids (33, 34). Similarly, PAFAH1b3 was also highly expressed in gastric cancer cells and osteosarcoma cells, and PAFAH1B3 knockdown was impaired cancer cell proliferation (13, 35). However, the biological role of PAFAH1b3 in HCC remains unclear.

Firstly, we demonstrated that PAFAH1B3 was highly expressed in a wide variety of malignant tumors compared with normal samples. And, high expression of PAFAH1B3 was also associated with overall survival. Besides, high expression of PAFAH1B3 predicted the poor prognosis of patients with HCC and showed that it was related to tumor stage and survival rate. Our results showed that PAFAH1B3 can be used as a pan-cancer marker for tumor prognosis.

To further study the role of PAFAH1B3 in HCC, we used the LinkedOmics function module to analyze PAFAH1B3 co-expressed genes to further explore the biological significance of PAFAH1B3 in HCC. We accordingly found that related functional networks were involved in cell cycle, cell metabolism, spliceosome, and RNA transport. Co-expression genes have been shown to be involved in protein degradation and signal transduction, promoting proliferation of multiple tumors, such as melanoma (36) and gastric cancer (37). We assessed the regulators of PAFAH1B3 in HCC by analyzing the enrichment of kinases, miRNAs, and transcription factors (TF) of PAFAH1B3 positively related genes and found that PAFAH1B3 was primarily related to the CDK1 and PLK1 kinases in HCC (Supplement Table 1). Overexpression of CDK1 and PLK1 has been reported to cause malignant transformation of hepatocytes, defining a subgroup of high-risk patients (29, 38). The E2F family has been implicated as the main transcription factor in the abnormal regulation of PAFAH1B3, with the E2F signal being shown to interact with the transcription program to promote the development of HCC (39).

Then, we verified the mRNA expression of PAFAH1B3 in MHCC-97H, Huh7, HepG2, and LO2 cells. We found that the mRNA expression of PAFAH1B3 in HCC cell lines was higher than that in LO2. We anticipated that these results would be useful for improving current treatment regimens and outcomes of HCC. To further explore whether PAFAH1B3 can be used as a target for the treatment of HCC, we tested the proliferation of HepG2, Huh7 and MHCC-97H cells after silencing or pharmacologic inhibitor of PAFAH1B3. On the one hand, our results suggested that the proliferation of HepG2, Huh7 and MHCC-97H was significantly suppressed after silencing or pharmacologic inhibitor of PAFAH1B3. On the other hand, PAFAH1B3 silencing significantly impaired HCC cells migration and invasion potential, suggesting that PAFAH1B3 plays an important role in maintaining the aggressive properties of HCC cells. In line with our findings, it has been reported that PAFAH1B3 knockdown suppressed cells proliferation and impaired cells metastasis in breast cancer and gastric cancer (13, 33). A recent study showed that palmitoylation of PAFAH1b3 was required to promote cell migration and PAFAH1b3 knockdown abrogated the ability of VEGF (and insulin) to stimulate angiogenesis (40). Next, we found that targeting PAFAH1B3 could significantly induce cell cycle arrest in HCC cells and induce apoptosis in HCC cells. PAF-AH contains 3 subunits: PAFAH1B1, PAFAH1B2, and PAFAH1B3. However, we found that the mRNA expression of PAFAH1B1 and PAFAH1B2 was no significant changes in HCC. In line with our findings, PAFAH1B2 was no significantly upregulated in human breast tumors, but targeting PAFAH1B2 could also significantly impaired proliferation, survival, migration, and invasiveness in breast cancer cells (34). So, the functions of PAFAH1B2 and PAFAH1B3 need further exploration.

In addition, PAFAH1B3 silencing significantly downregulated Glycolysis and lipid metabolism signaling pathway. PAFAH1B3, a newly discovered metabolic enzyme, was correlated with infiltration of immune cells in HCC (Supplement Figure 4). Metabolomics analysis revealed that PAFAH1B3 promotes tumor invasion by regulating the precancer signaling lipid metabolism network; thus, targeting PAFAH1B3 was shown to upregulate the pathogenicity of tumor suppressor lipids to attenuate cancer (12, 34). Several studies have shown that targeting metabolic enzymes could effectively inhibit tumor growth and promote infiltration of T-cells, thus rendering tumors more responsive to immune checkpoint therapy (41–43). Our early study showed that adoptive transfer of the AFP TCR-T could eradicate HepG2 tumors in NSG mice (44). Whether targeting PAFAH1B3 can affect the anti-tumor immune response remains to be verified.



Conclusion

In summary, our study demonstrated that PAFAH1B3 has important prognosis value as a biomarker for HCC. By targeting PAFAH1B3, the proliferation and metastasis of HepG2, Huh7 and MHCC-97H cells was inhibited. Mechanistically, we found PAFAH1B3 was involved in regulation of cell cycle, apoptosis, and metabolism in HCC cell lines. Altogether, PAFAH1B3 may be used as a prognostic biomarker and potential therapy target for HCC.
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Supplementary Figure 1 | Prognostic Value of PAFAH1B3 in various cancer types. Overall survival of PAFAH1B3 was analyzed using GEPIA database in (A) adrenocortical carcinoma. (B) acute myeloid leukemia, (C) lung adenocarcinoma, (D) mesothelioma, (E) sarcoma, (F) skin cutaneous Melanoma.

Supplementary Figure 2 | Gene ontology annotations and KEGG pathways enriched with PAFAH1B3 Co-expressed genes in hepatocellular carcinoma (LinkedOmics). GSEA was used to analyze the significantly enriched GO_BP, and KEGG pathways of PAFAH1B3 Co-expressed genes in LIHC. (A) Gene ontology biological processes, analyzed by GSEA. (B) KEGG pathway, analyzed by GSEA. The LeadingEdgeNum and the false discovery rate (FDR) are shown in blue and orange columns, respectively.

Supplementary Figure 3 | Expression of PAFAH1B1 and PAFAH1B2 in HCC.

Supplementary Figure 4 | Correlation between PAFAH1B3 expression and immune cell infiltration levels in HCC tissues analyzed via TIMER.

Supplementary Table 1 | The statistics of PAFAH1B3 expression in LIHC based on ONCOMINE.

Supplementary Table 2 | The top 50 co-expressed genes of PAFAH1B3 (LinkedOmics).
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The tyrosine kinase inhibitors (TKIs), including sorafenib, remain one first-line antitumor treatment strategy for advanced hepatocellular carcinoma (HCC). However, many problems exist with the current orally administered TKIs, creating a heavy medical burden and causing severe side effects. In this work, we prepared a novel microcrystalline formulation of sorafenib that not only achieved sustainable release and long action in HCC tumors but also relieved side effects, as demonstrated by fundus microcirculation imaging. The larger the size of the microcrystalline formulation of sorafenib particle, the slower the release rates of sorafenib from the tumor tissues. The microcrystalline formulation of sorafenib with the largest particle size was named as Sor-MS. One intratumor injection (once administration) of Sor-MS, but not Sor-Sol (the solution formulation of sorafenib as a control), could slow the release of sorafenib in HCC tumor tissues and in turn inhibited the in vivo proliferation of HCC or the expression of EMT/pro-survival–related factors in a long-acting manner. Moreover, compared with oral administration, one intratumor injection of Sor-MS not only facilitated a long-acting antitumor effect but also relieved side effects of sorafenib, avoiding damage to the capillary network of the eye fundus, as evidenced by fundus microcirculation imaging. Therefore, preparing sorafenib as a novel microcrystal formulation could facilitate a long-acting antitumor effect and relieve drug-related side effects.
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Introduction

Currently, hepatocellular carcinoma (HCC) remains one of the most important threats to the public health system of China because of the highly infectious rates of hepatitis viruses [e.g., hepatitis B virus (HBV) or hepatitis C virus (HCV)], and many patients often present with advanced stages of HCC at the initial diagnosis (1–5). The use of tyrosine kinase inhibitors (TKIs) or the oral administration of molecularly targeted agents, represented by sorafenib (sorafenib tosylate tablets), could prolong the overall or progression-free survival of patients (6–8). However, some problems associated with TKIs include the following: (1) Gastrointestinal–digestive function injury in compromised patients often attenuates the absorption of TKIs (9, 10). (2) The current strategy of daily oral administration of TKI tablets could induce the systemic distribution of TKIs throughout the entire body, leading to insufficient local concentrations of TKIs in HCC lesions (11, 12). (3) The high daily dose (> 800 mg every day) of TKIs such as sorafenib could induce not only a heavy financial burden but also side effects (13). Therefore, research about more effective therapeutic strategies to enhance the antitumor effect of TKIs and reduce their side effects is warranted.

How to improve the effects of molecularly targeted drugs such as sorafenib and concurrently alleviate their side effects is of great significance. Long-term use of sorafenib can cause skin rashes, diarrhea, increased blood pressure, and skin swelling (11, 14). The inhibitory effect of sorafenib on VEGFR (vascular endothelial growth factor receptor) and other RTKs (receptor tyrosine protein kinases) (6–8, 11) is the foremost mechanism causing these side effects. Existing animal models for sorafenib toxicity studies have many shortcomings: experimental animals cannot accurately reflect the various pathological changes in the human body, and patients with advanced HCC often have different degrees of liver fibrosis and cirrhosis, which are difficult to replicate at the animal level (15, 16). At the same time, many difficulties exist in tissue microcirculation–related research: The resolution of contrast-enhanced ultrasound can reflect the bleeding supply to a certain extent, but detection of microcirculation changes is limited (17, 18), and pathological analyses, such as hematoxylin and eosin (H&E) staining, cannot reflect the state of tissue microcirculation throughout the body in animals (19, 20).

Among the TKIs (tyrosine-kinase inhibitors) that treat HCC, sorafenib has been used widely and for a long time; thus, sorafenib is the best understood treatment and a logical choice for research (14, 21, 22). Analysis of the chemical features of sorafenib show that it is insoluble in water; a current formulation strategy provides sorafenib as sorafenib mesylate tablets (23–25). A microcrystal formulation is a pharmaceutical formulation that exchanges drug powder to microcrystals with diameters of 30-50 μm (26–28). Previously, the microcrystals have been used to improve the absorption of insoluble drugs via oral administration because, unlike drug powders, they can contact and mix with digestive fluid much easier (29, 30). Since sorafenib is insoluble in water, it can be prepared as a microcrystal formulation. The microcrystalline preparation of sorafenib is directly injected into the tumor tissue, and it can stay in the tumor tissue for a long time. The larger the particle-size of the microcrystalline formulation, the easier it is to stay inside the tissue for a long time. In tumor tissues, through the erosion of sorafenib microcrystals by tumor tissue cells, sorafenib is gradually released and kills tumor cells. At the same time, because sorafenib microcrystals are directly injected into the tumor tissue, it can protect normal tissues from damage. In this work, we prepared the pure-powders of sorafenib as a novel microcrystal formulation. This approach could overcome the insoluble features of sorafenib powder and condense the drug concentration in the tumor without affecting the surrounding tissue. We also used retinal/fundal imagine in small animals to examine whether one-dose administration of microcrystal formulation of sorafenib could achieve a long-acting antitumor effect and improve the side effects associated with sorafenib.



Materials and Methods


Cell Culture and Preparation of Sorafenib Formulations

MHCC97-H cells (a highly aggressive HCC cell line) purchased from the Type Culture Collection of the Chinese Academy of Sciences were cultured using DMEM with 10% FBS at 37°C with 5% CO2. The pure-powder formulation of sorafenib (purity > 99% by high performance liquid chromatography) was a gift from Dr. Xi He in the Fifth Medical Center, General Hospital of Chinese People’s Liberation Army of China (PLA). To make the sorafenib solution (Sor-Sol) formulation, sorafenib was first dissolved with sodium dodecyl sulphate, DMSO (Dimethyl sulfoxide), PEG400, or Tween 80 (all purchased from Sigma Aldrich Corporation, St. Louis, MO, USA) and then was diluted with physiological saline accompanied by ultrasonic or churning conditions (ultimate concentrations of DMSO, PEG400, or Tween 80: 1%, 4%, or 4%, respectively) (31–33). To prepare a microcrystal formulation of sorafenib, the pure-powder formulation was dispersed by aqueous solution with 6.25% Tween 80 (27). Next, the systems were mixed using magnetic stirring, and the microcrystal formulation of sorafenib was prepared with a MiniZeta machine (NETZSCH Machinery and Instruments Corporation, Germany) equipped with the grinding media of yttrium-stabilized zirconium oxide beads (0.6 mm in diameter) forming a coarse suspension of sorafenib. Then, the coarse suspension was transferred into the milling bowl, and the individual particle diameter of sorafenib in microcrystal formulation was controlled by the agitator speed (500 rpm for large individual-particle diameter; 1500 rpm for medium diameter; 3000 rpm for small diameter) (27). The sorafenib concentration in the solution formulation was almost 2 mg/mL; conversely, the sorafenib concentration in the microcrystal formulation could reach 30 mg/mL, according to LC-MS/MS (liquid chromatography tandem mass spectrometry/mass spectrometry) (34). To perform a comparison experiment between Sor-Sol and Sor-MS, Sor-MS needed to be diluted to achieve a matching sorafenib content of 2 mg/mL. The sorafenib microcrystal formulations were observed by an optical microscope and a conventional transmission electron microscope according to the methods of Yuan et al. in 2021 (35) and Quan et al. in 2020 (36). The particle size distribution charts were obtained as described in our previous publication (27).

Next, the microcrystalline formulation of sorafenib were analyzed for particle size. About 10 μl of the sample was measured with a pipette and diluted with 500 μl of physiological saline; the sample was thoroughly mixed and used Mastersizer particle size analyzer (model hydro 2000MU, product of Malvern), selects the Dynamic Light Scattering (DLS) module-method for particle size analysis; uses the measurement to obtain particle size distribution data, and the particle size distribution diagram of the formulations were obtained.



Subcutaneous Tumor Model in Nude Mice

The experimental design and the protocol of animal-related experiments, which were performed in accordance with the U.K. Animals Act, 1986 (Scientific Procedures) guidelines, were reviewed and approved by the Institutional Animal Care and Usage Committee, the Fifth Medical Center of General Hospital of Chinese PLA. For the subcutaneous tumor experiments, MHCC97-H cells were cultured and prepared as a single-cell suspension for injection subcutaneously into nude mice (5 × 106 cells injected in every nude mouse) (37–39). Nude mice (BALB/c mice with the absence of thymus/T cells) aged 4-5 weeks were purchased from the Si-Bei-Fu Corporation (Beijing City, China) and reared in specific pathogen-free conditions. After 2-3 weeks, in preparation for the next step (experiments of the in vivo sustaining ability of sorafenib formulations), the volumes of the subcutaneous tumors reached almost 1200 mm3. For the intrahepatic tumor model in immunodeficient rats (40), the MHCC97-H cells were cultured and injected into the nude mice to form the subcutaneous tumor tissues. When the tumors were formed, the tumor tissues were separated and prepared as tissue micro-blocks for the next experiments.



Release of Sorafenib From Formulations In Vitro or In Vivo

The rate of sorafenib releases from different formulations was examined by in vitro and in vivo methods. For the in vitro testing, Sor-MS was mixed with 10 mL of physiological saline (0.9% NaCl solution), added to 0.1% Tween 80, and analyzed by vortex shock conditions (27). A 1-mL volume of solution was removed at the indicated time points. After removal, physiological saline was added to maintain a total volume of 10 mL (27). For the in vivo experiments, Sor-Sol (as the control) or Sor-MS was directly injected into the subcutaneous tumors formed by MHCC97-H cells (percutaneous puncture), and tumor tissues were harvested at each time point. The physiological saline samples containing sorafenib or the tumor samples containing sorafenib obtained from these experiments were mixed with acetonitrile, and sorafenib was extracted from the samples. The amount of sorafenib release into physiological saline or the amount of sorafenib sustained in the tumor tissues at the indicated time points was identified by LC-MS/MS according to the methods described in a previous publication (38). The half-life (t1/2) values of sorafenib were calculated according to the methods described by Wang et al. in 2020 (41). The expression of cellular proliferation, prosurvival/antiapoptosis factors, and epithelial-mesenchymal transition (EMT)–related factors in the subcutaneous tumor tissues was examined by qPCR (qualitative polymerase chain reaction) according to the methods by Ma et al. (42), and the primers used in the qPCR also were from Ma et al. (42). The heatmap of the qPCR results was performed according to the methods of Zhou et al. (43).

For the intrheptic tumor model, the Sor-MS was directed injected into the intrahepatic lesion formed by MHCC97-H (rats are injected directly into the tumor tissue after opening the abdomen). The in vivo release of sorafenib from HCC tissues injected with sorafenib formulations was measured by the concentration of sorafenib in the blood of nude mice or immunodeficiency rat in Figures 2, 3. At each time point, blood of animal was harvested and analyzed by the LC-MS/MS.



Intrahepatic Tumor Model in Immunodeficiency Rats

To produce an intrahepatic tumor model (the liver in situ tumor model) in immunodeficient rats, the HCC cells (MHCC97-H cells) were injected subcutaneously into nude mice to form tumor tissues. Then, the micro-blocks of tumor were separated from subcutaneous tumors formed by MHCC97-H cells and directly inoculated into the livers of the immunodeficient rats (44–46). The weights of the micro-blocks were shown as Supplemental Table 1. After 3-4 weeks of growth, the MHCC97-H cells formed intrahepatic lesions/nodules in the rat livers, and the sorafenib formulations were directly injected into the intrahepatic lesions. At the same time, another batch of rats received oral administration of sorafenib once every 2 days. The livers were collected, and photographs were obtained and analyzed by Image J Software (Version No. 1.51j8; National Institutes of Health, Bethesda, Maryland, USA) (47). Next, the intrahepatic lesions/nodules were confirmed by the pathological analysis of Masson staining (48).



Side Effects of Sorafenib on Animals

The side effects of sorafenib on animals were identified by searching for injury to the fundal capillary network induced by sorafenib treatment. The fundus capillary network was examined by microcirculation imaging using the Retinal Imaging System (OPTO-RIS, Optoprobe, Canada). Immunodeficiency rats were intraperitoneally injected with ion of 1% pentobarbital sodium (0.3 mL/100 g) plus sumianxin (0.05 mL, 100% concentration). After general anesthesia, compound tropicamide eye drops (with eye surface anesthesia using oxybuprocaine hydrochloride eye drops) were used to induce mydriasis. The images of the fundus and retina of rats were obtained and quantitatively analyzed by Image J (47). Moreover, the body weight, hematological parameters, and mass of the main organs of animals (nude mice or the immunodeficiency rat) were examined according to the methods descripted by Huo et al. (32).



Statistical Analysis

All statistical significance analyses were performed using SPSS 9.0 statistical software (IBM Corporation, Armonk, New York, USA). The half-life values of the release from sorafenib formulations in vitro and in vivo were calculated with Origin 6.0 software (OriginLab, USA). Statistical significance was analyzed by Bonferroni correction with two-way analysis of variance for the groups. Paired samples were tested by paired-sample t tests.




Results


Preparation of the Sorafenib Formulations

First, the microcrystal and solution sorafenib formulations were prepared (Figure 1). The microcrystal formulations of sorafenib contained irregularly shaped crystals with varied particle diameters. According to the size of the individual particle diameter (large, medium, or small) of the sorafenib crystals, three kinds of formulations were obtained (Figure 1). The results were visualized as optical microscope images (Figures 1A–C) or transmission electron microscope images (Figures 1B–D) as well as particle-size distribution images (Figures 1E–G). Examination of the concentration of sorafenib in formulation showed that the concentration of the microcrystal formulation reached more than 30 mg/mL (Table 1).




Figure 1 | Preparation of sorafenib microcrystal formulations. The microcrystal formulations were observed by an optical microscope (A–C) or a conventional transmission electron microscope (D–F). Particle size distribution charts of the sorafenib microcrystal formulations (G–I).




Table 1 | The concentrations of sorafenib in the formulations.



Next, the formulations of sorafenib were filtered through a 0.1-μm pore-size filter to confirm the size of the individual particle diameter of the sorafenib crystals. As shown in Table 1, multiple filtrations via 0.1-μm apertures filtrations significantly decreased the concentration of sorafenib in the microcrystal formulations but not the sorafenib solution. Moreover, there were no significant differences between the concentrations of the microcrystal formulations after filtration (Table 1). Multiple filtrations did not affect the concentration of Sor-Sol. Thus, the microcrystal formulations of sorafenib were successfully prepared (Table 1).



Release of Sorafenib Formulations In Vitro or In Vivo

LC-MS/MS was used to examine whether the prepared sorafenib formulations could achieve long-sustaining delivery of sorafenib, and the in vitro or in vivo release of sorafenib from the formulation was revealed by t1/2 values (as shown in Table 2). The half-life values: t1/2 values of sorafenib microcrystal formulations by particle diameter were as follows: 360.21 ± 17.75 h (large particle diameter), 174.05 ± 7.91 h (medium particle diameter), and 51.33 ± 10.42 h (small particle diameter). The large particle diameter released sorafenib in vitro most slowly among the three formulations and was named Sor-MS.


Table 2 | the in vitro and in vivo of sorafenib formulations.



The in vivo releasing rates of sorafenib from the microcrystal formulations were examined by LC-MS/MS; the t1/2 values for the different formulations were as follows: 26.71 ± 7.44 h for the sorafenib solution formulation [Sor-Sol]), 410.36 ± 17.93 h for the sorafenib microcrystal formulation with large particle diameter, 240.55 ± 10.40 h for the sorafenib microcrystal formulation with medium particle diameter, and 78.67 ± 9.82 h for the sorafenib microcrystal formulation with small particle diameter. These results demonstrated that microcrystal formulations of sorafenib could achieve in vitro sustained release.



Single Administration of Sor-MS, But Not Sor-Sol, Significantly Inhibited In Vivo Growth of MHCC97-H Cells

The “Section 3.2 results” showed that preparation of sorafenib as a microcrystal formulation could achieve sustained releasing/long-sustaining of sorafenib in tumor tissues. Whether preparation of sorafenib as a microcrystal formulation could achieve the long-acting antitumor activation was also examined in the subcutaneous tumor model. As shown in Figure 2, one-time intratumor injection of Sor-MS, but not Sor-Sol, could significantly inhibit the subcutaneous growth of MHCC97-H cells in nude mice. Moreover, the tumor tissues were collected and analyzed for qPCR, which showed that single administration of Sor-MS, but not Sor-Sol, could inhibit the EMT process of HCC cells in subcutaneous tumor tissues (Figure 3).




Figure 2 | Antitumor activation of sorafenib formulations in a subcutaneous tumor model in nude mice. MHCC97-H cells were cultured and injected subcutaneously into nude mice. Mice received one intratumor injection (50μl amount) of sorafenib solution (Sor-Sol) (2mg/ml concentration), one intratumor injection (50μl amount) of sorafenib microcrystal formulation with the largest particle-size (Sor-MS) (2mg/ml), or sorafenib via oral administration (2mg/kg dose, repeatedly over a long period of time). Results are shown as images of subcutaneous tumor tissues (A), the expression level of proliferation-related factors in the tissues (B), tumor volumes (C), and tumor weights (D). *P < 0.05 versus untreated group with Sor-Oral group; #P < 0.05 versus untreated group with Sor-MS group. The write arrow indicated the subcutaneous tumor tissues.






Figure 3 | Antitumor activation of sorafenib formulations in an intrahepatic tumor model of immunodeficient rats. MHCC97-H cells were cultured, and the intrahepatic lesions of hepatocellular carcinoma (HCC) were established in the live organs of immunodeficient rats. Rats received one intratumor injection (50μl amount) of sorafenib microcrystal formulation with the largest particle-size (Sor-MS) (30mg/ml) or sorafenib via oral administration (2mg/kg concentration, repeatedly over a long period of time). Results are shown as images of rats’ liver organs with lesions formed by MHCC97-H cells (A), the relative total area of the lesions (C), and the expression level of proliferation-related factors in the tissues (D). (B) the images from masson staining results indicated the boundary between rat liver tissue and the intrahepatic lesions. *P < 0.05 versus untreated group (Sor-Oral group); #P < 0.05 versus untreated group with Sor-MS group. The write arrow indicated the intrahepatic lesions/nodules.





Sor-MS Alleviated the Side Effects of Sorafenib in Animals

The side effects of sorafenib were examined in the rats with the intrahepatic tumor tissues. As shown in Figure 4, one-time administration of Sor-MS, but not Sor-Sol, could significantly inhibit the intrahepatic growth of MHCC97-H cells in the livers of immunodeficient rats. Oral administration of sorafenib (mimicking the long cycle of clinical sorafenib treatment) could also inhibit the intrahepatic growth of MHCC97-H cells.




Figure 4 | Fundus intravital imaging of immunodeficiency rats with intrahepatic lesions that received sorafenib formulations. MHCC97-H cells were cultured, and the intrahepatic lesions of hepatocellular carcinoma (HCC) were established in the live organs of immunodeficient rats. Rats received one intratumor injection (50μl amount) of sorafenib microcrystal formulation with the largest particle-size (Sor-MS) (30mg/ml) or sorafenib via oral administration (2mg/kg concentration, repeatedly over a long period of time). Results are shown as images of the fundus microcirculation capillary network (A) and fundus retinal intravital images (B). Results are shown as images of the rat fundus retinal capillary network (A), images of the rat fundus retinal thickness (B), and a quantitative analysis of the images of the rat fundus retinal capillary network (C) or rat fundus retinal thickness (D). *P < 0.05. The write arrow indicated the capillaries and retina.



Next, a small animal fundus imager examined the side effects of sorafenib formulations in the microcirculation of the rats. As shown in Figure 4, oral administration of sorafenib could significantly disrupt the microcirculation and decease the retinal thickness of rats compared with the untreated group. Conversely, single administration of Sor-MS did not disrupt the microcirculation and decrease the retinal thickness of rats compared with the untreated group or the group that received sorafenib orally. The effect of sorafenib’s formulation of the body weight, hematological parameters, and mass of the main organs of animal were also examined to further reveal the adverse effects induced by sorafenib. As shown in Tables 3 and 4, oral administration of sorafenib (Sor-Sol), but not intra-tumor injection of Sol-Sol or Sor-MS, significantly induced the decrease in hematological parameters (leukocyte, Red blood cell, Hemoglobin or Platelet count), body weight, or the major organs (heat, liver, lung, kidney or spleen) of the nude mice mentioned in Figure 2. Moreover, it is worth noting that the oral administration of sorafenib for a long-term induced the serious injury of immunodeficiency rats’ hematological parameters, body weight, and weights of major organs mentioned in Figures 3 and 4 (Tables 5 and 6). A single intra-tumor injection of Sor-MS not only exerted the antitumor activation on the intrahepatic growth of HCC cells, but also did not affect the hematological parameters, body weight, and weights of major organs of immunodeficiency rats mentioned in Figures 3, 4 (Tables 5 and 6). Therefore, the Sor-MS preparation of sorafenib could improve the side effect profile of sorafenib.


Table 3 | The effect of sorafenib formulations on nude mice’s body weight and main organs mass.




Table 4 | The effect of sorafenib formulations on nude mice’s hematological parameters.




Table 5 | The effect of sorafenib formulations on immunodeficiency rat’s body weight and main organs mass.




Table 6 | The effect of sorafenib formulations on immunodeficiency rat’s hematological parameters.





The Blood-Concentration of Sorafenib Released From Sorafenib

Although the calculating the half-life values in tumor tissue could reflect the metabolism and clearance rate of sorafenib, it is still insufficient. Therefore, the concentration of sorafenib in the blood of animals after intra-tumor injection of sorafenib formulations was further examined by LC-MS/MS. As shown in Figure 5A, after injection of Sol-Sol in nude mice, sorafenib was rapidly cleared from the subcutaneous tumor tissues, and its blood concentration peaked within 24h. However, after intra-tumor injection of Sor-MS, the clearance rates of sorafenib from the tumor tissues was much slower compared with Sor-Sol, and the concentration of sorafenib in nude mice’s blood was constantly low and could be detected at the 240h time point after injection. Similar results were obtained from the intra-tumor injection of Sor-MS in immunodeficiency rats’ intrahepatic lesions (Figure 5B). These results further confirmed the in vivo long-sustaining feature of Sor-MS.




Figure 5 | The in vivo release of sorafenib from HCC tissues injected with sorafenib formulations. The in vivo release of sorafenib from HCC tissues injected with sorafenib formulations was measured by the concentration of sorafenib in the blood of nude mice (A) or immunodeficiency rat (B) in Figures 2 and 3. At each time point, blood of animal was harvested and analyzed by the LC-MS/MS. The images are shown as the blood-concentration-curve of sorafenib. Solution refers to Sor-Sol and microcrystal refers to Sor-MS.






Discussion

The molecularly targeted agents represented by sorafenib remain the first-line choice to treat advanced HCC (49–51). Although some clinical trials have shown that the oral administration of sorafenib (as NATCO) could improve the survival of patients, the side effects in these trials cannot be ignored (52). As research has progressed, some new molecularly targeted drugs, including regorafenib (53), lenvatinib (54, 55), and cabozantinib (56), have been approved to treat advanced HCC. These drugs have better therapeutic effects than sorafenib in advanced HCC (53–56). Nevertheless, these drugs are similar in structure to sorafenib and have the general structural formula of 1-(4-(pyridin-4-yloxy)phenyl)urea. Thus, these drugs may not be able to completely overcome many of the shortcomings of sorafenib. Improvements in the pharmaceutical preparation process for sorafenib will help achieve better therapeutic effects and use a different strategy than pure compound structure modification (57). To overcome the challenges associated with sorafenib administration/application, we prepared a novel formulation of sorafenib based on its insoluble features that could be easily administered into a tumor and that offered sustained-release of sorafenib in HCC tissues. One-time administration of Sor-MS achieved antitumor activation of sorafenib. This work extended our knowledge about sorafenib, and injection of Sor-MS into HCC tissues of patients, guided by computed tomography or digital subtraction angiography, would be a promising strategy for advanced HCC treatment.

Interventional therapy and molecularly targeted therapy are both treatment strategies for advanced HCC (10, 58). The existing combined therapy strategy of interventional therapy and molecularly targeted therapy mainly involves patients receiving interventional therapy, such as RFA (radiofrequency ablation) or TACE (transcatheter arterial chemoembolization), and taking molecularly targeted drugs, such as sorafenib, at the same time (59–64). Although existing research shows that molecularly targeted drugs combined with interventional therapy can significantly improve outcomes in patients, the current treatment strategy still fails to fully utilize the synergistic advantages of the two treatment strategies (59–64). Interventional therapy is an ideal strategy for the comprehensive treatment of advanced HCC: (1) TACE and other drugs can enter the HCC tumor tissue directly to avoid affecting the surrounding normal liver tissue (10, 58–62); (2) RFA can directly damage the HCC tumor tissue while avoiding damage to the surrounding tissues as much as possible (59–64). These advantages make interventional therapy useful in precision drug delivery for HCC tumors, but many shortcomings to the related research remain. Only a few antitumor drugs, such as doxorubicin, are widely used (65, 66). Therefore, the results of this study of great significance: sorafenib not only has been developed into a new pharmaceutical preparation suitable for TACE but also can provide more options for safer and more effective treatment of HCC in the future.

Sorafenib and other molecularly targeted drugs have side effects, and the core mechanism of these effects is the destruction of the microcirculation (i.e., human normal vascular endothelial cells). However, there are many difficulties in related research. Experimental animals and their tissues with developed microcirculation, including the intestinal mucosa, spleen, and alveoli, can be used for side effect research. Ultrasound may be included to determine the blood supply of these organs, and H&E staining can detect the tissue microenvironment and the microstructure of the mucous membranes.

This study explored the side effects of sorafenib, and it has many advantages compared with previous research methods. In this study, a new microcrystal formulation of sorafenib was developed to simulates interventional therapy by direct injection into the tumor tissue and long-term sorafenib treatment. Sor-MS was injected directly into the tumor tissue, and a single injection had long-term antitumor activity. At the same time, the slow-release characteristics of Sor-MS ensured that sorafenib was mainly distributed in the tumor tissues and had minimal impact on normal organs. With the control (the sorafenib oral gavage treatment), sorafenib was distributed throughout the animal, and the long-term effect of this sorafenib distribution could include damage to normal organs.

As the only transparent organ of the human body, the eyeball can be directly imaged and observed. Fundus imaging can not only take pictures of the vascular network but also detect the thickness of the retina. The results of this study show that a single injection of Sor-MS into the tumor tissue will not affect the fundus microcirculation and retina of experimental animals, whereas long-term oral administration of sorafenib to animals can destroy the fundus microcirculation and retina. Therefore, this study not only expands our understanding of sorafenib-related toxicology but also provides new insights about imaging of live small animals.

Moreover, in recent years, some particle carriers with targeted drugs have been developed. For example, Shi et al. prepared an “Apatinib-loaded CalliSpheres Beads” for embolization and examined the pharmacokinetics and tumor response in a rabbit VX2 liver tumor model (67). The strategy of this study is fundamentally different from these studies: these studies must use microspheres made of polymer materials (such as CalliSpheres Beads) to physically adsorb molecular targeted drugs, and the chemical properties of molecular targeted drugs affect the drug-amount carried by microspheres; and the drug-loaded microspheres obtained in these strategies are mainly the microspheres themselves, and the drug content is limited. The microcrystalline preparation prepared in this study does not contain polymer materials, so it can achieve a dosage of more than 30mg/ml. At the same time, the particle size of the obtained Sor-MS can be controlled through the adjustment of the process, so as to realize the embolization of the blood vessel with the molecularly targeted drug itself.
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Background

Long intergenic non-protein coding RNA 882 (LINC00882) are abnormally expressed in several tumors. Our research aimed to uncover the functions and the potential mechanisms of LINC00882 in hepatocellular carcinoma (HCC) progression.



Methods

RT-qPCR was applied to identify LINC00882 and miR-214-3p levels in HCC specimens and cells. Luciferase reporter was applied for the exploration of whether activating transcription factor 2 (ATF2) could bind to the promoter region of LINC00882. Cell proliferation, invasion, and migration were evaluated. In vivo tumor xenograft models were constructed to assess tumorigenicity. RT-PCR, Western blot and Luciferase reporter assays were conducted to examine the regulatory relationships among LINC00882, miR-214-3p and ATF2.



Results

LINC00882 was markedly upregulated in HCC cells and clinical specimens. Additionally, ATF2 could bind directly to the LINC00882 promoter region and activate its transcription. Loss-of-function studies further demonstrated that LINC00882 knockdown inhibited proliferation, invasion, and migration of HCC cells. Mechanistically, LINC00882 adsorbed miR-214-3p, thus promoting the expressions of CENPM. Rescue assays demonstrated that functions of LINC00882 deficiency in HCC cells were reversed through suppressing miR-214-3p.



Conclusion

Our group identified a novel regulatory axis of ATF2/LINC00882/miR-214-3p/CENPM, which may provide potential therapeutic targets for HCC.





Keywords: lncRNA LINC00882, hepatocellular carcinoma, miR-214-3p, ATF2, metastasis, CENPM



Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant cancers (1). It has been reported that there are 783,800 new cases diagnosed HCC worldwide each year (2). The main risk elements for HCC include hepatitis B virus, infection, cirrhosis, and accumulation of aflatoxins in the liver (3). Although more and more advancements have been achieved to develop life expectancy of HCC patients, postoperative metastasis and recurrence remain major disincentives for the improvements of clinical outcomes of HCC patients (4–6). Therefore, for personalized treatment and improvement of clinical efficacy, it is an urgent need to develop specific molecular biomarkers.

Long noncoding RNAs (lncRNAs) are RNAs with > 200 nucleotides in length without protein coding capacities (7). They are involved in almost all cellular and pathological processes, including cellular growth, apoptosis and stem cell maintenance (8, 9). Dysregulation of some lncRNAs has been verified in various tumors, such as lung tumor, gastric cancers, bladder cancers, and HCC (10, 11). Growing evidence indicates that lncRNAs act as tumor supporters or tumor suppressors by controlling cellular processes, such as differentiation, proliferation, invasion, and metastasis, highlighting their great potentials in tumor screening, prognosis, and therapies (12, 13). Although the involvements of lncRNAs in HCC initiation and progression have been studied in several studies such as lncRNA MIAT and lncRNA-PDPK2P, the potential exploration of lncRNA functions in the HCC contexts was located on their infancy (14–16). The novel mechanisms involved in lncRNA effects on HCC progression deserve in-depth explorations for the development of personalized treatments.

Long intergenic non-protein coding RNA 882 (LINC00882), located on 3q13.12, was a new cancer-related lncRNA (17). Several studies have reported its dysregulation in a few cancers, such as chromophobe renal cell carcinoma and hepatocellular carcinoma (18, 19). However, its specific function in HCC has not been investigated. In this study, we analyzed TCGA datasets, finding LINC00882 was highly expressed in HCC. Then, we further provided evidences of LINC00882 upregulation in HCC specimens from our patients. Furthermore, our group conducted functional assays to study the possible influence of LINC00882 dysregulation on tumor behaviors, and also studied the potential molecular mechanisms.



Materials and Methods


Clinical Specimens

A total of 6 pairs of tumor specimens and the matched non-tumor specimens were collected from National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital & Shenzhen Hospital. Chemotherapy or radiotherapy were not used for all patients before the operation. All patients gave informed consent and signed a written consent form. This research was ratified by the Ethics Review Committee of National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital & Shenzhen Hospital.



Cell Lines and Cell Culture

The normal liver cells (HepaRG) and HCC cell lines (SMMC-7721, HepG2.2.15, HepG2 and Huh7) were purchased from ATCC(Manassas, VA, USA). HCC cells were cultured in a RPMI 1640 medium containing 10% fetal bovine serum (FBS) and HepaRG cells in keratinocyte-SFM (Thermo Fisher, Jijie Technology, Wuhan, China), together with 100 U/mL penicillin(Baomanbio, Pudong, Shanghai, China) and 100 μg/mL streptomycin(Yita Bio, Pinggu, Haidian, Biejing, China) with 5% CO2 at 37°C.



Cell Transfection

Short-hairpin RNA oligos directed against LINC00882 (sh-LINC00882-1 and sh-LINC00882-2) were synthesized. Then, oligos were ligated into the shRNA vectors (JunHui Bio, Guangzhou, Guandong, China). To increase the expressions of ATF2 in HCC cells, the expressing plasmids for ATF2 were PCR-amplified and subcloned into the pcDNA3.1 vector, respectively (JunHui Bio, Guangzhou, Guandong, China). An empty pcDNA 3.1 served as a control. Ruibio Biology(Guangzhou, Guangdong, China) provided miRNA-214-3p mimics and miRNA-214-3p inhibitors. ATF2 small interfering RNA (si-ATF2-1 and si-ATF2-2) and the corresponding control RNA (si-NC) were purchased from Biomics Bio (Jiangsu, China) Co., Ltd. For cellular transfection, Lipofectamine 3000 (L3000015, Invitrogen, Ruidei Biology, Suzhou, Jiangsu, China) was applied based on the operating instructions.



Quantitative Real-Time Polymerase Chain Reaction

Total RNAs in specimens and several cells were extracted by TRIzol reagent (Invitrogen, Beiyu Bio, Nanjing, China). Then, total RNAs were synthesized to cDNA by the use of PrimeScript RT reagent Kit (TaKaRa, Chengdu, Sichuan, China) based on the operating instructions. SYBR® Premix Ex Taq ™ and StepOne Plus Real-time PCR System were applied to perform RT-PCR reactions. The primers were shown in Table 1. GAPDH or U6 served as an internal control. The relative expressions were calculated by the use of the ΔΔCt methods.


Table 1 | The primers used in this study for RT-PCR.





Subcellular Fractionation

Nuclear and cytoplasmic separation was carried out using the PARIS Kit (Life Technologies, Shenzhen, Guangdong, China) based on the operating instructions.



Cell Counting Kit Assays

Transfected Huh7 and HepG2 cells (4000 cells/well) were incubated at 37°C in an atmosphere with 5% CO2 for 24, 48, 72 and 96 h, respectively. CCK-8(Dojindo, Beiyu Biology, Nanjing, China) was used to incubate the above cells for 4 h. Using a microplate reader, the absorbance was observed at 450 nm.



Colony Formation Assays

Cells (at a density of 3 × 103 per well) were seeded in six-well plates. Subsequently, 4% paraformaldehyde (absin, Pudong, Shanghai) was applied to fix formed colonies for 30 min. 0.1% Crystal violet dye (Merck, Folaisi, Wuxi, China) was used to stain the cells for 15 min. Finally, our group counted and photographed the colonies.



5-Ethynyl-2’-Deoxyuridine Assay

EDU experiments were conducted for exploring cellular capabilities. Cells (6×103) were placed in 48-well plates. Under the condition of 5% CO2 and 37°C, 50 μM of EdU diluent was used to cultivate cells for 2 hours. Then, PBS was used rinse the collect cells which was fixated by the use of paraformaldehyde. Next, Apollo 567 working solution was applied to process cells. For the counterstain of the nuclei, DAPI was added for 8 minutes. Finally, fluorescent microscopy was used to observe the collected cells.



Scratch Test

Cellular scratch experiments were applied for the determination of the effects of LINC00882 on invasive abilities. Briefly, 1×106 cells were inoculated into a 6-well plate and cultured for 24 h. After a pipette tip was applied to gently scratch the cells for the formation of the centers of the well, PBS was applied to wash the cells for 3 times. an inverted fluorescence microscope (Nikon, Tokyo, Japan) was applied for the observation of scratch distances.



Tranwell Assays

The transwell assays were conducted to examine cellular invasion. Briefly, Huh7 and HepG2 cells were seeded on the top transwell chamber (60 µL of Matrigel at 1:7 dilution; Shenzhen, China) to the bottom chamber, 500 μL of medium was added. 90% ethanol was applied to fix the cells after 24 h. Besides, 0.5% crystal violet prior was applied to stain the collected cells. An inverted microscope was used for the observation.



Dual-Luciferase Reporter Gene Assay

The wild-type and mutant LINC00882 containing miR-214-3p binding sites on the LINC00882 promoter region were ligated into the pMIR luciferase reporter vectors. Then, using Lipofectamine 2000 (Invitrogen, Xuanwu, Nanjing, China), we co-transfected the vectors into cells with LINC00882/NC mimic. To normalize the reporter luciferase activities, the dual luciferase reporter assays were carried out. In addition, with mutant-type and wild ATF2 binding sites, the LINC00882 promoter were inserted to pGL3 vector (Promega, Haidian, Beijing, China) for promoter assays.



Chromatin Immunoprecipitation

The ChIP assays were performed following the methods and protocols descripted by the previous publications (20, 21). The HCC cells, HepG2, were transfected with vectors and harvested for the ChIP performed by using the ChIP kit (Promega Corporation, USA) according to the protocol by manufacture. About 2×109 amount of HepG2 cells were fixed by 4% formaldehyde (v/v diluted by PBS) and the final concentration formaldehyde was 1%. Then, the mM dose of glycine solution was added and cells were cracked by the lysis-buffer. The nuclear sub-fraction of the cells was separated by centrifugation. Then, the nuclear sub-fraction lysates were sonicated to generate an average DNA fragments with the size of 0.5–1 kb. At last, the immunoprecipitation was performed with anti-Tubulin (α-, β- and γ- Tubulin) (Abcam Corporation, UK). The non-specific IgG was used as blank control. The DNA fragments in the complex (Tubulin with Centromere related sequence) was analyzed by the quantitative polymerase chain reaction. The DNA faction amplified was Human (hg38) chr2 q11.1: 92872758- 92873099. The primers are as followed: Forward sequence: 5’-tctgcaagaggatatttggatagc-3’; Reverse sequence: 5’-tcaccataggcctgaaagcg-3’.



Western Blotting

Proteins were extracted from HCC cells, and then quantified. Subsequently, 30 μg of proteins was separated via 10% SDS-PAGE and transferred on nitrocellulose membranes (Pierce, Qingpu, Shanghai, China). After blocked with 3% BSA (YT0230-2, Yita Bio, Pinggu, Beijing, China), the membranes were incubated with primary antibodies against CENPM (ab243820, Abcam, Shenzhen, Guandong), and GAPDH (ab8245, Abcam, Shenzhen, Guandong) overnight at 4°C, and secondary antibody labeled with horseradish peroxidase (Abcam) for 2 h at room temperature. Subsequently, the BeyoECL Plus kit (LM0018, Lianmai Technology, Songjiang, Shanghai, China) was applied to develop the membranes. GAPDH was used to normalize the expressions of CENPM.



Tumor Xenograft Analysis

The experimental procedures were approved by Animal Ethics Committee of National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital & Shenzhen Hospital. For in vivo assays, Vital River (Chaoyang, Beijing, China) provided 4-weeks old male BALB/c nude mice which were randomly divided into two groups: sh-LINC00882-1 group (n = 6) and sh-NC group (n = 6). LINC00882-1 or sh-NC-transfected Huh7 cells were subcutaneously injected into the right flank of nude mice. Digital calipers were applied to measure tumor volume every 4 days, and the formula (tumor volume = 1/2 (length × width2) was used to calculate volumes. 28 days later, the mice were sacrificed, followed by the examination of the weight of all tumors.



Statistical Analysis

SPSS 19.0 software (SPSS Inc., Chicago, IL, USA) was used to analyze all data which are presented as means ± SD. Student’s t-test or one-way analysis of variance was applied to compare the differences between two groups or among multiple groups, followed by Tukey’s tests. A p<0.05 was considered statistically significant.




Results


Expressions of LINC00882 Are Increased in Human HCC Tissues

To screen the possible lncRNAs involved in HCC progression, our group searched TCGA datasets and focused on LINC00882 which was distinctly overexpressed in HCC samples (n=371) compared with normal liver samples (n=50) (Figure 1A). The results of RT-PCR in samples of our patients also revealed that LINC00882 expressions in HCC tissues (n=6) were distinctly higher than those in the matched normal liver tissues (n=6) (Figure 1B). In addition, we observed that four HCC cells exhibited a higher level than HepaRG cells (Figure 1C). Survival assays based on TCGA datasets revealed that patients with higher LINC00882 expressions exhibited a poor trend of long-term survivals compared with those with lower LINC00882 expressions (Figure 1D). Given that lncRNA functions are dependent on its subcellular localization, we performed subcellular fractionation, finding that LINC00882 was mainly localized to the cytoplasm (Figure 1E).




Figure 1 | LINC00882 expression was increased in HCC. (A) Higher levels of LINC00882 were observed in HCC specimens (n=371) than normal liver specimens(n=50) from TCGA datasets. (B) The expression levels of LINC00882 in paired tissue samples from 6 patients were determined by RT-qPCR. (C) The level of LINC00882 in n HepaRG and four HCC cell lines. (D) Survival assays of 364 HCC patients from TCGA datasets. (E) Relative LINC00882 expression levels in nuclear and cytosolic fractions of Huh7 and HepG2 cells. **p < 0.01, ***p < 0.001.





ATF2 Activates LINC00882 Transcription in HCC Cells

Growing studies suggested that transcription factors such as E2F1, SP1 may exhibit regulatory effects on the expression of downstream targets including lncRNAs (22, 23). To predict the possible transcription factors, our group searched JASPAR database (http://jaspar.genereg.net/), finding that ATF2 may bound to the LINC00882 promoter region with strong probability (Figure 2A). Based TCGA datasets, ATF2 was highly expressed in HCC specimens, which was further confirmed in our cohort and four cell lines (Figures 2B–D). Survival assays with TCGA datasets revealed patients with higher ATF2 expressions showed a poor trend of overall survival in 40 months (Figure 2E). RT-PCR assays revealed that silence of ATF2 resulted in the obvious inhibition of LINC00882(Figure 2F), while its overexpression promoted the expression of LINC00882 (Figure 2G). By the use of ChIP assays, our group observed distinct ATF2-binding activities on the endogenous LINC00882 promoter region around E2 (Figure 2H). Besides, luciferase reporter assays demonstrated that ATF2 did not binds to the other two sites, but only the E2 binding site (Figures 2I, J).




Figure 2 | ATF2 Activates LINC00882 expression in HCC cells. (A) ATF2 binding site prediction in the LINC00882 promoter region using JASPAR. (B) By analyzing TCGA datasets, ATF2 expression was shown in HCC specimens (n=369) and normal liver specimens (n=50). (C, D) RT-PCR for ATF2 expression in HCC specimens from our patients and HCC cell lines. (E) Survival assays of 364 patients from TCGA datasets divided into two groups according to LINC00882 expression. (F) QRT-PCR for The levels of ATF2 and LINC00882 in HepG2 and Huh7 cells transfected with si-ATF2-1, si-ATF2-2 or si-NC. (G) Overexpression of ATF2 led to the promotion of LINC00882 levels in Huh7 and HepG2 cells. (H) ChIP-qPCR analysis of ATF2 occupancy in the LINC00882 promoter in Huh7 and HepG2 cells. (I) Construction of the luciferase reporter vector. (J) Dual luciferase reporter assays for the determination of the ATF2 binding site on the LINC00882 promoter region. *p < 0.05, **p < 0.01, ***p < 0.001, N.S., no significant.





Silencing of LINC00882 Suppresses the Proliferation and Metastasis of HCC Cells

To evaluate the roles of LINC00882 in HCC, Huh7 and HepG2 cells were transfected with shRNA (sh-LINC00882-1, sh-LINC00882-1) to silence the expression of LINC00882. As examined by RT-PCR, the expressions of LINC00882 were significantly inhibited by sh-LINC00882-1 and sh-LINC00882-2 in both HepG2 and Huh7 cells (Figure 3A). CCK-8 assays indicated that LINC00882 knockdown distinctly suppressed the proliferative capabilities of Huh7 and HepG2 cells (Figure 3B). Besides, the inhibitory effects of LINC00882 knockdown on HCC cell proliferation were also demonstrated by the colony formation and Edu assays (Figures 3C, D). For further exploration of the oncogenic functions of LINC00882, our group conducted in vivo experiments. As presented in Figures 4A–C, tumor volume and weight were reduced by sh-LINC00882-1 compared with scramble control. Furthermore, the results of Transwell assays and Wound-healing assays showed that the knockdown of LINC00882 weakened the invasion (Figure 5A) and migration (Figure 5B) ability of Huh7 and HepG2 cells. Therefore, LINC00882 was an oncogenic lncRNA in HCC.




Figure 3 | Knockdown of LINC00882 suppressed the proliferation of HepG2 and Huh7 cells. (A) The relative expressions of LINC00882 in Huh7 and HepG2 cells were distinctly reduced by sh-LINC00882-1 or sh-LINC00882-2 compared with the si-NC. (B) CCK-8 assays evaluated cell viability. (C) Clone number of Huh7 and HepG2 cell lines after transfected by sh-LINC00882-1, sh-LINC00882-2 or sh-NC. (D) Cell proliferation was determined by EdU assay in Huh7 and HepG2 cells. **p < 0.01.






Figure 4 | LINC00882 regulates HCC growth in vivo. (A) Tumors derived from mice in two different groups were presented. (B, C) Volume and weight of tumors obtained from two groups were measured and shown. **p < 0.01.






Figure 5 | Knockdown of LINC00882 suppressed the migration and invasion of HCC cells. (A) Transwell experiments revealed knockdown of LINC00882 inhibited Huh7 and HepG2 cell invasion. (B) The wound healing assay showed a significant decrease of Huh7 and HepG2 cells migration after transfected sh-LINC00882-1 or sh-LINC00882-2. **p < 0.01.





Reciprocal Modulation Between LINC00882 and miR-214-3p

We have confirmed that LINC00882 was mostly distributed in the cytoplasm, which suggested that LINC00882 might exert its biological function by sponging miRNA. Then, we searched Starbase which can predict the possible miRNAs binding sites for LINC00882. The binding sites of LINC00882 and miR-214-3p were presented in Figure 6A. RT-PCR assays indicated miRNA-214-3p was lowly expressed in HCC specimens and cell lines (Figures 6B, C). The luciferase activity of WT- LINC00882 instead of MUT-LINC00882 was distinctly reduced by miRNA-214-3p overexpression in Huh7 and HepG2 cells (Figure 6D). RT-PCR assays suggested miR-214-3p levels were distinctly upregulated in Huh7 and HepG2 cells after knockdown of LINC00882 (Figure 6E), while miR-214-3p overexpression distinctly suppressed the levels of LINC00882 (Figure 6F). Functionally, miR-214-3p upregulation was observed to inhibit the proliferation and invasion of HepG2 and Huh7 cells (Figures 6G, H).




Figure 6 | LINC00882 acts as a ceRNA for miR-214-3p. (A) LINC00882 containing the putative miR-214-3p recognition sites was cloned downstream of the luciferase gene. (B, C) RT-PCR for the LINC00882 expression in tumor specimens from our patients and cell lines. (D) Luciferase reporter assay was applied to verify the targeted binding effect between LINC00882 and miR-214-3p. (E) RT-PCR for miR-214-3p levels in Huh7 and HepG2 cells after LINC00882 knockdown. (F) The levels of LINC00882 levels in Huh7 and HepG2 cells after Overexpression of miR-214-3p. (G) Colony formation assay. (H) The invasive number of Huh7 and HepG2 after knockdown of LINC00882. **p < 0.01, ***p < 0.001.





LINC00882 Directly Targets CENPM in HCC Cells

To further study the mechanisms of actions of miR-214-3p in HCC, we performed bioinformatics assays to search the targets of miR-214-3p. CENPM was predicted to harbor putative binding sequences for miR-214-3p (Figure 7A). Then, we focused on CENPM due to its important functions during tumor progression (24, 25). Based on TCGA datasets, we observed CENPM displayed a high level in most types of cancers, and CENPM levels were distinctly upregulated in HCC specimens, especially in those with advanced stages (Figures 7B–D). Survival assays based on TCGA datasets revealed that high CENPM expressions were associated with poor clinical outcomes (Figure 7E). The results of luciferase reporter assay s showed that compared with CENPM 3’UTR-mut and miR-214-3p mimics, luciferase activity of Huh7 and HepG2 cells transfected with CENPM 3’UTR-wt and miR-214-3p mimics was distinctly decreased (Figure 7F). Moreover, overexpression of miRNA-214-3p distinctly suppressed the expressions of CENPM, while its silence displayed an opposite result(Figure 7G). On the other hand, we also performed in vitro assays to explore the function of CENPM in HCC. As shown in Supplementary Figure S1A, the results of RT-PCR and western blot showed that the expression of CENPM was distinctly decreased in Huh7 and HepG2 cells transfected with si-CENPM compared with si-NC. We further performed functional experiments, finding that knockdown of CENPM distinctly suppressed the proliferation (Supplementary Figures S1B, C), invasion (Supplementary Figure S1D) and migration(Supplementary Figure S1E) of Huh7 and HepG2 cells.




Figure 7 | CENPM was identified as a direct target of miR-214-3p in HCC cells. (A) Bioinformatics tools reveal the complementary binding sites within miR-214-3p and CENPM. (B) Pan-cancer analysis of CENPM using TCGA datasets. (C, D) The expression pattern of CENPM in HCC specimens with different stages. (E) Survival assays of HCC patients according to the expression of CENPM by analyzing TCGA datasets. (F) Luciferase reporter assay validated the molecular binding. (G) RT-PCR determined the expression of CENPM in Huh7 and HepG2 cells transfected with NC mimics, miR-214-3p mimics, NC inhibitors or miR-214-3p inhibitors. *p < 0.05, **p < 0.01, ***p < 0.001.





LINC00882 Promoted HCC Progression by Decreasing CENPM Expression via Sponging miR-214-3p

To demonstrate that LINC00882 aggravated the tumor behaviors of HCC through the modulation of miR-214-3p/CENPM axis, our group conducted rescue experiments via cotransfecting sh-LINC00882-1 or sh-NC and miR-214-3p inhibitors or NC inhibitors into HCC cells. As presented in Figure 8A, silence of miR-214-3p reversed the distinct suppression of LINC00882 silence on the expressions of CENPM. Besides, functional experiments revealed silence of miR-214-3p reversed the distinct inhibition of LINC00882 silence on the proliferative and invasive abilities of HCC cells (Figures 8B–D).




Figure 8 | Knockdown of miR-214-3p effectively reversed LINC00882 knockdown-induced inhibition on HCC progression in vitro. (A) RT-PCR and Western blot examined the expression of CENPM in Huh7 and HepG2 cells transfected with sh-NC, sh-LINC00882-1, sh-LINC00882-1+ NC inhibitor or sh-LINC00882-1+ miR-214-3p inhibitor. CCK-8 assays (B), colony formation assays (C) and Transwell assays (D) of HepG2 and Huh7 cells after transfection. **p < 0.01.





ATF2/LNC000882/miR-214-3p Pathway Modulate The Binding of Tubulin With Centromere Related DNA Sequence by Targeting CENPM

The chromatin immunoprecipitation (ChIP) was performed to detect the binding effect of Tubulin and Centromere related DNA sequence reflecting the influence of CENPM on the centromere-microtubule interaction to form the spindle. As shown in Figures 9A–E, as expected, α-Tubulin and β-Tubulin could binding to the Centromere related DNA sequence; however, the γ-Tubulin could not interacted with the Centromere related DNA sequence. Knockdown of ATF2, LNC000882 via siRNA or overexpression of miR-214-3p both resulted to the knockdown of CENPM and the decreased binding of α-Tubulin or β-Tubulin could to the Centromere related DNA sequence (Figures 9F–I). Rescued the expression of CENPM via transfection of CENPM with the mutated miR-214-3p targeting site in 3’UTR (CENPMMut) could disrupt the effect of ATF2, LNC000882 knockdown or miR-214-3p overexpression. Moreover, the overexpression of LNC000882 also repressed the expression of miR-214-3p and enhanced the expression of CENPM. These results further confirmed the specificity of ATF2/LNC000882/miR-214-3p pathway modulate the binding of Tubulin with Centromere related DNA sequence by targeting CENPM.




Figure 9 | The effect of ATF2/LNC000882/miR-214-3p/CENPM pathway on the binding of Tubulin to Centromere related DNA sequence. (A–E) The HepG2 cells were transfected with vectors and harvested for the ChIP assays. The complex of Tubulin with Centromere related DNA sequence was separated by the antibodies of Tubulins. (F) The expression level of ATF2, (G) LNC000882, (H) miR-214-3p or (I) CENPM in HepG2 cells were examined by the qPCR. The results were shown as the schematic-diagram images of the Centromere related DNA sequence (A), the images or mean ± SD from qPCR of the ChIP results (B–E) or the mean ± SD from the qPCR. *p < 0.05.






Discussion

Several studies reported the functions of lncRNAs in HCC progression (26). For instance, lncRNA-PDPK2P was shown to exhibit a higher level in HCC and accelerated invasion and tumor growth of HCC cells via PDK1/AKT/Caspase 3 pathway (16). LncRNA MCM3AP-AS1, a possible diagnostic factor for HCC, was reported to promote the growth of HCC through modulating miRNA-194-5p (27). The oncogenic or anti-oncogenic roles of lncRNAs encouraged us to further explore the important lncRNAs involved in HCC progression. Here, we identified a novel lncRNA-related oncogene in HCC. We provided evidences that LINC00882 levels were distinctly upregulated in HCC. Using TCGA datasets, we observed patients with high LINC00882 showed a poor trend in long-term survivals. Functionally, we demonstrated knockdown of LINC00882 distinctly inhibited the invasion, migration and proliferation of HepG2 and Huh7 cells, suggesting it as a tumor promotor in HCC progression. We searched literatures and only found LINC00882 was overexpressed in hepatocellular carcinoma and chromophobe renal cell carcinoma (18, 19). However, the studies involved in potential function of LINC00882 in tumors have not been found. Our findings may provide a new clue for the research of LINC00882 in other types of tumors.

Several studies have provided evidences that transcription factors can regulated the expressions of lncRNAs just like some protein-coding genes (28, 29). For instance, SP1-induced upregulation of lncRNA TINCR suppressed the metastasis ability of lung adenocarcinoma cells via regulating miR-107/RAB14 (30). Overexpressed lncRNA HAGLROS induced by STAT3 promoted the metastasis of gastric cancer (31). In HCC, several HCC-related lncRNAs, such as lncRNA ZFPM2-AS1 (by STAT1) and lncRNA RAET1K (by HIF1A), were also reported to be regulated by transcription factors (32, 33). In this study, we found ATF2 may bind directly to the LINC00882 promoter region, followed by a series of experiments confirming the overexpression of LINC00882 induced by ATF2. ATF2 is a member of the activator protein 1 (AP-1) TF family. Previously, several studies have reported ATF2 was highly expressed in several types of tumors and served as a tumor promotor, including HCC (34, 35). However, whether ATF2 can activate lncRNA transcription was rarely reported. Our finding firstly reported ATF2 overexpression resulted in the upregulation of LINC00882.

In recent years, a ceRNA mechanism was developed, which showed lncRNAs may serve as miRNA sponges, thereby competitively regulating the targets of miRNAs (36, 37). More and more evidences have shown that several functional lncRNAs could absorb miRNAs to regulate the expressions of anti-oncogenes or cancer promotors in tumor developments (38, 39). However, the ability of several lncRNAs with low abundance was not enough in sponging miRNAs. Many cellular evidences have demonstrated lncRNAs which exhibit high levels in the cytoplasm are ideal lncRNAs (40, 41). In this study, we observed that LINC00882 was mainly expressed in the cytoplasm, which provided a basic possibility for the ceRNA mechanisms. By the use of bioinformatics assays, miRNA-214-3p was predicted as a targeting miRNA of LINC00882, followed by the demonstration of luciferase reporter and RT-PCR. Previously, miR-214-3p was found to be lowly expressed in HCC and suppressed the proliferative and metastatic abilities of HCC cells, which was consistent with our findings (42, 43). On the other hand, we also found that miR-761 may be a potential target of LINC00882. However, miR-761 was found to act as a tumor promotor in HCC (44).

Centromere protein M (CENPM), encoding a kinetic protein, modulate chromosomal separation during cellular divisions (45). The levels of CENPM were observed to appear preferentially in immunity cells involving cancer specimens and cancer derived cells (24, 46). In HCC, CENPM silence resulted in the suppression of the proliferation and metastasis of HCC cells, and CENPM was regulated by several miRNAs (47, 48). It has been confirmed that miRNAs can target downstream genes and suppress their expression (49–51). Interestingly, using a combination of multiple biochemical analyses and mechanistic studies, CENPM was identified as a direct target of miR-214-3p. We also analyzed TCGA datasets, finding that CENPM was overexpressed in HCC. Knockdown of CENPM suppressed the proliferation and invasion of HCC cells. Finally, our group carried out rescue experiments, finding that silence of miR-214-3p reversed the distinct inhibition of LINC00882 knockdown on the expression of CENPM as well as the proliferation and invasion. Therefore, our study unveiled the contribution of the LINC00882/miR-214-3p/CENPM pathway in regulating HCC progression.

For the activity of CENPM itself, we have conducted various studies. Using siRNA to down-regulate the expression of CENPM can significantly inhibit the proliferation of HCC cells. At the same time, for the specific mechanism of CENPM itself, CENPM is a centromere protein, and its expression level is closely related to the normal function of the centromere-spindle. Because cellular immunofluorescence is difficult to quantitatively reflect the direct interaction between tubulin and centromere, we use chromatin immunoprecipitation technology to detect the combination of tubulin and centromere DNA sequence, and finally perform specific effects on CENPM Sexual analysis. Our results show that down-regulating the expression of CENPM can inhibit the binding of tubulin α and β to the centromere sequence. At the same time, the specificity of the action of ATF2/LNC000882/miR-214-3p is determined by setting a reasonable control. Moreover, Tubulin is mainly composed of α- and β-subtypes, while γ-subtypes are mainly distributed in the centrosome. The results of this study also confirmed that in the ChIP experiment, only α-Tubulin and β-Tubulin can interact with centromere DNA sequences, while γ-Tubulin cannot interact with centromere DNA sequences. These methods and results have advantages and innovations: the combination of centromere and tubulin is the basis for the formation of spindles and cell proliferation. The use of chromatin immunoprecipitation technology to detect the combination of tubulin and centromere can be quantitative and intuitive Reflects the interaction between microtubules and centromeres, which is an ideal method for this type of research.

However, this study has several limitations. Firstly, the sample size was relatively small, we will collect more samples for research in the future. Secondly, additional mechanisms of LINC00882 such as methylation in regulating HCC progression require further study.



Conclusion

Based on results, LINC00882 may be a tumor promotor for HCC, and ATF2 could activate its transcription. LINC00882 exerted oncogenic roles in modulating the proliferation and metastasis of HCC cells. Our findings firstly suggested the underlying mechanisms behind this development, that LINC00882 drove HCC progression by increasing CENPM levels through sponging miR-214-3p, providing a novel therapeutic target for HCC treatments.
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Liver cancer is a common malignant tumor worldwide, which is a serious threat to the health of people. We try to investigate some mutations and clinical indicators as candidate markers for the development of liver cancer through targeted region capture technology combined with next-generation sequencing. We collected peripheral blood and liver cancer tissue samples from 32 liver patients concurrently. The SeqCap EZ Prime Choice Probe was used to perform the targeted enrichment; this probe captures 1,000 known cancer-associated genes. We calculated the tumor mutation burden (TMB) for each patient. The high-frequency mutations and these relative genes were identified. Eventually, survival analysis was performed based on the mutations and clinical indicators. In 32 liver patients, a total of 29 high-frequency mutations were investigated. They were located in 25 genes, which were enriched in 9 cellular components (CCs), 6 molecular functions (MFs), and 21 biological processes (BPs). Among them, EZH2 c.1544A>G and CCND1 c.839A>T had the highest mutation frequency (5/32). In the protein–protein interaction (PPI) network, EZH2-DNMT3A, NOTCH1-CCND1, and ABL1-CCND1 were the top three pairs. The survival analysis showed that there were significant differences in progression-free survival (PFS) and overall survival (OS) between the Karnofsky performance score (KPS) groups. The PFS and OS in the TMB high group were higher than those in the TMB low group. OS and tumor stage had a remarkable relationship. In conclusion, EZH2 c.1544A>G and CCND1 c.839A>T might be potential biomarkers of liver cancer. TMB might be used as a prognosis and survival indicator of liver cancer.




Keywords: liver cancer, circulating tumor DNA (ctDNA), gene mutation, tumor mutation burden (TMB), survival analysis



Introduction

Cancer is a common disease that poses a threat to human health and affects people’s quality of life. In 2020, liver cancer was one of the cancers with the lowest survival rates (18%), followed by pancreatic cancer (9%). The incidence rate of liver cancer is increasing worldwide; according to the latest cancer statistics, liver cancer has the fastest growth rate among male malignant tumors, with an annual growth rate of 2%–3% (1). Liver cancer can be divided into primary and secondary tumors; primary liver cancer (PLC) can be further divided into hepatocellular carcinoma (HCC), intrahepatic cholangiocarcinoma (ICC), and other rare types (2). The pathogenesis and exact molecular mechanism of liver cancer are not clear.

Mutations in some genes are proven to have a certain relationship with the occurrence and progression of liver cancer (3). For example, Huang and his partners (4) investigated that the base mutation in the p53 gene, which could serve as a novel early diagnostic marker for HCC, provided more information when combined with the usual method of HCC diagnosis. Furthermore, Wong et al. (5) examined that somatic mutations at exon 3 of the β-catenin gene might give rise to inappropriate activation of the Wnt signaling pathway that plays an important role in HCC. Quaas et al. (6) found that analysis of telomerase reverse transcriptase (TERT) promoter mutation might become a diagnostic tool differentiating hepatocellular adenoma (HCA) from well-differentiated HCC and transforming lesions.

Circulating tumor DNA (ctDNA), possessing the initial tumor mutational signature, is released by the tumor cells into the blood, and it reflects the alterations of the gene from primary cancers (7). For cancer patients in whom acquiring biopsy specimens is difficult, ctDNA has become a potential non-invasive cancer biomarker. Nowadays, researchers have found multiple applications for ctDNA in the cancer field. Many studies have demonstrated that ctDNA can be applied for the early detection (8) and monitoring of the minimal residual disease of cancer (9). For instance, Xu et al. (10) constructed a diagnostic prediction model of HCC according to the ctDNA methylation markers, and this model exhibited high diagnostic specificity and sensitivity (p < 0.001). Additionally, ctDNA plays an important role in the evaluation of molecular heterogeneity of overall disease (11) and monitoring of tumor dynamics (12). Ikeda et al. (13) indicated that ctDNA can be used as a marginally invasive alternative method to identify genetic alterations and discover potential molecular therapeutic targets. Furthermore, Cai et al. (14) identified the mutation profiles in biopsy and plasma specimens of HCC patients and found that ctDNA could overcome the heterogeneity of tumor and real-time track the therapeutic responses. Consequently, the clinical application of ctDNA has attracted the attention of more and more researchers. In this study, we systematically analyzed the gene mutations in the liver using targeted region capture combined with next-generation sequencing and identified some potential biomarkers for the occurrence and development of liver cancer.



Methods


Patients and Sample Collection

Patients treated at Tianjin Medical University Cancer Institute and Hospital between July 2017 and May 2018 were enrolled. Thirty-two liver patients were collected and named as L01 to L32 successively. Sixteen of the patients were retained from medical records. The ethylene diamine tetraacetic acid (EDTA) tubes were used to collect peripheral blood. Subsequently, the white blood cell and plasma were separated by centrifuging at 2,500g for 10 min. To remove any remaining cellular debris, the plasma was further centrifuged at 16,000g for 10 min. The plasma supernatant and matched white blood cells were preserved at −80°C separately. In the meantime, the matching tumor tissue samples were gathered. DNA was extracted from tumor tissues and paired white blood cells (control) utilizing the TIANamp Genomic DNA Kit (Tiangen, China). Nevertheless, circulating-free DNA (cfDNA) was extracted from the plasma by the QIAamp Circulating Nucleic Acid Kit (Qiagen, Germany). This study was approved by the Ethics Review Committee of Tianjin Medical University Cancer Institute and Hospital.



Target Sequencing

The targeted region enrichment of matched tumor samples and blood was accomplished by the SeqCap EZ Prime Choice Probe (Roche, Switzerland), which captures a certain amount of 1.1 Mb from 1,000 known mutation genes of cancer-related genes. Afterwards, the constructed libraries were sent for targeted sequencing using the Illumina HiSeq Xten sequencer at Beijing Novogene Bioinformatics Technology Co., Ltd. (Beijing, China). Average sequencing depths of the tumor samples and blood genomes were approximately 500× and 1,000× respectively.



Sequencing Data Analysis

The original data were filtered, and the adapter contamination sequences and the low-quality sequences were removed. Subsequently, the clean data were mapped to the hg19 reference genome using Burrows–Wheeler Aligner software (BWA) and analyzed to detect the tumor-specific somatic mutation. To acquire valid mutations, the reads that had exceeded two mismatches were discarded during the alignment process. These mutation sites below 200× in the tumor and below 100× in white blood cells were filtered out. The supporting reads of each mutation site were >3 in the tumor tissue and ≤2 in ctDNA. The concerned statistics of sequencing results are listed in Supplementary Table S1.



Enrichment Analysis

Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of selected genes were implemented through the Database for Annotation, Visualization, and Integrated Discovery (DAVID) V6.7 (http://david.abcc.ncifcrf.gov/). p < 0.05 was the cutoff standard.



Construction of the PPI Network

In order to better understand the effect of the selected genes, we constructed the protein–protein interaction (PPI) network by searching the Search Tool for the Retrieval of Interacting Genes (STRING) database (http://string-db.org/). Whereafter, the network was visualized by Cytoscape software.



Tumor Mutational Burden

Tumor mutation burden (TMB) refers to the number of somatic, coding base substitutions, and short insertions and deletions mutations that occur in the tumor tissue. TMB was calculated by the number of somatic base substitution or insertions and deletions alterations per megabase (Mb) in the coding region target territory of the test. These known somatic and deleterious mutations needed to be removed before calculating TMB. Then, the value was concluded to the exome or genome as a whole. The cutoff values of TMB in this study were obtained from the optimal critical value calculated by Youden’s indexes through receiver operating characteristic (ROC) curves of overall survival (OS) and progression-free survival (PFS).



Correlation Analysis and Survival Analysis

The clinical data and sequencing results of 16 patients were used for correlation and survival analyses. The Fisher exact test and Mann–Whitney U-test were used to assess the statistical significance. Survival analysis was completed by Kaplan–Meier analysis. When p < 0.05, the results were considered statistically significant.




Results


Patients’ Characteristics

Most of the liver cancer patients were men (28/32, 87.50%) with the median age being 53.5 (range, 31–72) years. Among these patients, 15 patients had HCC, 3 patients had ICC, 2 patients had hilar cholangiocarcinoma (HCCA), 3 patients had liver cancer with pulmonary metastasis, and another 9 patients had unknown disease. Because some patients were missing clinical information, only the clinical data of 16 liver cancer patients were analyzed. Table 1 summarizes the clinical characteristics. Thirteen patients were infected with HBV, and 12 patients had liver cirrhosis. The Karnofsky performance score (KPS) of nine patients was 100, and seven patients was <100 (Table 1).


Table 1 | Clinical characteristics of 16 enrolled liver cancer patients.





The Analysis of High-Frequency Mutations in HCC Patients

We integrally analyzed the mutation signature in ctDNA and tumor tissue of every patient. Twenty-nine gene mutations were identified as high-frequency mutations that happened in the lowest two samples (Figure 1A). Among them, EZH2 c.1544A>G and CCND1 c.839A>T had the highest frequency (n = 5), and SMO c.332-2A>C, IRS2 c.4012+2T>G, MAP2K4 c.92A>C, MAPK3 c.1017+2T>G, DNMT3A c.887T>G, RARA c.1339A>C, and KMT2C c.7447G>T were detected in three patients; the remaining 20 mutation sites were discovered in two patients. Furthermore, EZH2 c.1544A>G, KMT2C c.7447G>T, ABL1 c.2986A>C, AXL c.460A>C, CDH1 c.383A>C, MED12 c.6401A>C, ERBB2 c.3307A>C, NTRK1 c.662G>C, BRD4 c.2319A>C, and TSC2 c.889T>G only occurred in ctDNA, and KMT2B c.7297+2T>G, KEAP1 c.971T>G, GATA3 c.412T>G, and GATA3 c.368A>C only occurred in tumor tissue. These 29 high-frequency mutation sites were situated in 25 genes. Among these genes, SMO, KEAP1, IRS2, and GATA3 contained two mutation sites, and the residual 21 genes had only one mutation site.




Figure 1 | Mutation detection and enrichment of the mutated genes. (A) The number of shared mutations found in two or more patients. Each row represents a patient, and each column represents one mutation. Blue indicates that the mutation hotspot was detected in plasma; orange indicates that the mutation was detected in the tissue. (B) GO enrichment analysis of genes in which 29 high-frequency mutations are located. (C) The PPI networks of these genes in which 29 high-frequency mutations are located.





Enrichment Gene Ontology and Pathway Terms

KEGG pathway and GO enrichment analyses were performed on the above 25 genes. These genes were found to be enriched in 36 GO terms, including 9 cellular components (CCs), 6 molecular functions (MFs), and 21 biological processes (BPs). Among CCs, the mostly enriched terms were cell part, cell, and organelle. In MF, binding was the only term that was mostly enriched. Metabolic process, cellular process, regulation of biological process, and biological regulation were the mostly enriched BPs (Figure 1B).



The PPI Network

Based on the STRING analysis, 50 protein–protein interaction pairs of the above 25 genes were identified (Figure 1C). The top 20 pairs that had a high combined score are listed in Table 2. Among them, EZH2-DNMT3A, NOTCH1-CCND1, and ABL1-CCND1 were the top three pairs with the highest scores, namely, 0.988, 0.978, and 0.973, respectively.


Table 2 | The top 20 pairs of the PPI network with high combined score.





Assessment of Tumor Mutational Burden

Based on correlation analysis with clinical data, we used the Youden index to select two TMB cutoff values for grouping: 59 mutations/Mb (AUC = 0.583, sensitivity = 0.5, and specificity = 0.8), and 79 mutations/Mb (AUC = 0.547, sensitivity = 0.625, and specificity = 0.625). In the former, there were 9 patients with TMB ≤59 and 23 patients with TMB >59. In the latter, there were 13 patients with TMB ≤79 and 19 patients with TMB >79. When the TMB threshold was 59 and 79, there were significant differences in serum AFP between the low and high group, respectively (p = 0.002 and p = 0.001, Table 3). Although there was no statistical difference in the Kaplan–Meier test in the survival analysis, the survival and recurrence times of the TMB >59 mutations/Mb group were significantly longer than those of the TMB ≤59 mutations/Mb group according to the survival curve (Figure 2).


Table 3 | Correlation between TMB and clinicopathological parameters (p-value).






Figure 2 | Comparison of (A) OS and (B) PFS between liver cancer patients with different TMB.





Survival Analysis

There was no statistically significant relationship between PFS and age, diabetes, tumor size, gamma-glutamyl transpeptidase (GGT), alanine aminotransferase (ALT), alkaline phosphatase (ALP), cholinesterase (CHE), or serum albumin (ALB), and OS. The mutations that occur in more than three clinical patients were selected out, namely, CCND1 c.839A>T, EZH2 c.1544A>G, IRS2 c.4012+2T>G, KMT2C c.7447G>T, RARA c.1339A>C, and SMO c.332-2A>C. We did not find a marked relationship between PFS or OS and the presence of these mutations (p = 0.273 and 0.295). Nevertheless, there was a meaningful positive correlation between KPS score and PFS (p < 0.001, Figure 3A) or OS (p < 0.001, Figure 3C). Patients with a higher KPS scores had longer PFS and OS, and all patients with 100 KPS score survived until the end of the study. Besides, PFS scores were significantly different between patients with and without vascular invasion (p = 0.028, Figure 3B). Furthermore, stage I and II liver cancer patients have longer OS than those with stages III and IV (p = 0.049, Figure 3D).




Figure 3 | Relationship between survival and clinical indicators. (A) Comparison of PFS between liver cancer patients with different KPS. (B) Comparison of PFS between liver cancer patients with different vascular invasion status. (C) Comparison of OS between liver cancer patients with different KPS. (D) Comparison of OS between liver cancer patients with different tumor stage.






Discussion

In this study, we identified the mutations in liver cancer patients by high-throughput sequencing. EZH2 c.1544A>G and CCND1 c.839A>T were found in five liver cancer patients with the highest mutation frequency. The Enhancer of Zeste Homologue 2 gene (EZH2), a component of polycomb repressive complex 2 (PRC2), is located on human chromosome 7q35. The role of EZH2 gene in tumors, especially in tumor cell invasion and metastasis, has gradually become a research hotspot. EZH2 gene is highly expressed in a variety of malignant tumors but is low or not expressed in normal tissues (15). EZH2 expression is also associated with the malignant features of the tumor and the poor prognosis of the patient (16, 17). Further studies revealed that EZH2 inhibits the expression of ET microRNAs (miRNAs) (EZH2-targeted miRNAs) through the H3K27me3 pathway, thus forming a positive feedback loop of EZH2 miRNAs, maintaining the high expression of EZH2 and promoting the proliferation of tumor cells by regulating key growth inhibitory factors. EZH2 gene participates in the tumorigenesis and progression by promoting cell proliferation, cell cycle arrest, cell migration, and invasion. In addition, EZH2 is the second histone methyltransferase gene that is found to be mutated in cancer. The research found that EZH2 mutations, which cause the change in a single tyrosine in the SET domain of the EZH2 protein (Tyr641), have a high mutation rate in follicular lymphoma (FL), and these mutations were very stable during the development of the disease (18). EZH2 mutation had a certain significance in the development of FL and can represent its early event (19). Studies also found frequent mutations in the EZH2 SET domain [for example, tyrosine residue 646 (Y646)] and EZH2 somatic mutations in various tumors such as germinal center (GC) diffuse large B-cell lymphoma (DLBCL), non-small cell lung cancer, prostate cancer, and colon carcinoma (20). These findings indicate that EZH2 may be a potential therapeutic target in malignant tumors, including liver cancer. Human CCND1 gene encodes the cyclin D1 protein, a regulator of cyclin-dependent kinases (CDKs). At present, CCND1 gene has been recognized as a proto-oncogene whose overexpression can lead to uncontrolled cell proliferation and malignant changes. The CCND1 gene mutation also has been implicated in the development and progression of various cancers. In lung cancer, CCND1 mutation was significantly associated with pathological types and smoking (21). Grünhage et al. (22) indicated that CCND1 c.870A>G mutation was associated with familial colorectal cancer. Although there is no literature report on the impact of EZH2 c.1544A>G and CCND1 c.839A>T on liver cancer, these mutations are pathogenic, and the scores were 0.99 and 0.94 respectively according to the Catalogue of Somatic Mutations in Cancer (COSMIC) database (https://cancer.sanger.ac.uk/cosmic). This indicated that these two mutations have some significance in the study of hepatocellular carcinogenesis.

In order to better understand the interaction between the selected genes, we conducted PPI analysis based on the STRING database. According to the combined score, EZH2-DNMT3A, NOTCH1-CCND1, and ABL1-CCND1 ranked in the top 3 with the scores of 0.988, 0.978, and 0.973, respectively. EZH2 is an element of the epigenetic regulator PRC2 that inhibits gene expression (23). Overexpression of EZH2 is a common case in human cancers and is linked with tumor progression and poor prognosis (12). DNA methylation, one of the most important epigenetic modifications, is essential to gene expression regulation, genomic imprinting, X chromosome inactivation, and tumorigenesis (24). In mammals, DNA methylation patterns are written and regulated by DNA methyltransferases (DNMTs), including DNMT1, DNMT3A, and DNMT3B. Epigenetic damage caused by abnormal DNMTs is related to tumorigenesis, and EZH2 can serve as a recruitment platform for DNA DNMTs. Our result based on the STRING database also showed that there were known interactions and other relationships between EZH2 and DNMT3A. NOTCH proteins (NOTCH1, NOTCH2, NOTCH3, and NOTCH4) play vital roles in embryonic development. Mounting studies indicate that NOTCH is conducive to the pathogenesis of hematopoietic and solid malignancies (25, 26). NOTCH1 mainly engages in angiogenesis and regulates endothelial cell proliferation and migration. The ABL1 proto-oncogene encodes a cytoplasmic and nuclear protein tyrosine kinase that is involved in the processes of cell differentiation, cell adhesion, cytokinesis, and stress response. ABL1 was first discovered as the oncogene in the Abelson murine leukemia virus in the last 38 years (27) and was later recognized as an oncogene participating in chromosomal translocations in human leukemia. The function of CCND1 has been introduced in the previous paragraph. Our result verified that there are clear interactions between NOTCH1 and CCND1, and ABL1 and CCND1 based on data collated from the KEGG databases and others. However, the specific correlations of these genes need to be further studied in subsequent research.

TMB has been regarded as an emerging and isolated biomarker of outcomes with immunotherapy in a variety of tumor types. For instance, Friedlaender et al. (28) showed that plasma TMB could be a dynamic biomarker for immunotherapy treatment in non-small-cell lung cancer (NSCLC). Devarakonda et al. (29) investigated that there was an association between high non-synonymous TMB and the better prognosis in patients with resected NSCLC. Due to the different TMB calculation methods, related thresholds, cancer types, and sequencing panels, there is no uniform division method in the related research fields, and there is less TMB-related literature on liver cancer. The TMB filtration criteria in our study were relatively rough, so the TMB values obtained were high. In the research, the ROC curve based on TMB and OS during follow-up indicated that the best cutoff point was 59 mutations/Mb. Based on the ROC curve of TMB and PFS, the best cutoff point was 79 mutations/Mb. Therefore, we chose 59 and 79 as critical points for grouping and subsequent analysis. Regardless of the critical point of 59 or 79, except for AFP, most of the clinical indicators were not significantly different between the TMB low group and the TMB high group. Moreover, the high-frequency mutations have been shown to be unrelated to patients’ survival. There might be two reasons to explain it. One reason is in the small sample size and the missing clinical information of some patients; only 16 liver cancer patients were further analyzed. The other reason is that the treatments of patients were different. Among the 16 patients, 3 patients underwent radical resection, 3 interventional treatment, 2 radiofrequency therapy, 2 surgery, and the other patients a combination of multiple methods. Our study identified that people with higher TMB had longer overall survival and a better prognosis than those with lower TMB. This meant that the mutated genes and TMB may also act as a biomarker in the development and treatment of liver cancer. However, because the sample size was small in our study, together with the selection of the TMB critical point, further validation of this conclusion is needed in subsequent studies.

The main limitation of this study is that a low number of patients were included; meanwhile, due to the retrospective analysis, clinical information and survival data in some patients are missing, resulting in fewer patients in the survival analysis. Therefore, more cases, biochemical indicators, and additional molecular/cellular experiments are required for a prospective study to verify the results in the future. Hence, although we obtained meaningful results from this study, further research is still necessary.



Conclusion

Overall, EZH2 c.1544A>G and CCND1 c.839A>T might be novel potential biomarkers of liver cancer. The TMB high group had longer OS or PFS than the TMB low group. Further in-depth studies with large sample sizes are progressing gradually to verify the results and explore their mechanisms on the development of liver cancer.
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Transarterial chemoembolization (TACE) has significantly prolonged overall survival (OS) of unresectable hepatocellular carcinoma (HCC) patients. Unfortunately, there are still a portion of patients without therapeutic responses to TACE. Although genome-wide association studies identified multiple HCC susceptibility SNPs, it is still largely unclear how genome-wide identified functional SNPs impacting gene expression contribute to the prognosis of TACE-treated HCC patients. In this study, we developed an integrative functional genomics methodology to identify gene expression-related SNPs significantly contributing to prognosis of TACE-treated HCC patients across the whole genome. Employing integration of data from expression quantitative trait locus (eQTLs) analyses of The Cancer Genome Atlas (TCGA) liver hepatocellular carcinoma (LIHC) as well as the 1000 Genomes project, we successfully annotated 60 gene expression-related SNPs which are associated with OS of the TCGA patients. After genotyping these 60 SNPs in our TACE cohort, we identified four SNPs (rs12574873, rs12513391, rs34597395, and rs35624901) which are significantly associated with OS of HCC patients treated with TACE. For instance, multivariate Cox proportional hazards model indicated that the rs35624901 Deletion.Deletion (Del.Del) genotype carriers had markedly prolonged OS and a 55% decreased death risk compared with individuals with the GG genotype after TACE therapy (p = 8.3 × 10–5). In support of this, the rs35624901 Del.Del genotype is correlated to higher expression of RAG1, a key T-/B-cell deficiency regulator. Our findings reported the first evidence supporting the prognostic value of four eQTL SNPs in TACE-treated HCC patients. Importantly, our data implicated that antitumor immunity might contribute to TACE efficiency for unresectable HCC patients.

Keywords: RAG1, hepatocellular carcinoma, TACE, eQTL, TCGA, genetic polymorphism


INTRODUCTION

Hepatocellular carcinoma (HCC) accounts for ninety percent of primary liver tumors and is one of the deadliest malignancies worldwide, especially in Asia (Llovet et al., 2016; Ferlay et al., 2019). Hepatitis due to infection from hepatitis B virus and/or hepatitis C virus, intakes of aflatoxin B1, heavy alcohol drinking, and smoking has been reported to be well-established risk factors of HCC (Llovet et al., 2016; Craig et al., 2019). Most HCC patients are commonly diagnosed at advanced stages and have poor overall survival (OS; Llovet et al., 2016; Ferlay et al., 2019). For these unresectable HCC patients, transarterial chemoembolization (TACE) has been widely used in clinic. TACE promotes ischemic necrosis of tumors by blocking the arterial supply of the tumor and simultaneously delivering a cytotoxic chemotherapeutic agent. The key randomized controlled clinical trials demonstrated that TACE improved OS of unresectable HCC patients (Llovet et al., 2002; Lo et al., 2002). For instance, in Asian patients with unresectable HCC, transarterial Lipiodol chemoembolization is an effective treatment form and could significantly prolong OS (Lo et al., 2002), while not all unresectable HCC patients could benefit from TACE treatment and some even showed rapid disease progression after TACE (Llovet et al., 2002; Lo et al., 2002). Therefore, identification of novel biomarkers for patient-tailored TACE is urgently needed.

Single nucleotide polymorphisms (SNPs) are the most common type of genetic variants in human. Genome-wide association studies (GWAS) identified multiple SNPs associated with HCC susceptibility and prognosis (Zhang et al., 2010; Kumar et al., 2011; Miki et al., 2011; Li et al., 2012). Interestingly, most GWAS-identified HCC-risk or HCC-prognostic SNPs might function via regulating gene expression due to their location in non-coding regions of human genome (Hindorff et al., 2009). As a result, interpreting mechanisms of SNP-regulated gene expression is crucial for understanding the biological nature of these HCC-related SNPs (Gong et al., 2018). As a powerful tool to disclose detailed impacts of functional SNPs in cancers, expression quantitative trait locus (eQTL) analysis links SNP genotypes to gene expression in various tissues (Grundberg et al., 2012; Westra et al., 2013; Zhu et al., 2016). Although candidate gene studies declared the value of SNPs as prognostic biomarkers for HCC treated with TACE (Zhao et al., 2012; Tang et al., 2014; Yu et al., 2014; Yuan et al., 2014; Wu et al., 2015; Liu et al., 2016; Qiu and Liu, 2016), it is still unclear how genome-wide identified functional SNPs impacting gene expression contribute to prognosis of HCC patients undergoing TACE. Therefore, we systematically screened gene expression-related genetic variants via survival-associated eQTLs in The Cancer Genome Atlas (TCGA) liver hepatocellular carcinoma (LIHC) patients. There are 825 candidate SNPs with minor allele frequency (MAF) ≥5% in Han Chinese populations according to the 1,000 Genomes project. We then genotyped 60 candidate genetic variants in the Jiangsu HCC TACE cohort and identified four SNPs which significantly contributed to the prognosis of HCC patients after TACE in Chinese Han population.



MATERIALS AND METHODS


SNP Selection

The gene expression-related genetic variants associated with OS of LIHC patients in TCGA were identified using the PancanQTL database1. Both cis-eQTLs and trans-eQTLs in HCC tissues were included in the current study. SNPs with MAF less than 0.05 in Han Chinese populations were excluded using information from the 1,000 Genomes project database.



Study Subjects

This study consisted of 273 Stage III or IV HCC Han Chinese patients treated with TACE. The detailed characteristics of all patients have been reported previously (Liu et al., 2021). All HCC patients were recruited at Huaian No. 2 Hospital (Huaian, Jiangsu Province, China) between January 1999 and January 2013. All patients had histologically confirmed HCC with clinical data available. All subjects had no history of other cancers. Within a week after diagnosis, all patients underwent TACE as the first-line therapy. For most HCC cases, both oxaliplatin and doxorubicin were used for TACE. OS was calculated from the date of diagnosis to the date of death for any cause. At recruitment, written informed consent was obtained from each patient. This study was approved by the Institutional Review Board of Huaian No.2 Hospital. The methods were carried out in accordance with the approved guidelines.



Genotyping

A total of 60 candidate SNPs were genotyped in Jiangsu TACE cohort and 58 candidate SNPs were successfully genotyped (Table 1). Genotypes of these fifty-eight polymorphisms were determined using the iPLEX Sequenom MassARRAY platform (Sequenom) as previously reported (Li Y. et al., 2020; Li Z. et al., 2020). A 15% random sample was reciprocally tested and the reproducibility was 100%.


TABLE 1. Log-rank and Cox-regression analyses of 60 PancanQTL-identified candidate genetic variants for OS in the Jiangsu cohort.
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Statistics

Survival curves were compared between different genotypes using the log-rank test. The impacts of genotypes on OS were examined using the Kaplan–Meier method. Multivariate prognostic factors for OS were analyzed using Cox regression analyses. Hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between the candidate SNPs and death risk of HCC patients were adjusted for age of onset, sex, smoking status, drinking status, hepatitis history, stage, and HCC family history, where they were appropriate. A p-value of less than 0.05 was used as the criterion of statistical significance. All statistical tests were two-sided. All analyses were performed with GraphPad or SPSS software package.



RESULTS


Genome-Wide Identification of eQTLs SNPs Associated With Survival of the TCGA LIHC Patients

As summarized in Figure 1, we conducted a genome-wide screening of gene expression-related genetic polymorphisms (eQTLs SNPs) which are significantly associated with OS of the TCGA LIHC patients. First, a total of 1,286 LIHC survival-associated eQTLs SNPs were identified using the PancanQTL database (all log-rank p < 4.9 × 10–4; all eQTLs p < 1.7 × 10–4). Next, according to the 1,000 Genomes project, 463 genetic variants were excluded due to their MAFs less than 5% in Han Chinese populations. A total of 763 genetic polymorphisms were then excluded based on linkage disequilibrium (LD) pruning and genotyping feasibility via Sequenom MassARRAY. For LD pruning, we only included one genetic variant with the lowest log-rank p-value when the pairwise r2 ≥ 0.8 within one gene. Eight SNPs could not be genotyped via Sequenom MassARRAY due to the presence of highly homologous DNA sequences in human genome. In particular, one of the important steps during Sequenom MassARRAY is to amplify a DNA fragment containing the candidate SNP using PCR. However, specific primers cannot be designed for PCR due to highly homologous DNA sequences around the SNP that exist in other gene loci of the human genome. This screening finally resulted in a total of 60 eQTLs SNPs associated with OS of the TCGA LIHC patients (Table 1).


[image: image]

FIGURE 1. Flowchart of an integrative functional genomics methodology to identify survival-related expression quantitative trait locus (eQTL) genetic variants involved in the transarterial chemoembolization (TACE) treatment of hepatocellular carcinoma (HCC) across the whole genome.




Characteristics of HCC Patient Undergoing TACE

The median age of HCC patients treated with TACE was 56 years (range, 25–81 years). There were 232 males (85.0%), 75 smokers (27.5%), 77 drinkers, 169 individuals with hepatitis history (61.9%), and 18 patients with HCC family history (6.6%). Among these patients, 72 (26.4%) had stage III diseases and 201 (73.6%) had stage IV diseases. At the final analysis, all patients died and the median OS time was 20 months (range, 1–105 months).



Effects of eQTLs Genetic Polymorphisms on OS of TACE-Treated HCC Patients

Among 60 candidate SNPs, only four genetic variants (rs12574873, rs12513391, rs34597395, and rs35624901) are significantly associated with OS of HCC patients treated with TACE (rs12574873: log-rank p = 0.018, unadjusted Cox p = 0.005; rs12513391: log-rank p = 2.3 × 10–6, unadjusted Cox p = 1.0 × 10–5; rs34597395: log-rank p = 0.005, unadjusted Cox p = 0.019; rs35624901: log-rank p = 2.8 × 10–5, unadjusted Cox p = 1.9 × 10–5) (Table 2). As shown in Figure 2A, TACE-treated HCC patients with the rs12574873 CA or AA genotype had a lower survival than the cases with the CC genotype (log-rank p = 0.018). Similarly, the HCC cases with the rs12513391 CT or TT genotype had a shorter survival time than the patients carrying the CC genotype (log-rank p < 0.001) after TACE treatment (Figure 2B). Although there were no obvious differences for OS time between rs34597395 CC and CA genotypes, Kaplan–Meier survival estimates indicated that the rs34597395 AA genotype carriers had a lower survival than the HCC cases carrying the CC or CA genotype after TACE (log-rank p = 0.005) (Figure 2C). Moreover, TACE-treated HCC patients with the rs35624901 Deletion.Deletion (Del.Del) genotype had markedly prolonged survival time than the individuals carrying the TT or T.Del genotype (log-rank p < 0.001) (Figure 2D).


TABLE 2. Multivariate Cox-regression analyses of PancanQTL-identified genetic variants for OS in the Jiangsu cohort.
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FIGURE 2. Kaplan–Meier curve of OS for TACE-treated HCC patients with different genotypes of rs12574873 (A), rs12513391 (B), rs34597395 (C), or rs35624901 (D).


Multivariate Cox proportional hazards model showed that the rs12574873, rs12513391, and rs34597395 SNPs were significantly associated with increased death risk of TACE-treated HCC patients, and rs35624901 markedly contributed to decreased death risk (Table 2). Compared with the CC genotype, the rs12574873 CA genotype was significantly associated with elevated death risk (HR = 1.33, 95% CI = 1.01–1.74, p = 0.044). The rs12513391 CT or TT genotype was significantly associated with increased death risk after TACE treatment compared with the CC genotype (the CT genotype: HR = 1.46, 95% CI = 1.12–1.90, p = 0.005; the TT genotype: HR = 1.80, 95% CI = 1.35–2.39, p = 5.7 × 10–5). Similarly, TACE-treated HCC patients with the rs34597395 AA genotype had a 43% increased death risk compared with patients carrying the CC genotype (95% CI = 1.18–1.74, p = 3.1 × 10–4). On the contrary, the rs35624901 T.Del or Del.Del genotype carriers had a 25% or 55% decreased death risk compared with individuals with the GG genotype after TACE therapy (95% CI = 0.56–0.99, p = 0.047; 95% CI = 0.30–0.67, p = 8.3 × 10–5).



Impacts of Four eQTLs SNPs on Gene Expression and OS of TCGA LIHC Patients

For eQTLs analyses, the rs12574873 AA genotype is evidently associated with increased ENDOD1 gene expression in TCGA LIHC patients compared to the CC or CA genotype (p = 3.9 × 10–5) (Figure 3A and Table 3). Interestingly, in these patients, the rs12513391 TT genotype is associated with both decreased MAN2A1 gene expression and elevated TMEM232 gene expression compared to the TT or CT genotype (for MAN2A1: p = 2.8 × 10–5; for TMEM232: p = 6.6 × 10–5) (Figure 3B and Table 3). Moreover, compared to the CC or CA genotype, the rs34597395 AA genotype is significantly associated with decreased PAK4 gene expression in LIHC patients (p = 1.0 × 10–8) (Figure 3C and Table 3). On the contrary, there is obviously increased RAG1 gene expression in the rs35624901 Del.Del genotype carriers compared with that in individuals with the TT or T.Del genotype (p = 1.6 × 10–4) (Figure 3D and Table 3).


[image: image]

FIGURE 3. The boxplots of TCGA LIHC eQTLs. (A) The ENDOD1 expression levels grouped by different genotypes of rs12574873. (B) The MAN2A1 (left panel) and TMEM232 (right panel) expression levels grouped by different genotypes of rs12513391. (C) The PAK4 expression levels grouped by different genotypes of rs34597395. (D) The RAG1 expression levels grouped by different genotypes of rs35624901.



TABLE 3. PancanQTL-identified genetic variants significantly associated with OS of TCGA LIHC patients.

[image: Table 3]Evident associations between these four genetic variants and OS of TCGA LIHC patients are also observed (Table 3). The median overall survival time (MST) of LIHC patients carrying the rs12574873 CC, CA, or AA genotype is 13.35, 19.5, or 3.03 months (log-rank p = 3.6 × 10–4). Similarly, MST of individuals with the rs12513391CC, CT, or TT genotype is 13.97, 8.67, or 0.65 months (log-rank p = 1.0 × 10–5). There is also markedly short OS time for HCC cases with the rs34597395 AA genotype compared to patients with the CC or CA genotype (MST AA vs. CC: 7.43 vs. 13.57 months; MST AA vs. CA: 7.43 vs. 14.43 months). Additionally, the TCGA LIHC patients carrying the T.Del genotype have a lower survival than the cases with the TT genotype (log-rank p = 9.7 × 10–6).



DISCUSSION

Hepatocellular carcinoma is a common kind of malignancy worldwide, especially in Asia. It remains difficult to cure HCC since patients were frequently diagnosed at advanced tumor stages (Llovet et al., 2016; Ferlay et al., 2019). Currently, there is no single treatment applicable to all HCC cases. TACE has been proven to be an effective palliative treatment for unresectable HCC (Llovet et al., 2002; Lo et al., 2002). In Asian patients, TACE resulted in a marked tumor response, and the 1-year survival was significantly better in the TACE group than in the control group (57 vs. 32%) (Lo et al., 2002). However, there were still 43% unresectable HCC patients who had progressive disease during TACE treatment in the first year (Lo et al., 2002). This suggests that further studies are required to identify biomarkers for patient-tailored therapy targeting individual genetic background correlated to the prognosis of HCC patients who received TACE.

Through a genome-wide eQTL strategy, we successfully identified four gene expression-related genetic variants which are significantly associated with OS of unresectable HCC patients treated with TACE. For instance, the rs35624901 Del.Del genotype is correlated to higher RAG1 expression levels as well as prolonged OS of TACE-treated HCC patients. RAG1 is critical to initiate the V(D)J recombination which ensures appropriate assembly of antigen receptor genes in the correct cell lineage and in the proper developmental order (Schatz and Ji, 2011). Loss-of-function of RAG1 due to nonsense mutations or gene knock-out abrogates T- and B-lymphocyte receptor formation prevents the maturation of T- and B-lymphocytes and leads to severe combined immunodeficiency (SCID; Schatz and Ji, 2011). RAG1 plays a critical role in HCC development. Upon treatment of the chemical carcinogen diethylnitrosamine (DEN), progression of hepatic tumors was strikingly enhanced in T-/B cell-deficient Rag1(-/-) mice (Schneider et al., 2012). Rag1(-/-) mice showed markedly enhanced growth in the number and mass of hepatic tumors (Schneider et al., 2012). Consistently, we observed that TACE-treated HCC patients with low RAG1 expression due to carrying the TT or T.Del genotype showed shorter OS compared to the Del.Del genotype carriers. This is biologically plausible. It has been reported that TACE did not significantly modify numbers of tumor-infiltrating lymphocytes (TILs) in HCC tissues as compared with the untreated condition in patients who received surgery (Craciun et al., 2020). Therefore, TACE-treated HCC patients with low RAG1 expression may show low antitumor immune responses, rapid tumor progression, and thus, short OS time.

We enrolled 232 males (85.0%) in the current HCC TACE cohort. Consistently, we observed more male HCC patients in the two most famous randomized controlled trials on the role of TACE in HCC treatment (Llovet et al., 2002; Lo et al., 2002). In the study, for the first time, it was indicated that TACE improved the survival of stringently selected patients with unresectable HCC; there were 30 males (81%) in the Embolization group, 32 males (80%) in the Chemoembolization group, and 23 males (66%) in the Control group (Llovet et al., 2002). Similarly, in the Asian randomized controlled trial, there were 36 males (90%) in the Chemoembolization group and 34 males (87%) in the Control group (Lo et al., 2002).

In summary, our results reported the first evidence supporting the prognostic value of four eQTL genetic polymorphisms in HCC patients who received TACE therapy. Importantly, our integrative functional genomics indicated that T-/B-cell development-related RAG1 may impact TACE efficiency via regulating antitumor immunity in HCC, and RAG1 may be a target to improve therapeutic strategy for unresectable HCC patients.
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A growing number of evidence have demonstrated the involvement of enhancer RNAs (eRNAs) in tumor progression. However, the possible functions of eRNAs in hepatocellular carcinoma (HCC) remain largely unclear. Our present research aimed to screen critical eRNAs and to further delve into the clinical significance of eRNAs in HCC patients. In this study, we identified 124 prognosis-related eRNAs by analyzing The Cancer Genome Atlas (TCGA) datasets. Among them, SPRY4 antisense RNA 1 (SPRY4-AS1) may be a key eRNA involved in HCC progression. SPRY4 was a regulatory target of SPRY4-AS1. High SPRY4-AS1 expression was associated with poor prognosis of HCC patients. Kyoto Encyclopedia of Genes and Genomes (KEGG) assays revealed that the mainly enriched biological process included Human papillomavirus infection, Hippo signaling pathway, and Proteoglycans in cancer. Besides, RT-PCR and immunohistochemical staining confirmed SPRY4-AS1 as an overexpressed eRNA in HCC specimens. The pan-cancer assays revealed that SPRY4-AS1 was associated with glioblastoma multiforme (GBM), adrenocortical carcinoma (ACC), brain lower grade glioma (LGG) and mesothelioma(MESO). Positive associations were observed between SPRY4-AS1 and SPRY4 (its target gene) in 16 tumor types. Collectively, our findings reveal a novel eRNA SPRY4-AS1 for HCC progression and suggest that SPRY4-AS1 may be a potential biomarker and therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a high-prevalence cancer worldwide, especially in China (1, 2). Its incidence as well as mortality rate will still be on the increase over the forthcoming decades (3). Although more and more optimizations in the treatment strategies have resulted in distinct improvement of the survival of HCC patients, HCC remains a highly deadly neoplasm, with offensive malignancy and late diagnosis (4, 5). More optimized treatment strategies could be provided by prognosis prediction (6). In addition, these prognostic biomarkers may be potential targets for therapeutic intervention, thereby improving clinical outcomes (7). At present, as a commonly used biomarker, α-fetoprotein (AFP) displayed a relatively low sensitivity and specificity (8). Therefore, other valuable biomarkers must be investigated.

Long noncoding RNA (lncRNA) is in the molecule form with no possibility of being translated into a protein, and its nucleotides are over 200 (9). An example is enhancer RNA (eRNA) transcribed from putative enhancer regions (10). Its functions are still unclear, except that enhancer transcription is considered a noisy by-product of transcription machinery (11). Over the past years, substantial research has evidenced the crucial role of eRNAs in gene regulation for embryonic development and diseases (12, 13). Among thousands of eRNAs found in the cells of human beings, many display a mediating role in activating target genes (14). Specifically, eRNAs have been found to participate in the progression of cancers (15, 16). In recent years, the tumor-related functions of eRNAs have been reported in HCC. For instance, lncRNA SNHG17 was found to promote the proliferation and metastasis of HCC cells via regulating miR-3180-3p/RFX1 (17). LncRNA TTN-AS1 was observed to intensify sorafenib resistance in HCC through the modulation of miR-16-5p/cyclin E1 axis. However, what potential functions eRNA have in HCC remained unclear even though it is key to gene transcription control.

This research intended to identify prognostic eRNAs involved in HCC progression. Our findings suggest a strategy for targeting eRNA as a potential biomarker for the treatment of HCC patients.



Materials and Methods


Identification of Functional eRNAs in Hepatocellular Carcinoma Using Bioinformatics Technology

The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/) was used to collect the data of 33 cancer types, including clinical and survival information, as well as RNA expression profiles. Here, 33 cancer types were included: pancreatic adenocarcinoma (PAAD), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), skin cutaneous melanoma (SKCM), stomach adenocarcinoma (STAD), colon adenocarcinoma (COAD), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), oesophageal carcinoma (ESCA), glioblastoma multiforme (GBM), bladder urothelial carcinoma (BLCA), head and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), brain lower grade glioma (LGG), liver hepatocellular carcinoma (LIHC), and uterine carcinosarcoma (UCS). The relevant eRNA information was obtained from the eRNA source literatures. By the use of the limma R software package, the eRNA expressing matrix and HCC patients’ survival information were combined. Kaplan–Meier assays were applied to determine the survival-associated eRNAs. Based on the median expression of each eRNA, patients were divided into high or low groups, low expression and high expression. By the use of Spearman’s correlation assays, candidate key eRNAs that were related to survival and target genes in HCC were obtained.



Gene Enrichment Analysis

For exploring mechanisms whereby eRNAs may influence the clinical outcome of HCC patients, we used the “cluterprofile” R package to perform functional enrichment analyses of Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) (18, 19). The “ggplot2” R package was applied to identify the significant pathways. To avert a high false discovery rate (FDR) because of complex comparisons, we examined q-values. FDR-adjusted q-value <0.25 and p-value <0.05 were considered statistically significant.



Tumor Samples

Ten paired HCC and matched normal non-tumor specimens were collected from 10 HCC patients (ages between 27 and 78 years old) at the Jinshan Hospital, Fudan University for RT-qPCR assays between June 2020 and May 2021. None of the patients received preoperative chemotherapy or radiotherapy. All cases were histopathologically confirmed as HCC by two independent pathologists. All tissues were preserved at -80°C until use. The Clinical Research & Ethics Committee of our hospital provided its approval of the present research. All patients offered informed consent in a written form.



Quantitative Real-Time PCR Analysis

From all tumor and normal specimens, TRIzol reagent (Invitrogen, Suzhou, Jiangsu, China) was used to extract total RNA under the manufacturer’s instructions. RNA was reverse transcribed to cDNA from 2 μg of total RNA by Reverse Transcription Kits (Takara, Hangzhou, Zhejiang, China). qRT-PCR assays were carried out by a protocol from Power SYBR Green (Takara, Hangzhou, Zhejiang, China). The calculation and normalization of the relative expressions of SPRY4 antisense RNA 1 (SPRY4-AS1) and SPRY4 were achieved with 2−ΔΔCt methods relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Specific primer sequences are shown in Table 1.


Table 1 | Primers designed for qRT-PCR.





Immunohistochemical Staining

Immunohistochemical staining was performed according to a previous study (20). Briefly, the cancer samples were fixed, paraffin-embedded, and sectioned. To obtain antigen retrieval, the sections were then incubated for 30 min. Then, for blocking endogenous peroxidase activities, we cultured the specimens 3% H2O2 for 20 min. Subsequently, primary antibodies targeting SPRY4 were applied to cultivate the sections of tumor specimens. Finally, after phosphate buffered saline (PBS) was applied to wash the sections, they are incubated with horseradish peroxidase (HRP)-conjugated secondary antibody followed by a light microscope for the photograph. Primary antibodies targeting SPRY4 were provided by Abcam (Cambridge, UK).



SPRY4-AS1 Expression and Its Prognostic Value in Pan-Cancer

Firstly, the R limma package was used to obtain the expression data of SPRY4-AS1 and the corresponding target gene SPRY4 in pan-cancer, followed by combination with the survival data of pan-cancer. Samples were divided, based on the median value of SPRY4-AS1 expression, into two groups, high expression and low expression, followed by Kaplan–Meier methods determining the survival difference. The associations between SPRY4-AS1 and SPRY in pan-cancer were examined by the use of Spearman’s coefficient.



Statistical Analysis

Through the SPSS statistical software package (standard version 18.0, SPSS Inc., Chicago, IL, USA) or RStudio (v.3.6.1, RStudio Team, 2016; RStudio Integrated Development for R; RStudio, Inc., Boston, USA), we conducted statistical analyses. Student’s t-test or chi-square test was applied to the analysis of group differences using SPSS. Combining Kaplan–Meier curves with log-rank tests with the “survival” R package, we analyzed survival results. Pearson correlation was used to analyze genes co-expressed with eRNAs in various tumors using RStudio. A p < 0.05 denoted statistical significance.




Results


Screening the Key eRNA in Hepatocellular Carcinoma

To screen prognostic eRNAs, we analyzed TCGA datasets including 371 HCC cases (Table 2) and performed Kaplan–Meier methods, identifying 124 prognosis-related eRNAs with p < 0.05 (Table S1). To further identify 124 eRNAs with a distinct association with their target genes related to HCC, we performed Spearman’s correlation. SPRY4-AS1 exhibited the highest cor value. The results of Kaplan–Meier methods for SPRY4-AS1 suggested that the high-expression group had a shorter overall survival compared with the other group (p = 0.0002; Figure 1A). Besides, SPRY4 was found in Figure 1B to positively correlate with SPRY4-AS1 (R = 0.56, p < 2.2e10-15). Our group further examined the associations between HCC patients’ clinical features and the SPRY4-AS1 expression. We observed SPRY4-AS1 expression was not associated with age (p = 0.079; Figure 2A), However, we observed that the expression of SPRY4-AS1 in HCC was distinctly linked to gender (p = 0.00016; Figure 2B), grade (Figure 2C), stage (Figure 2D), and cancer status (p = 0.0039; Figure 2E).


Table 2 | Baseline data of all HCC patients.






Figure 1 | (A) Kaplan–Meier survival analysis of hepatocellular carcinoma (HCC) patients’ overall survival based on SPRY4 antisense RNA 1 (SPRY4-AS1) expression in The Cancer Genome Atlas (TCGA) datasets. (B) The correlation between SPRY4-AS1 and SPRY4 expression analyzed in TGCA datasets.






Figure 2 | The associations between SPRY4 antisense RNA 1 (SPRY4-AS1) and clinical features. (A) Age. (B) Gender. (C) Grade. (D) Stage. (E) Cancer status.





Gene Enrichment Analysis

A distinct association was found between 672 transcripts and SPRY4-AS1 (p < 0.05), including SPRY4. For the 1,407 target genes, KEGG pathway analysis and GO enrichment analysis revealed possible mechanisms responsible for the SPRY4-AS1 function. In biological process (BP), the association of terms with actin filament organization and the regulation of intracellular transport, cellular protein localization, cell cycle process, and intracellular transport was found; in Cellular Component (CC), they were related to focal adhesion, cell−substrate junction, cell leading edge, intrinsic component of organelle membrane, and exocytic vesicle. In Molecular Function (MF), term enrichment mainly involved actin binding, cadherin binding, GTPase regulator activity, and actin filament binding (Figure 3A). Figure 3B presents the 30 most important pathways. As suggested by KEGG assays, the BP mainly included Human papillomavirus infection, Hippo signaling pathway, and Proteoglycans in cancer (adjusted p < 0.001).




Figure 3 | (A) Gene Ontology (GO) enrichment analysis. (B) The top 23 enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.





The Distinct Upregulation of SPRY4-AS1 and SPRY4 in Hepatocellular Carcinoma Specimens

To determine the expression of SPRY4-AS1 and SPRY4 in HCC specimens, we applied 10 HCC specimens and 10 non-tumor specimens to RT-PCR. As shown in Figures 4A, B, we observed that compared to the non-tumor specimens, the expression of SPRY4-AS1 and SPRY4 was distinctly increased in HCC specimens. Correlation assays revealed that SPRY4-AS1 expressions were positively associated with SPRY4 in 10 HCC tissues (Figure 4C). Furthermore, immunohistochemistry showed that the expressions of SPRY4 at the protein level were lower in non-tumor specimens than those in tumor specimens (Figure 4D).




Figure 4 | The upregulation of SPRY4 antisense RNA 1 (SPRY4-AS1) and SPRY4 in hepatocellular carcinoma (HCC) specimens. (A, B) RT-PCR for the levels of (A) SPRY4 and (B) SPRY4-AS1 in 10 pairs of HCC specimens and matched non-tumor specimens. (C) Association between SPRY4-AS1 and SPRY4 expression in 10 HCC specimens. (D) Immunohistochemical staining of 10 pairs of specimens.





Pan-Cancer Verification

The purpose of survival and correlation analyses was to demonstrate SPRY4-AS1’s prognostic value in pan-cancer. SPRY4-AS1 was found to associate with survival in ACC (Figure 5A), GBM (Figure 5B), LGG (Figure 5C), and MESO (Figure 5D). Besides, we observed that SPRY4-AS1 and SPRY4 were associated with 16 types of tumors (Figure 6).




Figure 5 | Survival curves for SPRY4 antisense RNA 1 (SPRY4-AS1) in pan-cancer, including ACC (A), GBM (B), LGG (C), MESO (D).






Figure 6 | The association between SPRY4 antisense RNA 1 (SPRY4-AS1) and SPRY4 in pan-cancer.






Discussion

HCC is a widely known malignant tumor in the world, and its incidence in many countries shows an upward trend (21). In the early stages, many HCC patients could achieve a favorable long-term survival after operative treatments and adjuvant therapies (22, 23). However, it is hard for patients with metastasis to receive operation, and their clinical outcomes remained very poor (24). Over the past decades, as the understanding of molecular mechanisms involved in HCC progression is deepened, various targeted therapies for HCC patients were developed (25, 26). Sensitive biomarkers are necessary to guide the application of targeted therapies. However, the related biomarkers were limited in clinical practice. In addition, the early detection also contributed to a favorable prognosis for HCC patients. Over the past 10 years, more and more studies focused on the huge potential of ncRNAs used as novel biomarkers for HCC patients (27, 28).

A growing number of studies have reported the involvement of eRNAs in several tumors. For instance, FOXP4-AS1, a prognosis-related eRNA, was reported to be lowly expressed in ovarian cancer specimens and predicted a shorter 5-year overall survival of ovarian cancer patients (29). The eRNA SMAD7e was found to promote the proliferation and metastasis of bladder cancer (30). Located in the tissue-specific enhancer of a tumor suppressor gene EMX2, eRNA EMX2OS was lowly expressed in kidney renal clear cell carcinoma specimens and associated with poor prognosis of tumor patients (31). However, in HCC, the effects of eRNAs were rarely reported.

In this study, we analyzed TCGA datasets and identified a novel HCC-related prognostic eRNA SPRY4-AS1. To date, the effects of SPRY4-AS1 in tumors have not been investigated. Moreover, SPRY4-AS1 was found to be the most critical eRNA candidate sequence in HCC, which regulated SPRY4. The expression of SPRY4-AS1 was found in clinical correlation analysis to vary with cancer status, gender, stage, and grade. Interestingly, we observed that the expression of SPRY4-AS1 in female patients was distinctly higher than that in male patients. The reason was unclear. More studies are needed to explore its reason. KEGG pathway enrichment results concluded the possible role of SPRY4-AS1 in the survival outcome of HCC patients. This could be achieved by Proteoglycans in cancer and Hippo signaling pathway. Previously, dysregulation of the Hippo pathway has been recognized in a variety of human cancers, including HCC (32, 33). The activity of Hippo signaling pathways was confirmed to modulate the proliferation and metastasis of HCC cells (34, 35). Furthermore, SPRY4-AS1 expressions in surgical specimens were verified by RT-PCR and immunohistochemistry, revealing an association with survival in ACC, GBM, LGG, and MESO. The above findings suggested that SPRY4-AS1 may be a novel prognostic biomarker for HCC patients.

Importantly, because this predictive model was based on the data from TCGA set, it remained unknown whether SPRY4-AS1 had similar predictive power beyond molecular subtypes in HCC patients of other Chinese hospitals. In addition, we did not unveil the molecular pathway through which SPRY4-AS1 exerted its function; this needs a further in-depth investigation.



Conclusion

To conclude, a novel prognostic eRNA signature for HCC was examined in this paper. The research results may promote the prognostic evaluation of HCC and guide further study on targeted therapies in HCC.
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Hepatocellular carcinoma (HCC), a highly aggressive tumor, has high incidence and mortality rates. Recently, immunotherapies have been shown to be a promising treatment in HCC. The results of either the CheckMate-040 or IMbrave 150 trials demonstrate the importance of immunotherapy in the systemic treatment of liver cancer. Thus, in this study, we tried to establish a reliable prognostic model for liver cancer based on immune-related genes (IRGs) and to provide a new insight for immunotherapy of HCC. In this study, we used four datasets that incorporated 851 HCC samples, including 340 samples with complete clinical information from the cancer genome atlas (TCGA) database, to establish an effective model for predicting the prognosis of HCC patients based on the differential expression of IRGs and validated the prognostic model using the data from International Cancer Genome Consortium (ICGC). The top 6 characteristic IRGs identified by protein-protein interaction (PPI) network analysis, MMP9, FOS, CAT, ESR1, ANGPTL3, and KLKB1, were selected for further study. In addition, we assessed the correlations of the six characteristic IRGs with the tumor immune microenvironment, clinical stage, and sensitivity to anti-cancer drugs. We also explored whether the differential expression of the characteristic IRGs was specific to HCC or present in pan-cancer. The expression levels of the six characteristic IRGs were significantly different between most tumor tissues and adjacent normal tissues. In addition, these characteristic IRGs showed a strong association with immune cell infiltration in HCC patients. We found that MMP9 and ESR1 were independent prognostic factors for HCC, while CAT, ESR1, and KLKB1 were associated with the clinical stage. We collected HCC paraffin sections from 24 patients from Xijing hospital to identify the differential expression of the five genes (MMP9, ESR1, CAT, FOS, and KLKB1). Finally, the results of decision curve analysis (DCA) and nomogram revealed that our models provided a prognostic benefit for most HCC patients and the predicted overall survival (OS) was consistent with the actual OS. In conclusion, we systemically constructed a novel prognostic model that provides new insights into HCC.

Keywords: prognostic model, gene expression omnibus (GEO), the cancer genome atlas (TCGA), immune-related genes, hepatocellular carcinoma, ICGC


INTRODUCTION

Hepatocellular carcinoma (HCC), a common primary malignant tumor, accounts for almost 85% of all liver cancers (Sung et al., 2021). The worldwide incidence and mortality rates of HCC rank sixth and third, and in 2020 approximately 906,000 new cases of HCC and 830,000 related deaths were estimated to occur (Sung et al., 2021). The incidence and mortality rates of HCC depend on the patient’s race, region, age, sex, and risk factors related to tumor progression (Kulik and El-Serag, 2019; Sung et al., 2021). Current treatment options of HCC such as surgery, chemoradiotherapy, liver transplantation, and radiofrequency ablation will benefit a very small percentage of patients, and a median overall survival (OS) of untreated HCC patients was <9 months (Giannini et al., 2015; Wang et al., 2018). With the development of immunotherapy, the OS of patients with unresectable HCC were prolonged. Previous studies found that the prognosis of patients with HCC is associated with their immune microenvironment and clinical pathological features (Ayuso et al., 2018; Zhang et al., 2019). Notably, there is no effective prognostic model for HCC that systematically assesses immune-related genes (IRGs) together with clinicopathological features.

Application of immunotherapy regimens in patients with HCC has led to encouraging results in terms of both safety and efficacy, and immunological mechanisms have been demonstrated to be playing a key role in the epigenetic mechanism, pathogenesis and development of HCC (Keenan et al., 2019; Jayant et al., 2020). Recently, a multicenter, randomized and phase III study which is called IMbrave 150 evaluated combined atezolizumab and bevacizumab treatment vs. sorafenib in patients with unresectable HCC, met its coprimary endpoint and both progression free survival (PFS) and OS were improved (Finn et al., 2020). However, the HCC tumor microenvironment (TME), which includes antigen-presenting cells (APCs), myeloid-derived suppressive cells (MDSCs), and neutrophils, is complex, thereby resulting in immunotherapy resistance in HCC patients. Due to the complexity and immune suppression mechanisms of the liver immune microenvironment, immune checkpoint inhibitors (ICPI) treatment has limited benefits for a small number of patients with HCC. A high-throughput study of patient tissue samples revealed that 25% of the samples exhibited a transcriptomic hallmark of proinflammatory responses associated with adaptive or exhausted immunity (Sia et al., 2017). The immune response is improved by immunotherapies targeting coinhibitory receptors such as PD-1 and CTLA4 which inhibit the immunosuppressive mechanisms in several tumors (Wolchok, 2015; Chikuma, 2017). However, a substantial amount of work is need to make immunotherapies successful for patients with HCC. In addition, the clinical relevance and expression profiles of IRGs in HCC have not been explored systematically.

Previous studies have explored the immunotherapeutic effects on most cancers, and the relationship between immune cell infiltration and HCC prognosis has been the focus of a few studies (Zhou et al., 2019). The expression of 7 IRGs was detected in 374 HCC samples. Nevertheless, the conclusions are not very reliable due to a lack of prognostic model correction and to the inclusion of few clinical variables (Wang et al., 2020). Studies have shown that vascular normalization and antitumor immune responses are promoted by the inhibition of PD-1 in HCC (Garris et al., 2018; Sharpe and Pauken, 2018). However, these studies included small sample sizes, and the correlation between HCC patient prognosis and immunotherapy needs to be further assessed. Past studies have paid little attention to the sensitivities of IRGs to anti-cancer drugs and a systematic analysis of the associations of IRGs with the prognosis of HCC patients is urgently needed.

In this research, we utilized a multigene expression cohort of 851 HCC samples to develop and validate an individualized IRG set based on HCC prognostic signatures. The correlations of the characteristic IRGs with immune infiltrating cells, clinical stage, clinical prognosis, and drug sensitivity were analyzed, with the aim of providing a sufficient amount of data to improve the prognosis and immunotherapeutic responses of HCC patients. In addition, we performed a comprehensive analysis that incorporated clinical characteristics to identify potential prognostic biomarkers and molecular targets for HCC.



MATERIALS AND METHODS


Ethics Statement

Twenty-four paraffin sections of HCC tissue which were used to perform immunohistochemistry (IHC) were obtained at the Xijing Hospital. This study was approved by the Xijing Hospital’s Ethics Committee and was conducted in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments.



Data Source and Preprocessing

The RNA-sequencing data and expression levels of microRNAs (miRNAs) in HCC patient samples were downloaded from The Cancer Genome Atlas (TCGA),1 and the dataset included 340 HCC samples that included clinical information. The fragments per kilobase million (FPKM) values were transformed to transcripts per kilobase million (TPM) values for further study. The clinical features of the patients, such as their clinical stage, sex, and age, were obtained from the UCSC Xena website.2 The gene expression data for different tissues and cell lines were downloaded from the TCGA and Cancer Cell Line Encyclopedia (CCLE) databases.

Hepatocellular carcinoma gene chip data (GSE14520, GSE101685, and GSE36376) were downloaded from Gene Expression Omnibus (GEO) datasets, and all data were from Homo sapiens (Roessler et al., 2010). GSE14520 was based on the GPL571 (HG-U133A_2) Affymetrix Human Genome U133A 2.0 Array and the GPL3921 (HT_HG-U133A) Affymetrix HT Human Genome U133A Array platform and contained information on 247 tumor samples and 241 normal liver samples. GSE101685 was based on the GPL570 (HG-U133_Plus_2) Affymetrix Human Genome U133 Plus 2.0 Array platform and contained information on 24 HCC samples and 8 normal liver samples. GSE36376 was based on the GPL10558 Illumina HumanHT-12 V4.0 expression beadchip platform and included information on 240 HCC samples and 193 normal liver samples. Tumor-associated IRGs were downloaded from the ImmPort database.3 All data used in this study were freely available online.



Identification of Immune-Related Genes in Hepatocellular Carcinoma

Principal component analysis (PCA) was conducted to assess the fundamental differences between HCC tissues and adjacent normal tissues (Luo et al., 2014). The analysis of differentially expressed genes (DEGs) was performed using the “DESeq2” package, with a corrected P < 0.05 and a | Log fold change(FC)| ≥ 1.0 serving as the thresholds (Love et al., 2014). The differential analysis results are presented as heatmaps and volcano plots. The heatmaps were produced by using the pheatmap package and the volcano plots were generated with R software. The Venn diagram web-tool was adopted to identify the common DEGs, and IRGs were associated with HCC among the common DEGs and tumor-related IRGs from the ImmPort database were identified.



Enrichment Analysis of Immune-Related Genes

Both Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed by using the “clusterprofiler” package (Yu et al., 2012). GO terms were identified with a strict cutoff of p < 0.01 and a false discovery rate (FDR) of <0.05. KEGG signaling pathways were visualized in the form of a network map drawn with Cytoscape 3.7.2 software (Shannon et al., 2003).

The potential functions of IRGs were explored by gene set enrichment analysis (GSEA) with the R package ‘‘clusterprofiler.’’ We downloaded the gene set ‘‘c2.cp.kegg.v6.2.symbols’’ from the Molecular Signatures Database (MSigDB)4 for the GSEA. Gene set variation analysis (GSVA) was conducted by using the gene set “msigdb.v7.0.symbols,” from the MSigDB database (Hänzelmann et al., 2013). Differences with p < 0.05, were statistically significant.



Identification of Characteristic Immune-Related Genes

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING),5 a free online tool, was used to identify and predict interactions between proteins or genes. A PPI network of IRGs was constructed with a cutoff standard of a combined score >0.4 (Szklarczyk et al., 2019). The PPI network map of the IRGs was visualized with Cytoscape software. CytoHubba, a plug-in of Cytoscape, was used to explore essential nodes in the network. The six characteristic IRGs with the best scores were identified by the maximal clique centrality (MCC) method and selected for further study (Chin et al., 2014).

The miRNA-mRNA interaction data were downloaded from miRTarBase,6 miRDB,7 and TargetScan,8 and the three miRNA databases were then integrated by using NetworkAnalyst.9 Subsequently, a regulatory network was constructed via correlation analysis of the mRNA-miRNAs (Lewis et al., 2003, 2005; Chen and Wang, 2020; Huang et al., 2020). The construction of the network was performed by Cytoscape (v3.7.2) to validate the reliability of the characteristic IRGs at the mRNA expression level.



Correlations of the Expression Levels of the Characteristic Immune-Related Genes With Anti-cancer Drug Sensitivity and Clinical Stage

The CellMiner database10 which is a web resource allows the rapid retrieval of data related to the impact of 20,503 chemical compounds, including 102 drugs, on 22,379 gene transcripts and 360 miRNA (Reinhold et al., 2012). Gene expression data and half maximal growth inhibition (GI50) values for different anti-cancer drugs were downloaded to analyze the correlations between the characteristic IRGs and anti-cancer drug sensitivity. Moreover, we grouped the patients into four groups according to the clinical stage, namely stage I, stage II, stage III, and stage IV; to compare the differences in the expression levels of the characteristic IRGs among the groups.



Correlations of the Characteristic Immune-Related Genes With the Infiltration of Immune Cells and Immune Checkpoint Genes in Hepatocellular Carcinoma Patients

TIMER, a comprehensive resource, that includes 10,897 samples across 39 cancer types, was used to systematically analyze of immune infiltrates (Li et al., 2016, 2017).11 We explored the correlations of the expression levels of the characteristic IRGs with the abundance of infiltrating immune cells via gene modules. The left-most panel shows the gene expression levels according to tumor purity. We also used the GEPIA website (Gene Expression Profiling Interactive Analysis)12 to analyze the correlation of the two prognostic IRGs (MMP9 and ESR1) with the immune checkpoint genes (Tang et al., 2017).



Construction and Validation of the Clinical Prognostic Model

We aimed to construct a prognostic HCC model based on the characteristic IRGs together with clinicopathological features. Cox regression analysis was adopted to determine the risk score of patients in terms of OS. A nomogram for survival prediction was then constructed with the TCGA cohort. Harrell’s concordance index (C-index) was measured to quantify the differentiation performance of the constructed nomogram. A calibration curve was used to evaluate the performance of the nomogram, and to compare the predicted values of the nomogram with the observed actual survival rates. Decision curve analysis (DCA) was performed to evaluate the clinical efficacy of the prognostic model (Van Calster et al., 2018). And the data which included 229 HCC samples from the International Cancer Genome Consortium (ICGC) database were used for the external validation of prognostic models.



Immunohistochemistry

Human liver tissues were obtained from the Xijing Hospital and the tumor sections were incubated with commercial rabbit polyclonal antibodies against MMP9 (1:400 dilution, Servicebio Biotechnology), ESR1 (1:1,000 dilution, Servicebio Biotechnology), KLKB1 (1:50 dilution, Abcam Biotechnology), CAT (1:800 dilution, Abcam Biotechnology), and FOS (1:400 dilution, Servicebio Biotechnology) overnight at 4°C. Then, the sections were treated with an appropriated secondary conjugated to horseradish peroxidase (HRP) at room temperature for 1 h, and the bound antibodies were visualized with 3, 3′-diaminobenzidine (DAB). We used a scoring method for the semi-quantitative analysis of IHC images. The tissue sections were scored by degree of staining and range of positivity by three individuals under a light microscope, and were repeated three times independently, the mean values were taken, and the final scores were summed and compared.



Statistical Analysis

The log-rank test was used for Kaplan-Meier survival analysis, to assess the differences in survival. The survival ROC package and pROC package were applied to construct the receiver operating characteristic (ROC) curve and to calculate the area under the curve (AUC) (Robin et al., 2011; Rizvi et al., 2019). To calculate the correlation coefficients among characteristic IRGs, Pearson correlation analysis was performed. Cox regression analysis was used to identify the independent prognostic factors. The p-value threshold for inclusion of multivariate cox regression analysis was 0.2 (Kang et al., 2013). The chi-square test was used to compare and analyze the significance of differences between the two sets of categorical variables. To compare two sets of continuous variables, independent Student’s t-tests were conducted, and the differences between the non-normally distributed variables were analyzed by the Wilcoxon rank sum test. In this study, R v4.0.2 was used for all statistical analyses (*p < 0.05; **p < 0.01; ***p < 0.001).



RESULTS


Identification of 20 Immune-Related Genes in Hepatocellular Carcinoma Patients

The flow chart for this study is included in the Supplementary Figure 1. To analyze the key genes associated with HCC, we first performed PCA of the four datasets, revealing significant differences between HCC tissues and normal tissues (Supplementary Figure 2).

Subsequently, we analyzed the DEGs in HCC samples from the four datasets separately. In the TCGA HCC dataset, 3,328 genes were significantly upregulated and 1,241 genes were significantly downregulated (Figures 1A,B); in the GSE14520 dataset, 274 genes were significantly upregulated, and 488 genes were significantly downregulated (Figures 1C,D); in the GSE101685 dataset, 538 genes were significantly upregulated, and 843 genes were significantly downregulated (Figures 1E,F); and in the GSE36376 dataset, 89 genes were significantly upregulated and 360 genes were significantly downregulated (Figures 1G,H).
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FIGURE 1. Analysis of differentially expressed genes (DEGs) between hepatocellular carcinoma (HCC) tumor tissues and adjacent normal tissues. Differential expression analysis was performed, based on the gene expression data for HCC patients, and the analysis results are presented as volcano plots and heat maps. (A,B) The cancer genome atlas (TCGA)-HCC dataset, (C,D) GSE14520 dataset, (E,F) GSE101685 dataset, and (G,H) GSE36376 dataset.


The Venn diagram revealed 206 common DEGs among the four datasets (Supplementary Figure 3A). In total, we downloaded 1,811 tumor-associated IRGs from the ImmPort database. A Venn diagram revealed 20 differentially expressed IRGs among the 206 DEGs (Supplementary Figure 3B).



Functional Enrichment Analysis of the 20 Immune-Related Genes

We performed GO functional enrichment analysis of the 20 IRGs revealing that the IRGs were closely associated with biological processes such as the response to metal ions, the response to cadmium ions, the growth hormone receptor complex, collagen trimers, and peptide binding (Figures 2A–D). The detailed GO analysis results are available in Supplementary Table 1. KEGG functional analysis results suggested that the 20 IRGs mainly affect the IL-17, endocrine resistance, TNF, and estrogen signaling pathways (Figures 2E,F). The IL-17 and endocrine resistance signaling pathways are demonstrated in detail (Figures 2G,H).
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FIGURE 2. Functional enrichment analysis of the 20 differentially expressed IRGs. (A–D) Gene ontology (GO) analysis showed that the differentially expressed genes (DEGs) were closely associated with biological processes such as responses to metal ion, response to cadmium ion, growth hormone receptor complex, collagen trimer, and peptide binding. (E,F) Kyoto encyclopedia of genes and genomes (KEGG) functional analysis suggested that differentially expressed immune genes mainly affected the IL-17, endocrine resistance, TNF and estrogen signaling pathways. (G,H) Detailed demonstrations of the IL-17 and endocrine resistance pathways.


Moreover, the results of GSEA in the TCGA database showed that the enrichment of the ribosome, the complement and coagulation cascade, and the peroxisome proliferators-activated receptor (PPAR) signaling pathways were significant (Supplementary Figure 4). The specific enrichments of the related pathways are shown in Supplementary Table 2.

To assess the variations in different pathways in patients with HCC, GSVA was performed to analyze the enrichment scores of patients with HCC in each of the four datasets, and the relevant signaling pathways with significant differential expression are shown as heat maps (Supplementary Figure 5). The GSVA results were consistent with the GSEA results.



Identification of the Characteristic Immune-Related Genes

The 20 differentially expressed IRGs were added to the STRING database to construct the PPI network thereby identify characteristic IRGs that are closely related to HCC (Supplementary Figure 6A). MMP9, FOS, CAT, ESR1, ANGPTL3, and KLKB1 were identified as characteristic IRGs based on the MCC algorithm and were selected for further analysis (Supplementary Figure 6B). When we got the characteristic IRGs, we did the GSEA for each characteristic IRG (Supplementary Figure 7).

An interaction network including differential IRGs and miRNAs was constructed (Supplementary Figure 8A). Moreover, we selected differentially expressed transcription factors related to the expression of the 20 IRGs, with the thresholds of a Pearson’s coefficient > 0.4 and a p-value < 0.01, and imported the highly expressed and correlated transcription factors into Cytoscape to construct the transcription factor regulatory network (Supplementary Figure 8B).

Analysis at the mRNA and protein levels, revealed that the characteristic IRGs play key roles in the development of HCC. In addition, IHC analysis was performed to assess the MMP9, ESR1, CAT, FOS, and KLKB1 expression in HCC patients and the expression level of characteristic IRGs (MMP9, ESR1, CAT, FOS, and KLKB1) of IHC were scored blindly and compare to each other using a semi-quantitative analysis method (Figure 3). The MMP9 protein was highly expressed in HCC tissues while the ESR1, CAT, FOS, and KLKB1 proteins were expressed at lower levels in HCC tissues than in adjacent normal tissues. The results of the IHC analyses of patient samples were consistent with the results of the differential expression analysis of the TCGA cohort.
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FIGURE 3. Validation of the expression of characteristic immune-related genes (IRGs) in hepatocellular carcinoma (HCC) by immunohistochemistry (IHC). Panels (A–E) are the results of IHC and semi-quantitative analysis of MMP9, ESR1, CAT, FOS, and KLKB1 in HCC tissues and adjacent normal tissues, respectively. *p < 0.05; **p < 0.01; ***p < 0.001.




Pan-Cancer Analysis of Characteristic Immune Gene

We analyzed the differential expression of 6 characteristic IRGs in 33 tumors from the TCGA database. In the vast majority of tumors, the expression levels of the characteristic IRGs were significantly different, compared to adjacent normal tissues (Supplementary Figure 9). Moreover, the mRNA expression levels of the characteristic IRGs in 1,457 tumor cell lines were determined using the CCLE database (Supplementary Figure 10). The results showed that the six characteristic IRGs may act key roles in most cancers not only in HCC. It provided potential targets for the treatment of cancers.



Associations of the Characteristic Immune-Related Genes With the Immune Microenvironment and Drug Sensitivity

To assess the abilities of the expression levels of the six characteristic IRGs obtained by PPI network analysis to discriminate between HCC tissues and adjacent normal tissues in the TCGA dataset, ROC curve analysis was conducted. All of the characteristic IRGs were able to separate HCC tissues from adjacent normal tissues (Supplementary Figure 11).

We further analyzed the effects of these characteristic IRGs on the immune microenvironment in HCC patients (Figure 4). The six characteristic IRGs showed strong correlations with B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells (DCs), however, the correlations of FOS with B cells, CAT with neutrophils, and KLKB1 with CD8+ T cells were not statistically significant (P < 0.05).
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FIGURE 4. Correlation of the characteristic immune-related genes (IRGs) and the immune microenvironment in hepatocellular carcinoma (HCC) patients (A–F).


Moreover, we further analyzed the associations of these characteristic IRGs with sensitivities to various anti-cancer chemotherapeutic drugs using the CellMiner database (Supplementary Figure 12). A significant positive correlation was observed between the expression of the ESR1 gene and sensitivity to fulvestrant, raloxifene, etc., and between the expression of MMP9 and sensitivity to rebimastat, etc., detailed information is shown in Table 1. This study may provide new insight for the clinical treatment of HCC.


TABLE 1. Correlations of the six characteristic immune-related genes (IRGs) with anti-cancer drugs sensitivity based on the CellMiner database.

[image: Table 1]


Clinical Correlation Analysis of the Characteristic Immune-Related Genes

Differential expression analysis of the TCGA database showed that among the six characteristic IRGs, the MMP9 gene was significantly expressed in tumor tissues compared with adjacent normal tissues (Figure 5A). In contrast, the remaining five genes were expressed at lower levels in tumor tissues (Figures 5B–F).
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FIGURE 5. Differential expression analysis of immune-related genes (IRGs). (A) The MMP9 gene was expressed at significantly higher levels in hepatocellular carcinoma (HCC) tissues than in normal HCC tissues and paired adjacent normal tissues. (B–F) The expression levels of the remaining five genes were significantly lower in tumor tissues than in normal tissues and paired adjacent normal tissues.


In addition, the effects of the six IRGs on the prognosis of HCC patients were further studied. High MMP9 gene expression, and low ESR1 gene expression, were closely associated with poor prognosis in HCC patients (log-rank P < 0.001; Figures 6A,D), whereas the expression levels of the other genes had no significant effects on the prognosis of HCC patients (Figures 6B,C,E,F). Moreover, the expression levels of the CAT, ESR1, and KLKB1 genes were significantly correlated with the HCC stage (P < 0.05), while MMP9 was not significantly correlated with the tumor stage (Figure 7).
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FIGURE 6. Prognostic analysis of the characteristic immune-related genes (IRGs) in the cancer genome atlas (TCGA) database. (A) High MMP9 gene expression suggested poor patient prognosis (log-rank P < 0.001). (B,C) The expression levels of the FOS and CAT genes were not significantly correlated with the prognosis of hepatocellular carcinoma (HCC) patients. (D) Low ESR1 gene expression suggested poor patient prognosis (log-rank P < 0.001). (E,F) The expression levels of the ANGPTL3 and KLKB1 genes were not significantly correlated with the prognosis of HCC patients.
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FIGURE 7. Correlations of the six characteristic immune-related genes (IRGs) with clinical stage. (A–F) The correlation between six characteristics IRGs and clinical stage were analyzed, respectively.


In the multivariate Cox regression analysis, p < 0.2 on univariate analysis were included in multivariable model and we included gender, stage, AFP, hepatitis, and other clinically relevant factors which were important for prognosis, and the expression of MMP9 and ESR1 to determine whether MMP9, ESR1 was an independent factor for prognosis of HCC. The results revealed that the MMP9 and ESR1 genes were independent prognostic predictors for HCC patients (P = 0.011; P = 0.015). While MMP9 expression was identified as a risk factor, ESR1 expression exerted a protective effect on HCC patients (Figure 8). Then we analyzed the correlation of MMP9, ESR1 with PD-1, PD-L1, and CTLA-4 which were called the immune checkpoint genes. We found that the expression of MMP9 has a positive and significant correlation with PD-1 and CTLA-4. While the expression of ESR1 has a negative and significant correlation with PD-L1 and CTLA-4 (Supplementary Figure 13).
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FIGURE 8. Multifactorial Cox analysis of MMP9 and ESR1 expression in hepatocellular carcinoma (HCC) patients. (A) The results of multifactorial Cox analysis suggested that MMP9 gene was an independent risk factor for the prognosis of HCC patients. (B) The expression of the ESR1 gene was an independent protective factor for the prognosis of HCC patients. *p < 0.05; **p < 0.01; ***p < 0.001.


Next, we incorporated the expression levels of two genes (MMP9 and ESR1) and clinicopathological features into the model (Figures 9A,B). A nomogram was then constructed to predict the OS of patients with HCC (Figures 9C,E). The C-index was used to calculate the discriminatory power of the nomogram, which showed a certain degree of discrimination [MMP9: 0.654 (0.601–0.706); ESR1: 0.658 (0.605–0.710)]. Moreover, the calibration curves showed good agreement between the 1-, 2-, and 3-year OS estimates from the prediction of the nomogram and the actual OS rates of the patients (Figures 9D,F). In addition, the DCA results showed a prognostic benefit for approximately 15–95% of patients as determined by the model (Figures 9G,H).
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FIGURE 9. Construction of a clinical prognostic model for patients with hepatocellular carcinoma (HCC). (A,B) Risk factor correlation diagram of the differentially expressed immune-related genes (IRGs). (C) A nomogram was constructed by combining the expression level of MMP9 with clinicopathological features. (D) Calibration curves of the nomogram constructed using the MMP9 gene; the horizontal coordinates are the survival statistics predicted by the nomogram and the vertical coordinates are the actual observed survival situation, each curve was repeated 1,000 times. The curves showed that the nomogram had a good ability to predict prognosis of patients at 1-, 2-, and 3-year. (E) A nomogram was constructed by ESR1 expression with clinicopathological features. (F) Calibration curve of the nomogram constructed using the ESR1 gene. (G,H) Decision curve analysis (DCA) of the nomograms.


We also used the ICGC-JP dataset as an external validation to measure the accuracy and stability of the prognostic model (Supplementary Figure 14).



DISCUSSION

Hepatocellular carcinoma, an aggressive cancer, has a poor long-term prognosis, and ranks as the third leading cause of cancer-related death. In 2017, Food and Drug Administration (FDA) approved the nivolumab for the treatment of HCC patients who have been previously treated with sorafenib, immunotherapy has become a standard of care treatment option for HCC (El-Khoueiry et al., 2017). With the development of immunotherapy, the OS of HCC patients, especially those with advanced liver cancer, has been prolonged. It suggests that immune research is promising in HCC. However, the relationship between IRGs and HCC remains unknown. In this study, we aimed to systematically analyze the relationship between IRGs and clinical stage, and prognosis in HCC patients, and then establish a prognostic model and validate using external dataset. In addition, we first investigated the associations of these IRGs with immune cell infiltration and drug sensitivity in patients with HCC. Compared to other studies of immune-related prognostic models, this study incorporates a larger study population and includes more characteristic IRGs. Besides, our prognostic model is analyzed by multi-omics level and validated by external dataset from ICGC to ensure the credible results and has high AUC values.

The Venn diagrams of DEGs from the four datasets, and the subsequent comparison of commonly altered genes with 1,811 tumor immune genes, revealed a total of 20 IRGs. KEGG pathway analysis showed that IRGs were mainly enriched in the IL-17, endocrine resistance, TNF, and estrogen signaling pathways in HCC patients. IL-17, a cytokine that is involved in the immune response, binds to the IL-17 receptor on the cell membrane. A study published in the Journal of Hepatology in 2020 identified IL-17a as a potential therapeutic target for HCC (Ma et al., 2020). Insulin resistance, TNF and estrogen promote the progression of HCC, and these factors are attracting increased attention from researchers. Inhibitors of G-protein-coupled estrogen receptor (GPER1) that have been characterized could be used to treat or prevent liver cancer (Park et al., 2010; Chaturantabut et al., 2019; Jindal et al., 2019). GSEA revealed that IRGs, in HCC patients, were mainly enriched in the ribosome, complement and coagulation cascade, and PPAR signaling pathways. A previous study reported that many lncRNAs, that bind to the ribosomal protein S6 in cancer cells, promote HCC progression by regulating cell proliferation and migration, and their levels are correlated with poor prognosis in HCC patients (Pang et al., 2020). The complement system has many functions in vivo, such as functioning as a proteolytic cascade in serum, mediating innate immunity, and providing extra protection against pathogens. Regardless of the factors driving HCC, the liver immune microenvironment is the main factor associated with chronic inflammation, the progression of liver fibrosis, and cirrhosis. The complement cascade, which is related to these immunological mechanisms, is central to the network and tightly regulates humoral and cellular responses to external stimuli (Malik et al., 2020). PPARs, nuclear hormone receptors, could be activated by fatty acids and their derivatives and PPAR agonists are beneficial for the treatment of non-alcoholic fatty liver disease (NAFLD), liver fibrosis, and HCC (Cao et al., 2009). Recent, studies demonstrated that PPARs participate in the progression of gut microbiota inhabitation and adaptation which is related to the pathogenesis of HCC (Yu et al., 2020). These signaling pathways were shown to be associated with HCC progression in our analysis and were consistent with those reported in published literature.

We incorporated 20 IRGs into the PPI network and obtained 6 characteristic IRGs, namely, MMP9, FOS, CAT, ESR1, ANGPTL3, and KLKB1, by applying the MCC algorithm. MMP9 plays key roles in local extracellular matrix proteolysis and in leukocyte migration. A previous study showed that HCC progression was inhibited by 7-methoxy-1-tetralone, possibly via the modulation of proliferation- and migration-related mediators, including MMP9 (Wen et al., 2020). The FOS gene encodes leucine zipper proteins that, dimerize with proteins of the JUN family, to form the AP-1, transcription factor complex. FOS proteins have been associated with the regulation of cell proliferation, differentiation, and transformation. FOS gene expression has been associated with apoptotic cell death and liver carcinogenesis is related to FOS-dependent inflammation (Bakiri et al., 2017). ESR1, also known as NR3A1, is one of the two main types of estrogen receptors. A previous study demonstrated that the expression of ESR1 gene is decreased by >90%, in almost 50% of HCC patients (Hishida et al., 2013). Decreased expression of this gene was significantly related to a high liver damage score, pathological invasion of the intrahepatic portal vein, tumor size and hepatitis B virus infection, showed that ESR1 gene is a candidate protective gene in HCC (Hishida et al., 2013). ANGPTL3 encodes secreted proteins that were expressed predominantly in the liver and plays a role in angiogenesis. ANGPTL3 expression and serum levels could act as novel biomarkers in the diagnosis of chronic hepatitis and HCC, and ANGPTL3 expression could be useful for discriminating HCC from chronic hepatitis in patients (El-Shal et al., 2017). In addition, we showed for the first time that CAT, and KLKB1 may be potential therapeutic targets in HCC patients. The differential expression of MMP9, ESR1, CAT, FOS, KLKB1 in HCC patients were verified by IHC.

In addition, the HCC microenvironment includes parenchymal cells, which are complex immune-related cells; however, the success of immune checkpoint suppression in solid tumors highlights the key role of the TME in tumor progression. TIMER was utilized to explore the effects of six characteristic IRGs on the infiltration of immune cells, revealing that MMP9, ESR1, and ANGPTL3 were closely associated with B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and DCs. All six characteristic IRGs showed strong associations with immune cells, but the associations of the FOS gene with B cells, the CAT gene with neutrophils, and the KLKB1 gene with CD8 cells were not significant. Thus, we characterized the associations of these IRGs with the levels of immune cell infiltration in HCC patients, thereby providing a new reference for immunotherapy. However, immune cells such as T cells and DCs have different subtypes and further studies needed to confirm the detailed mechanisms of IRGs and different immune cell subtypes.

Notably, ROC curve analysis was performed to confirm the expression of the six characteristic IRGs that sufficiently distinguished HCC tissues from adjacent normal tissues. We analyzed the differential expression of the six characteristic IRGs in HCC patient tissues; MMP9 was shown to be expressed at significantly higher levels in HCC tissues than in normal tissues, while the other five genes were expressed at significantly lower levels in HCC tissues than in adjacent normal tissues. Further analysis of the prognostic impacts of the six characteristic IRGs on HCC patients revealed significant correlations of high MMP9 gene expression and low ESR1 gene expression with a poor prognosis in HCC patients. Recent studies revealed the inhibition of MMP9 which is regulated by α1-ACT, could suppress liver cancer development (Zhu et al., 2017). Previous studies on ESR1 focused on breast cancer, and breast cancer patients highly expressing the ESR1 gene were shown to have a better prognosis; however, recent studies showed that ESR1 is also associated with breast cancer liver metastasis (De Santo et al., 2019; Tian et al., 2021). We further found that MMP9 and ESR1 were independent predictors of HCC patient prognosis by performing multifactorial Cox regression analysis and we found that there are strong and significant correlation between MMP9 and ESR1 with CTLA-4. In addition, we first revealed that the gene expression levels of CAT, ESR1, and KLKB1 were significantly associated with the HCC clinical stage. For the first time, we also analyzed the associations of IRGs with therapeutic sensitivity to anti-cancer drugs. The expression of the ESR1 gene had a significant positive correlation with sensitivity to fulvestrant, raloxifene, etc. While the expression of the MMP9 gene had a significant positive correlation with sensitivity to rebimastat. Previous studies showed that fulvestrant inhibited the proliferation of HepG2 cell, via the ERα and non-canonical Wnt pathways, and indicated that it may be a promising therapeutic for HCC (Wang et al., 2014). Another study demonstrated that the effective delivery of raloxifene had proapoptotic and cytotoxic effects on HCC cell lines (Almutairi et al., 2019). However, studies on HCC and rebimastat have not been reported.

This study does have some limitations. First, subgroup analysis of IRGs, together with more clinical characteristics of HCC patients should be performed to comprehensively identify the factors and effects influencing HCC prognosis. Second, 851 liver cancer patient tissues were included in the analysis, but complete clinical information was available for only 340 samples. In future studies, cross-validation with internal datasets and increased sample sizes from other databases are needed. Third, in this study, we analyzed the association between IRGs with the sensitivity to different anti-cancer drugs, but the association between IRGs with the sensitivity to immunotherapeutic drugs need to pay attention. Finally, because obtaining fresh HCC samples was difficult, we used the paraffin-embedded sections from only HCC patients to validate our findings by IHC, and more data obtained by additional techniques such as qPCR are needed.



CONCLUSION

In summary, the 20 identified DEGs were mainly enriched for numerous immune-related GO terms and KEGG pathways, and the top six IRGs (MMP9, FOS, CAT, ESR1, ANGPTL3, and KLKB1) were selected for further study. We then analyzed the effect of the six characteristic IRGs on the HCC immune microenvironment and found positive correlations between their expression levels and the infiltration of a variety of immune cells. Two characteristic IRGs (MMP9 and ESR1) were significantly associated with the prognosis of HCC, and multifactorial Cox regression analysis showed that they were independent prognostic factors. We are the first to demonstrate that characteristic IRGs (CAT, ESR1, and KLKB1) are significantly associated with the clinical stage of HCC. Moreover, for the first time, we investigated the associations of characteristic IRGs with anti-cancer drug sensitivity, and found that fulvestrant, raloxifene, SR16157, and rebimastat have potential therapeutic effects in HCC. Besides, we found a significant correlation between MMP9, ESR1, and the immune checkpoint gene CTLA4, suggesting that it may be a potential molecular target. Most importantly, we successfully established two prognostic models for HCC based on independent prognostic IRGs (MMP9, ESR1) that provided prognostic benefit to approximately 15–95% of HCC patients and the predicted OS rates were in good agreement with the actual observed rates. In addition, we validated the prognostic models using the data from ICGC database.
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https://portal.gdc.cancer.gov/

2
http://xena.ucsc.edu/

3
https://www.immport.org/

4
http://software.broadinstitute.org/gsea/msigdb/index.jsp

5
http://www.string-db.org/

6
https://mirtarbase.cuhk.edu.cn/

7
http://www.mirdb.org/

8
http://www.targetscan.org/vert_71/

9
https://www.networkanalyst.ca/

10
https://discover.nci.nih.gov/cellminer/home.do
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Background: Hepatocellular carcinoma (HCC) is characterized by a poor prognosis and accounts for the fourth common cause of cancer-related deaths. Recently, pyroptosis has been revealed to be involved in the progression of multiple cancers. However, the role of pyroptosis in the HCC prognosis remains elusive.
Methods: The clinical information and RNA-seq data of the HCC patients were collected from the TCGA-LIHC datasets, and the differential pyroptosis-related genes (PRG) were firstly explored. The univariate Cox regression and consensus clustering were applied to recognize the HCC subtypes. The prognostic PRGs were then submitted to the LASSO regression analysis to build a prognostic model in the TCGA training cohort. We further evaluated the predictive model in the TCGA test cohort and ICGC validation cohort (LIRI-JP). The accuracy of prediction was validated using the Kaplan—Meier (K-M) and receiver operating characteristic (ROC) analyses. The single-sample gene set enrichment analysis (ssGSEA) was used to determine the differential immune cell infiltrations and related pathways. Finally, the expression of the prognostic genes was validated by qRT-PCR in vivo and in vitro.
Results: We identified a total of 26 differential PRGs, among which three PRGs comprising GSDME, GPX4, and SCAF11 were subsequently chosen for constructing a prognostic model. This model significantly distinguished the HCC patients with different survival years in the TCGA training, test, and ICGC validation cohorts. The risk score of this model was confirmed as an independent prognostic factor. A nomogram was generated indicating the survival years for each HCC patient. The ssGSEA demonstrated several tumor-infiltrating immune cells to be remarkably associated with the risk scores. The qRT-PCR results also showed the apparent dysregulation of PRGs in HCC. Finally, the drug sensitivity was analyzed, indicating that Lenvatinib might impact the progression of HCC via targeting GSDME, which was also validated in human Huh7 cells.
Conclusion: The PRG signature comprised of GSDME, GPX4, and SCAF11 can serve as an independent prognostic factor for HCC patients, which would provide further evidence for more clinical and functional studies.
Keywords: pyroptosis, prognosis, biomarker, immune infiltration, drug sensitivity, hepatocellular carcinoma
INTRODUCTION
Statistics indicate that by 2025, there will be more than 1 million new cases of liver cancer annually, posing a significant challenge for the global medical field (Llovet et al., 2021). The HCC ranks as the fourth leading cause of cancer-related mortality accounting for 90% of liver cancer cases (Llovet et al., 2016). Recent studies indicated the 5-years survival rate of HCC patients to be lessened by 20% globally and as low as 12% in Asian countries (Craig et al., 2020). Epidemiological studies reported the hepatitis B virus, hepatitis C virus, alcoholism, and aflatoxin as common inducing factors of HCC (Yang et al., 2019).
HCC develops rapidly as well as stealthily such that the patients are diagnosed only when the disease has progressed to the middle and late stage. Alpha-fetoprotein (AFP) is currently a gold standard for the diagnosis and prognosis of HCC. However, its sensitivity and specificity are not very high owing to the interference in the expression by many non-HCC related factors (Cai et al., 2019). In addition, the accuracy of prognosis is also affected by the heterogeneity of HCC (Liu et al., 2016). Therefore, it is urgent to develop a novel prognostic model to improve the accuracy of the prognostic judgment for HCC patients.
Cell death is one of the critical aspects of anti-tumor drug research. It may involve various patterns, including pyroptosis, apoptosis, necrosis, necroptosis, and ferroptosis (Shojaie et al., 2020). Pyroptosis is a novel lytic and pro-inflammatory programmed cell death. It is mediated by the cysteine aspartate specific protein kinases (caspases) 1, 4, 5, and 11 (Galluzzi et al., 2018), and the final step is dependent on the activity of the gasdermin (GSDM) family proteins to form pores in the cell membrane (Kovacs and Miao, 2017; Humphries et al., 2020). Pyroptosis is morphologically characterized by cell swelling, plasma membrane permeability, and the gradual release of the inflammatory factors (Rathinam and Fitzgerald, 2016), while necrosis makes the cytoplasmic membrane rupture with a blast. Pyroptosis is also different from apoptosis because apoptosis does not induce cell membrane breakdown and inflammatory response (Bertheloot et al., 2021). In addition, pyroptosis differs from necroptosis, another inflammatory programmed cell death executed by the mixed lineage kinase domain-like protein (MLKL), in that pyroptosis maintains mitochondria integrity but necroptosis does not (Bertheloot et al., 2021). Furthermore, pyroptosis differs from ferroptosis because ferroptosis is featured by iron-dependent oxidative perturbations, increased membrane density, and small mitochondria (Sun et al., 2021). As studies continue, pyroptosis has been found to plays a vital role in tumor formation and development. Due to its dual functions of resisting infection and inducing pathological inflammation, pyroptosis has dual roles in promoting tumors and changing tumor immune microenvironments (Kong et al., 2015; Rathinam and Fitzgerald, 2016; Xia et al., 2019). Specifically, the role of pyroptosis in the HCC development and prognosis remains elusive.
This study systematically analyzed the differential expressions of PRGs between the HCC and normal samples; explored the clinical prognostic value of these genes through Cox expression analysis; established an independent prognostic model based on PRGs; investigated the relationship between the pyroptosis and tumor immune microenvironments; validated the mRNA expressions of PRGs in vivo and in vitro; and evaluated the drug sensitivity of these prognostic factors. Therefore, this study provides potential targets for the prognosis and treatment of HCC patients.
MATERIALS AND METHODS
Data Acquisition
The RNA sequence data and related clinical information of 374 liver cancer patients (TCGA-LIHC) were acquired from the TCGA website (https://portal.gdc.cancer.gov/repository). The gene expression data were normalized by scale method using the “limma” package (Yuan C. et al., 2021). After excluding the missing clinical information of patients, 370 HCC patients were randomly separated into the training and the test groups by the “caret” package. Besides, transcriptomics data with clinical features of 231 HCC patients (LIRI-JP) were downloaded from the ICGA database (https://dcc.icgc.org/projects/LIRI-JP). These HCC patients were HBV or HCV carriers from Japan. The gene read count values of these patients were also normalized, and both the TCGA and ICGC data were public.
Analysis of Differential PRGs
A total of thirty-three PRGs were retrieved from the previous literature and are listed in Supplementary Table S1 (Man and Kanneganti, 2015; Tang et al., 2020; Ye J. et al., 2021). The differentially expressed genes (DEGs) were analyzed by the “limma” package in the R software and visualized by the heatmap and volcano plot with adjusted p-value < 0.05 in the TCGA cohort. In addition, a protein-protein interaction network for the PRGs was generated using the software GENEMANIA (http://genemania.org/).
Establishment and Validation of the Prognostic Model Based on the PRGs
The Univariate Cox analysis was employed to screen the PRGs with the prognostic value, and the cut-off p-value was set at 0.05, and 17 survival-related genes were used for further study. The prognostic model was established to minimize overfitting using the LASSO-penalized Cox regression analysis via the “glmnet” R package (Du et al., 2021). Eventually, the three genes and their coefficients were retained, and the minimum criteria determined the penalty parameter (λ). The risk score was obtained using the formula: risk score = (βA × Gene A expression) + (βB × Gene B expression) ⋯ + (βN × Gene N expression), in which β represents regression coefficient (Yang et al., 2021). The HCC patients were separated into the high- and low-risk groups based on the median risk score. Then, the principal component analysis (PCA) for the two risk groups was constructed using the “limma” and “scatterplot3d” R packages in terms of gene expressions in the prognostic model (Yuan M. et al., 2021). The survival analysis between the two risk groups was carried out using the “survminer” R package, and the ROC curve analysis was performed via the “survival” and “timeROC” R packages (Fang et al., 2021). Besides, the univariate and multivariate Cox regression was utilized to determine the independent prognostic value of the 3-gene signature.
To validate the efficiency of our model, the patients in the TCGA internal test cohort or ICGC external validation cohort (LIRI-JP) were applied. The mRNA levels of PRGs were normalized according to the “scale” function, and the risk score was calculated using the same formula applied in the TCGA training cohort. The TCGA test or ICGC cohort patients were separated into the low- and high-risk groups using the median risk score obtained from the TCGA training cohort.
Development of a Predictive Nomogram
Based on the risk score and different clinical features (gender, age, histologic grade, and pathological stage), a nomogram model was established to predict the survival years for the HCC patients using the “rms” and “survival” packages (Dai et al., 2021).
Gene Set Enrichment Analyses
The GSEA analysis was carried out between the two risk groups using the GSEA software 4.0.1 to identify the differential KEGG pathways. The normalized enrichment scores and nominal p-values were determined for analyzing the enrichment levels and statistical significance. In addition, the infiltrating scores of the 16 immune cells and activities of 13 immune-related pathways were analyzed using ssGSEA provided in the “GSVA” R package (Zhao et al., 2021).
Drug Sensitivity
The NCI-60 dataset covering nine cancer categories was available on the CellMiner homepage (https://discover.nci.nih.gov/cellminer) (Shankavaram et al., 2007; Shankavaram et al., 2009). In addition, Pearson correlation analysis was performed to indicate the relevance between the independent prognostic PRGs and drug sensitivity. Drugs used in this sensitivity analysis are those approved by the FDA or those in clinical tests.
Construction of the Hepatocellular Carcinoma Mouse Model
The FVB mice (8 weeks) were purchased from Westlake University (Zhejiang, China). Plasmids for injection were harvested using the Endotoxin Free Maxiprep kit (Qiagen) and delivered to the FVB mice as a mixture using the hydrodynamic tail vein injection for HCC formation as described before (Song et al., 2017). Dosages of these plasmids were: px330-U6-sgP53 (mouse) 20 μg, pT3-EF1α-c-Myc (human) 5 μg, pCMV-sleeping beauty transposase 2 μg. The daily abdominal palpation of mice was observed, and the mice were then sacrificed when they suffered from high burdens of liver tumors. The mice were raised according to the protocols approved by the Institutional Animal Care and Use Committee of Westlake University. The researcher followed the standard biosecurity and institutional safety procedures in this study.
Cell Culture and Drug Treatment
The human normal liver cell line HL-7702 and HCC cell lines (SK-Hep1 and Huh7) were cultured in a DMEM medium containing 10% FBS in a 5% CO2 incubator at 37°C. In addition, huh7 cells were treated by Lenvatinib (HY-10981, MCE) with different concentrations (0, 0.5, 1, 5, 10 μM) for 48 h based on the previous study (Jin et al., 2021).
RNA extraction and quantitative real-time reverse transcriptase-polymerase chain reaction (qRT-PCR).
The total RNA in the liver tissues or liver cell lines was extracted using the TRIZOL (Invitrogen) reagent. Then, the cDNA was obtained by reverse transcription using the cDNA Synthesis Mix (Novoprotein, E047-01B) and analyzed using quantitative PCR (Novoprotein, E096-01B). Finally, the mRNA expression levels were normalized with the ACTB gene. All the primers used in this study are listed in Supplementary Table S2.
Western Blotting
The total proteins in Huh7 cells treated with Lenvatinib were extracted by RIPA buffer containing 1% PMSF (Beyotime) and quantified by the BCA method (Beyotime). Twenty microgram proteins were used for western blotting against GSDME (1:2000, ab215191, Abcam) and Hsp90 (1:2000, 610419, BD Bioscience).
Statistical Analysis
The one-way ANOVA was adopted to compare the DEGs between the HCC and normal liver tissues. The Mann—Whitney test using the BH method adjusted p-value was adopted to measure the ssGSEA scores. The entire statistical analyses were achieved using the R software 4.0.1. The statistical significance was considered as a P -value less than 0.05 if not otherwise specified.
RESULTS
Differential Expression of PRGs Between the Normal and Tumor Tissues
We performed the differential expression analysis of 33 PRGs involved between the normal liver and HCC samples in the TCGA database (Figure 1A). The 33 PRGs were chosen based on their roles in pyroptosis according to previous studies (Karki and Kanneganti, 2019; Ye Y. et al., 2021; Ju et al., 2021). The results were presented in the heatmaps and volcano plots (Figures 1B,C). We identified 26 differential genes (p < 0.05), among which the three genes were significantly downregulated in the HCC samples, including IL6, IL-1β, and NLRP3. Conversely, another 23 genes were significantly upregulated, including GSDMC, PLCG1, PYCARD, GSDME, NLRP1, GSDMB, GSDMD, CASP8, NOD1, CASP8, NOD1, CASP3, GSDMA, PJVK, TIRAP, NOD2, AIM2, GPX4, NLRP7, CASP9, CASP6, PRKACA, SCAF11, CASP4, and NLRP6. The interactions within these PRGs were identified using GeneMANIA and constituted three interconnected subnetworks: the NLR superfamily regulatory network, the caspase family regulatory network, and the GSDM family regulatory network (Figure 1D). Finally, the correlation for these PRGs was analyzed and indicated in Figure 1E.
[image: Figure 1]FIGURE 1 | Screening of the PRGs in the HCC patients from the TCGA database. (A) Flow chart of the study. (B) Heatmap of the differential gene expression between the normal and the tumor tissues. (C) Volcano plot of the differentially expressed PRGs. (D) PPI network of the interactions among PRGs. (E) The correlation network (Redline: positive correlation; Blueline: negative correlation. The depth of the colors reflects the strength of the relevance).
Tumor Classification Based on the Prognostic Pyroptosis Regulators
We first analyzed the prognostic values of PRGs in the TCGA cohort with the Univariate Cox regression analysis. The high expression of CASP1, CASP3, CASP5, CASP6, CASP8, GPX4, GSDMA, GSDME, NLRC4, NLRP3, NLRP7, NOD1, NOD2, PLCG1, and SCAF11 correlated with the poor survival of the HCC patients, as indicated by the Hazard ratio (HR) > 1 (Figure 2A). Then, we performed the consensus clustering analysis to investigate the relationship between these prognostic genes and HCC subtypes. According to the CDF value, we classified the 370 HCC patients into two clusters (k = 2, Figures 2B–D), and we found that the patients from cluster 1 tended to survive longer than the patients from cluster 2 (Figure 2E), implying a significant prognostic value of these PRGs. Furthermore, the two clusters did not differ in the clinical parameters such as stage, grade, gender, age, and TMN (Figure 2F).
[image: Figure 2]FIGURE 2 | Identification of the molecular subtypes of the HCC patients using the PRGs associated with prognosis. (A) The univariate Cox Regression Analysis based forest plot in PRGs. (B) The HCC patients were stratified into 2 clusters based on the consensus clustering matrix (k = 2). (C, D) Consensus clustering model with cumulative distribution function (CDF) by k from 2 to 9. (E) The Kaplan—Meier curves (KM) of the overall survival in the two HCC clusters. (F) Heatmap with the correlation between the two groups and their clinicopathologic characters.
Establishment of an Independent Prognostic Risk Model in the TCGA Training Cohort
We split the samples in the TCGA-LIHC dataset into two equal cohorts: training cohort and test cohort at random. We found no significant difference between the training and test cohorts from TCGA-LIHC in the leading clinical indicators (Supplementary Table S3). We performed lasso regression analysis using 17 prognostic genes in the training cohort to build the prognostic model. According to the minimum criteria, a risk model consisting of GSDME, GPX4, and SCAF11 was built (Figures 3A,B). The risk score was obtained by the formula: risk score = (0.0182*GSDME exp.) + (0.0005*GPX4 exp.) + (0.0188*SCAF11 exp.)
[image: Figure 3]FIGURE 3 | Construction of the pyroptosis genes-based independent prognostic model in the TCGA training cohort. (A, B) Construction of the LASSO regression model based on the 17 predictive genes in the TCGA training cohort. (C–E) Distribution of the risk scores, survival status, and expression of the three pyroptosis-related risk genes. (F) The KM analysis of the overall survival in the high-risk and low-risk groups. (G) The ROC analysis to evaluate the predictive efficiency. (H) The univariate Cox analysis to assess the independence of three pyroptosis-related risk genes. (I) Multivariate Cox analysis to assess the independence of three pyroptosis-related risk genes. (J–L) PCA analysis of the high-risk and low-risk groups based on all genes, pyroptosis genes, and three risk genes.
We separated the patients in the training cohort into the high- and low-risk groups based on the median risk score (Figure 3C). The high-risk group had more deaths and shorter survival years (Figure 3D). The heatmap analysis indicated that high-risk patients had increased expression levels of three risk genes (Figure 3E). In addition, the Kaplan-Meier curve indicated that the high-risk patients had worse overall survival (OS) than low-risk patients (p < 0.001). The subsequent ROC analysis demonstrated that this 3-gene risk model could robustly evaluate and predict the survival of the HCC patients (AUC = 0.763, Figure 3G). Furthermore, the univariate and multivariate Cox regression analyses determined whether the risk score derived from the prognostic risk model could act as an independent prognostic indicator. In the univariate Cox regression analysis, the risk score (p < 0.001, HR = 3.996, 95% CI: 2.253–7.088, Figure 3H) was a potential hazard factor. The multivariate analysis also indicated that the risk score could serve as an independent prognostic factor (p < 0.001, HR = 3.282, 95% CI: 1.787–6.026, Figure 3I). Finally, the PCA plot indicated that the high- and low-risk groups could be well-separated with the three risk genes, but not all the genes or all the pyroptosis genes (Figures 3J–L).
Internal and External Validation of the Risk Signature
The efficiency of the risk model was validated in a TCGA internal test cohort which included 184 patients and an ICGC external validation cohort. In the TCGA internal test cohort, we divided patients into high or low-risk groups according to the median risk score calculated by the formula in the training cohort. The risk score is an independent prognostic factor in the test cohort as indicated by univariate and multivariate Cox regression analysis (p = 0.001, HR = 3.225, 95% CI = 1.566–6.643 for univariate, Figure 4A; p = 0.01, HR = 2.843, 95% CI = 1.288–6.277 for multivariate, Figure 4B). The high-risk group tended to have more deaths and higher expression of risk genes (Figures 4C–E). The KM curve indicated that overall survival was lower in the high-risk group (p = 0.015, Figure 4F).
[image: Figure 4]FIGURE 4 | Internal validation of the risk model in the TCGA test cohort. (A, B) Forest plots of Univariate Cox analysis and Multivariate Cox analysis. (C–E) Distribution of risk scores, survival status, and expression of the three pyroptosis-related risk genes. (F) The KM analysis of the overall survival in the high-risk and low-risk groups. (G) The ROC analysis to estimate the predictive efficiency. (E) Univariate analysis. (H) PCA analysis of the high-risk and low-risk groups based on the three risk genes.
Moreover, the ROC curve suggested that the model exhibited an excellent predictive capability (AUC = 0.677, Figure 4G). PCA analysis indicated that the expression levels of the 3-risk gene could separate high-risk patients from low-risk in the TCGA test cohort (Figure 4H). We split the ICGC external validation cohort into the high- and low-risk groups based on the risk score (Figure 5A). The low-risk group had fewer deaths and lower expression of the risk genes (Figures 5B,C). The KM curve and ROC analysis suggested that the overall survival of the low-risk group was higher (p = 0.02, Figure 5D), and the model was reliable (AUC = 0.638, Figure 5E). Finally, the PCA plot indicated that the risk genes were well able to separate the two risk groups (Figure 5F).
[image: Figure 5]FIGURE 5 | External validation of the risk model in the ICGC cohort. (A–C) Distribution of the risk scores, survival status, and expression of the three pyroptosis-related risk genes in the ICGC cohort. (D) The KM analysis of the overall survival in the high-risk and low-risk groups. (E) The ROC analysis to estimate the predictive efficiency. (F) The PCA analysis of the high-risk and low-risk groups based on the three risk genes.
Stratification Analysis of the Independent Prognostic Signature
We separated the patients in the TCGA-LIHC dataset into several subgroups according to the different clinical parameters. First, we investigated whether the high- and low-risk patients determined differences in survival. The clinical stratifications for the study included age (>65 vs ≤ 65), gender (female vs male), tumor grade (G3/4 vs G1/2), and AJCC stage (I/II vs III/IV). The KM curve showed that the high-risk patients had a poorer survival probability than the low-risk patients under the condition of age >65, female, male, G1–G2, G3–G4, or Stage I–II, except for age ≤65 or stage III-IV (Figures 6A–H).
[image: Figure 6]FIGURE 6 | Identification of the HCC patients suitable for the risk model in the TCGA cohort. KM analysis of the overall survival in the high-risk and low-risk groups based on age (A, B), gender (C, D), grade (E, F), and stage (G, H).
Establishment of a Prognostic Nomogram for Hepatocellular Carcinoma
We developed a novel prognostic nomogram to offer a reliable and quantifiable method for predicting the survival of the HCC patients based on the risk scores and clinical features, such as age, gender, grade, and stage (Figure 7). The nomogram could effectively predict the probability of the 1, 3, and 5-years overall survival in the HCC patients.
[image: Figure 7]FIGURE 7 | Nomogram containing the risk score to predict the overall survival in the HCC patients.
Gene Set Enrichment Analysis and Immune Activity Between the Subgroups
Given clinical information, the high- and low-risk groups were significantly correlated with the immune scores (Figure 8A). Specifically, the patients with lower immune scores favored high-risk scores compared to those with higher immune scores. In addition, the patients with higher stages picked higher risk scores (Figures 8B–E). Interestingly, the high-risk group had a high expression level of PD-L1 (Figure 8F). Furthermore, the GSEA analysis significantly enriched the immune-related signaling pathways, such as the B cell and T cell receptor signaling pathways (Figure 8G).
[image: Figure 8]FIGURE 8 | GSEA and immune correlation analysis of the immune cells and related immune pathways in the TCGA cohort. (A) Heatmap with correlations between clinical features and risk groups (*p < 0.05). For T, M, N, stage, and grade, the higher the numbers, the more advanced the tumors. For cluster, cluster 1 and cluster 2 were divided based on consensus clustering model. The risk and ImmuneScore were divided into high and low based on the median of all patients. (B–E) Risk scores of the HCC patients are classified by cluster, stage, Tstage, and immune scores. (F) PD-L1 expression in the low-risk and high-risk groups. (G) GSEA of the significantly enriched KEGG pathways in the TCGA cohort classified by independent prognostic genes. (H, I) The ssGSEA scores of 16 kinds of immune cells and 13 immune pathways (*p < 0.05, **p < 0.01, ***p < 0.001).
Further, the ssGSEA analyzed the differences in 16 kinds of immune cell infiltrations and 13 types of immune signal pathways. The high-risk group had decreased infiltrations of the B cells, mast cells, NK cells, and TIL and increased infiltrations of the DCS and macrophage compared to the low-risk group (p < 0.05, Figure 8H). Besides, the high-risk group exhibited suppression in the immune pathways, including the cytolytic activity and type II IFN response (p < 0.05, Figure 8I).
Validation of the Differential Expression of the Independent Prognostic Genes
We analyzed the differential mRNA levels of the three independent prognostic genes in the normal liver tissues (from TCGA and GTEx) and HCC tissues (from TCGA) by GEPIA. The HCC tissues favored an increased mRNA level of GSDME, GPX4, and SCAF11 (Figures 9A–C). In addition, we examined the protein levels of these three genes using the HPA database. The results showed that the HCC tissues had higher protein levels of GSDME, GPX4, and SCAF11 (Figures 9D–I).
[image: Figure 9]FIGURE 9 | Expression of the independent prognostic genes. (A–C) The gene mRNA expressions of GPX4, GSDME, SCAF11 in the normal and tumor groups (*p < 0.05). (D–I) Immunohistochemistry of the GPX4, GSDME, SCAF11 in the normal and tumor groups from the HPA database.
We further validated the expression levels of GSDME, GPX4, and SCAF11 in a mouse HCC model, which was constructed by knocking out the p53 and overexpressing the myc in the mouse liver (Figure 10A). The HCC model formed multiple tumors as shown in Figure 10B. As expected, the mouse HCC livers had remarkably increased GSDME, GPX4, and SCAF11 mRNA levels compared to the normal livers (Figures 10C–E).
[image: Figure 10]FIGURE 10 | Validation of the independent prognostic genes in vivo and in vitro. (A) HCC Model design. FVB mice were injected with normal saline or sgP53/c-Myc/SB plasmids, respectively. (B) Representative liver tissues of normal (left) and HCC mice (middle) and tumor numbers (right). (C–E) The mRNA expressions of GSDME, GPX4, and SCAF11 in the normal and HCC livers. (F–H) The mRNA expressions of GSDME, GPX4, and SCAF11 in the human normal liver cell HL-7701 and liver cancer cell SK-Hep1. *p < 0.05, **p < 0.01, ***p < 0.001.
In addition, we confirmed the mRNA levels of these independent prognostic genes in human culture cells. As shown in Figures 10F–H, the HCC cell line SK-Hep1 expressed significantly higher mRNA levels of GSDME, GPX4, and SCAF11 compared to the normal liver cell line HL-7702.
Drug Sensitivity Analysis
By analyzing the CellMiner database, the potential drugs were found to be correlated to these independent prognostic genes (Supplementary Table S4). Among the top 16 gene-drug correlations, 15 correlations pointed to the GSDME; the other correlation was SCAF11 (Figure 11). Surprisingly, the HCC drug lenvatinib positively correlated with the expression of GSDME (Cor = 0.453, p < 0.001, Figure 11K). To confirm this correlation, we treated HCC cell line Huh7 with Lenvatinib. As was expected, Lenvatinib treatment upregulated both the mRNA and protein levels of GSDME. Besides, Lenvatinib was able to induce the active form of GSDME (GSDME N-terminal).
[image: Figure 11]FIGURE 11 | Sensitivity correlation analysis between the independent prognostic genes and drugs based on the CellMiner Database. (A–P) Correlation analysis. (Q) Relative mRNA expression of GSDME following treatment with Lenvatinib for 48 h in Huh7. (R) Analysis of GSDME and GSDME-N terminal in Huh7 treated with Lenvatinib for 48 h by western blotting. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
In recent years, the increasing incidence of HCC has necessitated early diagnosis and prognosis as being incredibly significant for the survival of the patients. At present, the diagnosis and prognosis of HCC patients are mainly based on the pathological evaluation, AJCC TNM, and BCLC stage (Bruix et al., 2016). However, these diagnostic and prognostic methods are not sensitive enough. Therefore, finding efficient diagnostic and prognostic markers is necessary for helping the HCC patients in improving their clinical outcomes. Moreover, the mechanisms underlying the pathogenesis of HCC have not been fully elucidated (Ye J. et al., 2021). To devise precision medicine, improving the prognosis and survival rate of HCC patients, and discovering the molecular mechanisms underlying the development and progression of HCC, accurate and reliable prognostic models should be developed based on the novel biomarkers (Yan et al., 2021). Although the role of pyroptosis in tumors has been gradually explored (Wang et al., 2017; Blasco and Gomis, 2020), it remains unclear mainly in HCC.
This study systematically compared the altered expressions of PRGs in HCC patients and revealed that three genes were significantly downregulated while 23 genes were upregulated. The consensus clustering analysis identified 17 prognostic genes, which helped the HCC patients be divided into two subtypes. Interestingly, the two subtypes were indistinguishable by existing clinical criteria but had significant differential survival rates, proving instrumental for clinical typing. Subsequently, to evaluate the prognosis of the HCC patients, we established an independent prognostic model by performing the LASSO and Cox analysis of the prognosis-related genes, which was well validated in the internal test and external validation cohorts. The model yielded significant survival differences among the patients with different clinical characteristics, except for those with age ≤65 and in stage III-IV. Based on this risk model, a nomogram was drawn to predict the HCC patients’ overall survival. Besides, the high-risk group had a lower immune score and higher expression level of PD-L1 than the low-risk group, indicating the potential differences in the immune function between the two risk groups. Later, the GSEA analysis of the two risk groups revealed that the T cell receptor and B cell receptor signaling pathways were enriched. Furthermore, the ssGSEA analysis suggested that the high-risk group is characterized by the lower levels of immune cell infiltration (B cells, Mast cells, NK cells, and TIL cells) and immune pathways (Cytolytic activity and Type II IFN response). Considering the independent prognostic model was constructed using GSDME, GPX4, and SCAF11, we then validated their differential expressions in the normal and HCC tissues. Using the RNA-seq data from the TCGA and GTEx, and protein expressions from HPA, all the three genes showed higher mRNA and protein levels in the HCC tissues than those in the normal tissues. Furthermore, the expression of these three risk genes was validated in the HCC mouse model and human HCC cell lines. Finally, we analyzed the correlation between FDA-approved drugs and these three targets using CellMiner database. The results revealed that among the 16 most significant correlations, seven drugs showed significantly positive correlations with GSDME, eight drugs conversely correlated with GSDME, and one drug positively correlated with SCAF11. We finally validated the correlation of Lenvatinib and GSDME in mRNA and protein levels.
Since the term “pyroptosis” was raised in 2001 by D’ Souza et al., many studies have focused on this novel pro-inflammatory programmed cell death (Fink and Cookson, 2005). In recent years, pyroptosis has gained increasing prominence in tumor research (Wang et al., 2017; Yu et al., 2019; Wu et al., 2021). However, pyroptosis demonstrates both pro-tumor and anti-tumor functions (Xia et al., 2019). The induction of the cancer cells towards pyroptosis can suppress tumor development, proving to be a promising target for drug discovery. Also, the inflammatory molecules released by the cancer cells undergoing pyroptosis can gradually transform the surrounding normal tissues into cancer cells by changing microenvironments. However, little research has focused on the function and prognosis of multiple PRGs in HCC development (Chu et al., 2016). An independent prognosis model was constructed with three PRGs, including GSDME, GPX4, and SCAF11. GSDME, formerly called DFNA5, was first confirmed in an extended Dutch family with autosomal dominant nonsyndromic hereditary hearing loss (Van Laer et al., 2004). Then, in 2017, it was identified as a new executor of pyroptosis (Wang et al., 2017). GSDME is cleaved by caspase-3 producing the N-terminal fragment (GSDME-NT) that converts the death pathway from apoptosis to pyroptosis. Recently, new studies have recognized GSDME as a conduit for the release of IL-1β to the surrounding microenvironment independent of its capability of triggering cell death (Zhou and Abbott, 2021). Ever since the mechanism of GSDME mediated pyroptosis was revealed, an increasing number of studies have been focused on its role in cancer. In most cancer types, such as breast cancer, colorectal cancer, gastric cancer, and bladder cancer, GSDME has a higher expression level in the normal tissues and is often considered as the tumor suppressor gene by inducing pyroptosis in the cancer cells or by acting on the T lymphocytes through Granzyme B (Xia et al., 2019; De Schutter et al., 2021). Interestingly, ten percent of tumor cells have a higher GSDME expression level (De Schutter et al., 2021). Surprisingly, in this study, the high-risk groups showed increased GSDME levels than the low-risk group. This result demonstrated that the conventional tumor suppressor, GSDME, may act as an oncogene in the HCC microenvironment. It is reasonable to consider GSDME in promoting tumor development. The GSDME -induced pyroptosis can release many IL-1β and other inflammatory factors into the surrounding normal liver cells, inducing the normal cells into the tumor cells in inflammatory conditions (Zhou and Abbott, 2021). Coincidentally, the GSDME-mediated pyroptosis has been verified as the probable key point to respond to the toxic side effects of chemotherapeutic agents (Shen et al., 2021). Besides, some studies have demonstrated that the development of drugs targeting GSDME could be a promising treatment for HCC (Hu et al., 2019; Zhang et al., 2020; Liang et al., 2021; Shangguan et al., 2021). Hence, the function of GSDME in the HCC development and drug treatment requires further investigation. GPX4, a classical selenoprotein belonging to the glutathione peroxidase families, can reduce the membrane peroxidized phospholipids by transferring GSH (Liang et al., 2007), and it is considered to own unique lipid peroxidation inhibitory properties (Dabkowski et al., 2008). Subsequent studies have identified GPX4 as a classical negative regulator of ferroptosis and have roles in various cancers such as clear-cell carcinomas (CCCs), breast cancer, colon cancer (Yang et al., 2014; Seibt et al., 2019; Yang et al., 2020; Lee et al., 2021). Accordingly, recent studies indicated that GPX4 could also promote HCC development via inhibiting ferroptosis (Kim et al., 2020; Alves et al., 2021; Asperti et al., 2021; Chang et al., 2021). For non-cancer liver diseases, we aim to protect live cells from cell death, lipid peroxidation, and ROS release; induction of GPX4 expression was reported to be helpful to inhibit ferroptosis (Mao et al., 2020). However, for HCC, we aim at killing these cancer cells by inducing cell death, so it is beneficial to inhibit GPX4 and then activate ferroptosis (Jin et al., 2020). The latest study by Kang et al. indicated that GPX4 could suppress macrophagic pyroptosis in mice (Guerriero et al., 2015; Zhu et al., 2019). GPX4 knockout activated the lipid peroxidation-dependent caspase-11, which triggered the GSDMD cleavage to induce pyroptosis during polymicrobial sepsis. Here, GPX4 was found to be overexpressed in the HCC tissues, and the high-risk group showed an increased level of GPX4. Given the role of GPX4 in pyroptosis and ferroptosis, developing inhibitors targeting GPX4 might promote the GSDMD-mediated pyroptosis as well as ferroptosis, thus suppressing the survival of the HCC cells and drug resistance. SCAF11 has been previously reported to be involved in pyroptosis (Ye Y. et al., 2021). However, its role in cancer has not been explicitly studied so far. This study showed that the high expression of SCAF11 is related to the poor prognosis in the HCC patients, revealing that the inhibition of SCAF11 should be considered as a target to treat HCC.
Pyroptosis is always accompanied by inflammation and tumor immunity (Tan et al., 2021). However, chronic inflammation exerts essential functions in tumor initiation, progression, and invasion via suppressing the anti-tumor immune responses mediated by the immune cells such as the Natural Killer cells (NK) and M1 macrophages (Raposo et al., 2015). This study found decreased levels of immune cells such as the B cells, NK cells, TIL cells, and Mast cells, and immune pathways such as type II IFN response and cytolytic activity in the high-risk group, indicating that poor prognosis may result due to the decreased levels of anti-tumor immunity. Therefore, promoting anti-tumor immune responses are of great importance for effective clinical therapies.
Analysis of the NCI-60 cell line set in the CellMiner database indicated that the increased levels of the prognosis-related genes are positively correlated to drug resistance, such as Tamoxifen, Vinorelbine, AMG-900, and Litronesib. Notably, an increased level of GSDME is also positively correlated with the sensitivity to Lenvatinib, the first-line drug approved by FDA in 2018 for treating HCC (Yi et al., 2021). In 2019, a study showed that sorafenib, a classic FDA-approved drug for treating HCC, can induce macrophage pyroptosis and promote the NK cell responses against HCC (Hage et al., 2019). This research, combined with the correlation of Lenvatinib and GSDME, made us hypothesize that the mechanisms of Lenvatinib in HCC treatment might also be involved in inducing pyroptosis. We further confirmed this hypothesis by treating Huh7 cells with Lenvatinib, and the results showed that Lenvatinib upregulated the levels of both total GSDME and active GSDME N-terminal. Analyzing the correlation suggested that the pyroptosis-related prognostic genes are promising for anti-tumor drug development.
CONCLUSION
Our study revealed that developing HCC is inextricably linked to pyroptosis. Furthermore, the functional analysis, immune microenvironment, and drug correlation analysis established a basis for investigating the role of pyroptosis in the HCC development, determining the prognosis for the HCC patients, and providing clinical treatment. Based on the PRGs, an independent prognostic model was constructed for HCC, predicting the OS of the patients in the TCGA test cohort and ICGC external validation cohort. Moreover, our results confirmed the mRNA expression of three independent prognostic PRGs in vivo and in vitro. Our work will further assist in understanding the role of pyroptosis in HCC prognosis and drug sensitivity, thereby providing support for precision medicine.
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The transcription suppressor factor FBI-1 (the factor that binds to inducer of short transcripts-1) is an important regulator of hepatocellular carcinoma (HCC). In this work, the results showed that FBI-1 promoted the Warburg effect and enhances the resistance of hepatocellular carcinoma cells to molecular targeted agents. Knockdown of FBI-1 via its small-interfering RNA (siRNA) inhibited the ATP level, lactate productions, glucose uptake or lactate dehydrogenase (LDH) activation of HCC cells. Transfection of siFBI-1 also decreased the expression of the Warburg-effect-related factors: hypoxia-inducible factor-1 alpha (HIF-1α), lactate dehydrogenase A (LDHA), or GLUT1, and the epithelial–mesenchymal transition-related factors, Vimentin or N-cadherin. The positive correlation between the expression of FBI-1 with HIF-1α, LDHA, or GLUT1 was confirmed in HCC tissues. Mechanistically, the miR-30c repressed the expression of HIF-1α by binding to the 3′-untranslated region (3′-UTR) of HIF-1α in a sequence-specific manner, and FBI-1 enhanced the expression of HIF-1α and HIF-1α pathway’s activation by repressing the expression of miR. By modulating the miR-30c/HIF-1α, FBI-1 promoted the Warburg effect or the epithelial–mesenchymal transition of HCC cells and promoted the resistance of HCC cells to molecular targeted agents.




Keywords: the factor that binds to inducer of short transcripts-1, advanced hepatocellular carcinoma, microRNA, HIF-1α, aerobic glycolysis/Warburg effect, molecular targeted agents resistance



Introduction

As an important transcription inhibitor (the transcription suppressor), the positive regulator of human malignancies/pro-oncogene (positive regulator/pro-oncogene) FBI-1 (factor that binds to inducer of short transcripts-1) is produced by Zbtb7A (zinc finger and BTB domain protein family 7A) and plays important roles in cancerous cells’ proliferation or metastasis (1, 2). The FBI-1 was also named as other names: (1) osteoclast-derived zinc finger (OCZF), (2) leukemia-related factor (LRF) (3–5), and (3) Pokemon (POK erythroid myeloid oncogenic factor) (6, 7). Recently, FBI-1 has been considered as not only the positive regulator of hepatocellular carcinoma (HCC) but also the inducer of resistance of HCC cells to chemotherapies (8). Therefore, it is urgent to extend our knowledge about FBI-1 in HCC cells’ resistance to molecular targeted agents.

The aerobic glycolysis/Warburg effect has been considered as an important feature of cancer cells featured with the elevated glucose uptake and lactate production, especially HCC, and often exhibits the aberrant metabolism feature characterized by the high level of glycolysis and glucose uptake even in the abundant oxygen condition (9–11). Via the aerobic glycolysis/Warburg effect, HCC and other kinds of cancerous cells could facilitate the higher proliferation, the alteration of tumor microenvironment, or the resistance of cells to antitumor strategies. Hypoxia-inducible factor-1 alpha (HIF-1α), the most important regulator of hypoxia-related mechanisms, is often overexpressed in human cancers and associated with the poor prognosis (12–16). HIF-1α promotes the progression and malignant characteristics via its target genes participating in the cellular survival, tumor angiogenesis, aberrant metabolism, and therapeutic resistance (17–19). Therefore, HIF-1α is a promising target for HCC treatment.

The previous publications showed that FBI-1 could promote the resistance of HCC cells to chemotherapies via P53 pathways (8). In the present work, our results, for the first time, revealed that FBI-1 induced the aerobic glycolysis/Warburg effect of HCC cells by enhancing the expression of HIF-1α and its target genes. For the mechanisms, FBI-1 increased the expression of HIF-1α in HCC cells via decreasing the expression of miR-3692-5p, which is an miRNA targeting the 3′-untranslated region (the 3’UTR) of HIF-1α. Our research not only expands the understanding of the function and mechanism of FBI-1 but also helps to provide more options for HCC treatment.



Materials and Methods


The Clinical-Related Materials, Plasmids, and Cell Culture Lines

A total of advanced HCC patients’ clinical specimens derived complementary DNA (cDNA) samples were gifts from Dr. and Prof. Yingshi Zhang of Shenyang Pharmaceutical University (20). The cell lines used in the present work included the hepatic non-tumor cell line (L-02) and the HCC cell lines MHCC97-H, HepG2, or MHCC97-L. These cells were purchased from a type culture resource of the Chinese government: the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China. These cells were cultured by using the Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Thermo, Waltham, MA, USA) with 10% fetal bovine serum (FBS, Thermo). The expression plasmids or the small-interfering RNA (siRNA) plasmids of FBI-1 were gifts from Prof. and Dr. Mingyang Li of General Hospital of Chinese PLA (21) and purchased from Vigene Corporation, Jinan City, Shandong Province, China. The overexpression of miR-3692-5p was achieved by preparing the full length sequences of has-pre-miR-3692 (sequence of the precursor molecule of human miR-3692) as lentivirus.



Antitumor Agents/Molecular Targeted Agents

The molecular targeted agents Sorafenib, Regorafenib, Lenvatinib, or Cabozantinib were purchased from the Selleck Corporation, Houston, TX, USA. For the cellular experiments, the organic solvents dimethyl sulfoxide (DMSO) was simply use to dissolve the pure powder of molecular targeted drugs and then diluted with DMEM that did not contain serum or only contained about 0.5% serum. For animal experiments, organic solvents such as DMSO, PEG400, and Tween 80 were used to dissolve the molecularly targeted drug powder and then diluted with sterile PBS (22–25).



Quantitative Polymerase Chain Reaction and Biochemical Analysis

For the cell based assays, the HCC cells were cultured and transfected with vectors and harvested. For the animal experiments, the subcutaneous tumor tissues were collected and grinded by using the liquid nitrogen. The RNA samples from the cells or the tumor tissues were extracted and reverse transcribed into cDNA according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA) (26–28). Then, the cDNA samples were analyzed by quantitative PCR (qPCR) according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA) and methods described in previous publications (26–28). Primers used in the present work were listed as follows: (1) FBI-1, forward sequence, 5’-GCAACATCTGCAAGGTCCGCTT-3’; reverse sequence, 5’-TCTTCAGGTCGTAGTTGTGGGC-3’; (2) miR-3692-5p, the reverse-transcription primer, 5’-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCAGTAT-3’; forward sequence, 5’-CCTGCTGGTCAGGAGTGGATACTG-3’; reverse sequence, 5’-CAGTGCGTGTCGTGGAGT-3’; (3) HIF-1α, forward sequence, 5’-TATGAGCCAGAAGAACTTTTAGGC-3’; reverse sequence, 5’-CACCTCTTTTGGCAAGCATCCTG-3’; (4) GLUT1, forward sequence, 5’-TTGCAGGCTTCTCCAACTGGAC-3’; reverse sequence, 5’-CAGAACCAGGAGCACAGTGAAG-3’; (5) LDHA, forward sequence, 5’-GGATCTCCAACATGGCAGCCTT-3’; reverse sequence, 5’-AGACGGCTTTCTCCCTCTTGCT-3’; (6) N-cadherin, forward sequence, 5’-CCTCCAGAGTTTACTGCCATGAC-3’; reverse sequence, 5’-GTAGGATCTCCGCCACTGATTC-3’; (7) E-cadherin, forward sequence, 5’-GCCTCCTGAAAAGAGAGTGGAAG-3’; reverse sequence, 5’-TGGCAGTGTCTCTCCAAATCCG-3’; and (7) Vimentin, forward sequence, 5’-AGGCAAAGCAGGAGTCCACTGA-3’; reverse sequence, 5’-ATCTGGCGTTCCAGGGACTCAT-3’. The biochemical analysis, including the lactate and ATP level, glucose uptake, or LDH activation, was conducted following the methods described in the previous studies (29–31).



Patients’ Survival Analysis or the Correlation Analysis

For the survival analysis, the endogenous expression of FBI-1 or HIF-1α was examined by qPCR, and the patients were divided into two groups, namely, the FBI-1/HIF-1α high group or the FBI-1/HIF-1α low group, according to the median values (31, 32). Survival analysis is carried out in combination with the clinical information of the patients, and the clinical significance of the expression of FBI-1 or HIF-1α is determined by the survival curves, the overall survival (OS), or the time to progress (TTP) of patients in the high and low expression groups (33, 34).

For the correlation analysis, the endogenous expression level of FBI-1, HIF-1α, or the downstream genes of HIF-1α was determined. A scatter plot was drawn based on the expression of FBI-1 and HIF-1α. Each dot represented a tumor tissue. The expression of FBI-1 was taken as the abscissa, and the expression level of HIF-1α, etc. was taken as the ordinate. The correlation between two genes was determined by linear regression analysis (35, 36).



Western Blot Experiments

The hepatic cells (including the non-tumor cell line L-02, or the HCC cell lines HepG2, MHCC97-H, MHCC97-L, BEL-7402, SMMC-7721, or Hu7) were cultured and directly harvested for the Western blot experiments. Moreover, the subcutaneous tumor tissues were harvested and grinded with liquid nitrogen for the Western blot (37, 38). Protein samples obtained from the cultured cells or the tumor tissues were analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and trans-printed into polyvinylidene difluoride (PVDF) membranes. After SDS-PAGE or trans-print, the PVDF membranes were blocked by bovine serum albumin (BSA) [5% w/v diluted with Tris-buffered saline with Tween 20 (TBST)] at 37°C for 2 h. Then, the membranes were incubated with primary antibody (anti-SREBP-1 FBI-1, anti-HIF-1α, or anti-β-actin antibodies; all antibodies were purchased from Abcam Corporation, UK) and the secondary antibody [the horseradish peroxidase (HRP)-coupling antibodies, Abcam]. The blots were visualized with an ECL kit (Amersham Biosciences, Piscataway, NJ, USA).



The MTT and Cell Survival Assays

The HCC cells were transfected with vectors and treated with agents (39, 40). After 48 h treatment of the agents, the MTT experiments were performed according to previous publications. The relative number of cells were revealed by the absorbance values [optical density (OD), 490 nm] at a wavelength of 490 nm. Then, the inhibition rates or the IC50 values of the agents on HCC cells were measured according to the OD values (41, 42).



The Subcutaneous Tumor Model of HCC Cells in Nude Mice

The subcutaneous tumor model of HCC cells was established in the nude mice model (43–45). The usage of animal-related materials and the methods of animal experiments were reviewed and approved by the Animal Ethic Committee of PLA Rocket Force Characteristic Medical Center, Beijing, China. The nude mice were purchased from the Si-Bei-Fu Corporation, Beijing, China. The HCC cells were cultured and transplanted subcutaneously into the subcutaneous position of nude mice. The mice received the molecular targeted agent Sorafenib via by the oral administration, and the agents were administered one time every 2 days. After 21 days of treatment (about 10 times Sorafenib treatments), the nude mice were collected, and the subcutaneous tumors were harvested. The tumor volumes, tumor weights, and the inhibitory rates according to tumor volumes or tumor weights were measured.



Intrahepatic Tumor Models/Liver In Situ Models in Nude Mice

The intrahepatic tumor models/liver in situ models in nude mice were prepared according to the methods descripted by Wei et al. and Meng et al. (46, 47). The HCC cell lines, MHCC97-H cells or MHCC97-L cells, which were transfected with plasmids were mixed with the medical hydrogel and adhered onto the nude mice’s liver surface by using the surgical operation following the methods described by Li et al. or Meng (47, 48). Three to 4 days after the surgical operation, mice received 3 mg/kg dose of agents via oral administration once per 2 days. After 21 days of treatment (10 times treatment), mice were screened by micro-PET experiments to confirm the tumor nodules in the nude mice’s liver organs (49). Next, the mice were harvested, and the liver organs were collected. Then, the liver organs were analyzed by H&E staining. The images of micro-PET or H&E staining were quantitatively analyzed by ImageJ software (50).



Statistical Analysis

Statistical analysis in the present work was performed by using Bonferroni’s correction without two-way ANOVA (SPSS 9.0, IBM, Armonk, NY, USA). The IC50 values of antitumor agents were calculated by the Origin software (version No.: 6.1; OriginLab, Northampton, MA, USA). A p < 0.05 was considered statistically significant between groups.




Results


FBI-1 Induced the Warburg Effect in HCC Cells

First, to examine the effect of FBI-1 on HCC cells, the endogenous level of FBI-1 in hepatic cell lines was examined by Western blot. As shown in Figure 1A, the expression level of FBI-1 in HCC cells was significantly higher than that in L-02 cells. Among the selected HCC cells, the expression level of FBI-1 in MHCC97-H cells is very high, while the expression level of FBI-1 in MHCC97-H cells is very low. Therefore, we will further study to knock down the expression of FBI-1 in MHCC97-H cells and HepG2 and overexpression of FBI-1 in MHCC97-L cells.




Figure 1 | FBI-1 promotes the Warburg effect of HCC cells. (A) The endogenous protein level of FBI-1 in hepatic cells. (B–D) The effect of FBI-1 on HCC cells’ Warburg effect. (E, F) The expression of FBI-1 or HIF-1α. *p < 0.05 versus with control group or siFBI-1 groups (B–D); *p < 0.05 (E, F).



As shown in the results in Figure 1B, knockdown of FBI-1 via its siRNA repressed the Warburg effect of HCC cells: transfection of FBI-1 siRNA decreased the lactate and ATP level, glucose uptake, or LDH activation in MHCC97-H cells. Similar results were obtained from HepG2 cells (Figure 1C). Moreover, overexpression of FBI-1 promoted the Warburg effect of HCC: transfection of FBI-1 vectors increased the lactate and ATP production, glucose uptake, or LDH activation in MHCC97-L cells (Figure 1D). Therefore, FBI-1 promotes the glycolysis or Warburg effect in HCC cells.



FBI-1 Enhanced the Expression of HIF-1α

The above results showed that FBI-1 promotes the Warburg effect of HCC cells. The results in Figures 1B–D indicate that overexpression of FBI-1 enhanced the expression of HIF-1α, whereas knockdown of FBI-1’s expression decreased the expression of HIF-1α. Moreover, as shown as Figures 1E, F, the expression of FBI-1 or HIF-1α is much higher in HCC clinical specimens compared with the paired non-tumor tissues.

To further examine the effect of FBI-1 on HIF-1α, the correlation between FBI-1 with HIF-1α in HCC clinical specimens was determined. As shown in Figures 2A–C, the expression of FBI-1 was positively related with the expression of HIF-1α (p < 0.0001; Y = 1.663*X + 0.002709) and two typical downstream genes of HIF-1α, GLUT1 (p < 0.0001; Y = 0.1906*X + 0.0004084) or LDHA (p < 0.0001; Y = 26.37*X + 0.03237). Therefore, the possible mechanism for FBI-1 to promote the Warburg effect of HCC cells is to enhance the expression of HIF-1α and its downstream genes.




Figure 2 | The clinical significance of FBI-1/HIF-1α axis in HCC. (A–C) The correlation between FBI-1 with HIF-1α-pathway-related factors. (D–F) The correlation between FBI-1 with advanced HCC patients who received sorafenib. (G–I) The correlation between HIF-1α with advanced HCC patients who received sorafenib. *p < 0.05.





FBI-1 and HIF-1α Level Are Negatively Correlated With the Prognosis of HCC Patients Received Molecular Targeted Agents Sorafenib

To further reveal the clinical significance of FBI-1/HIF-1α axis in HCC, the correlation between FBI-1 and HIF-1α with the prognosis of HCC patients who received the molecular targeted agent Sorafenib was shown. As shown in Figures 2D–I and Tables 1, 2, the prognosis of advanced HCC patients with low FBI-1 (Figures 2D–F) or HIF-1α (Figures 2G–I) levels was much better compared with the patients with high levels of FBI-1 or HIF-1α: the TTP and OS of the high FBI-1 or HIF-1α group were shorter compared to that of the low FBI-1 or HIF-1α group (Tables 1, 2). Therefore, FBI-1 and HIF-1α levels are negatively correlated with the prognosis of HCC patients who received molecular targeted agent Sorafenib.


Table 1 | FBI-1 expression and clinical outcome of Sorafenib treatment.




Table 2 | HIF-1α expression and clinical outcome of Sorafenib treatment.





FBI-1 Enhanced the Expression of HIF-1α via Repressing the Expression of miR-3692-5p in HCC Cells

To examine the mechanisms of FBI-1 enhancing the expression of HIF-1α, the effect of FBI-1 on the miRNA potentially targeting the 3’-UTR of HIF-1α predicted by miRDB, a typical online tool, with high scores was examined. As shown in Figure 3A, miR-3692-5p targets to the 3’-UTR of HIF-1α. Figure 3B shows that knockdown of siFBI-1 enhanced the expression of miR-3692-5p and did not affect other miRNAs. Thus, the miR-3692-5p was chosen for the next steps of experiments.




Figure 3 | FBI-1 on miR-3692-5p/HIF-1α. (A) miR-3692-5p targets on HIF-1α’s 3’-UTR. (B) The effect of FBI-1 on the miRNAs on HIF-1α. (C, D) The effect of miR-3693-5p on HIF-1α in MHCC97-H or HepG2 cells. (E–H) The correlation between miR-3692-5p with FBI-1, HIF-1α, LDHA, or GLUT1. *p < 0.05 versus control siRNA with siFBI-1 (B).



To confirm the effect of miR-3692-5p on the protein expression of HIF-1α, Western blot was performed. As shown in Figures 3C, D, miR-3692-5p inhibited the expression of HIF-1α in MHCC97-H or HepG2 cells. Transfection of miR-3692-5p’s inhibitor or the HIF-1α’s vector with the mutated targeting site of miR-3692-5p blocked the inhibitory effect of miR-3692 on HIF-1α’s protein level. Moreover, the expression level of miR-3692-5p was negatively related to the expression level of HIF-1α (p < 0.0001, Y = −104.1*X + 1.889), GLUT1 (p = 0.0128, Y = −627.0*X + 1.684) or LDHA (p = 0.0006, Y = −6.590*X + 1.822) in the HCC clinical specimens (Figures 3E–H). Therefore, FBI-1 enhanced the expression level of HIF-1α by repressing the expression of miR-3692-5p.



The Specificity of FBI-1/HIF-1α in HCC Cells

The above results indicated that FBI-1 enhanced the expression level of HIF-1α by repressing the expression of miR-3692. The specificity of FBI-1/HIF-1α in HCC cells was next examined. As shown in Figure 4, transfection of siFBI-1 or the miR-3692-5p repressed the expression of HIF-1α-pathway-related factors and inhibited the Warburg effect of MHCC97-H cells. Overexpression of miR-3692-5p did not affect the expression of FBI-1 (Figure 4). Transfection of HIF-1α with mutated miR-3692-5p (HIF-1αMut) almost blocked the effect of siFBI-1 or the miR-3692-5p (Figure 4); however, HIF-1αMut did not affect the expression of FBI-1 or HIF-1α. These results further confirmed the specificity of FBI-1/HIF-1α in HCC cells.




Figure 4 | The specificity of FBI-1 miR-3692-5p/HIF-1α. The MHCC97-H cells were transfected with vectors. Cells were measured by qPCR and biochemical analysis. The results are shown as heatmap.





FBI-1 Promotes the Resistance of HCC Cells to Molecular Targeted Agents

To examine whether FBI-1 could promote the resistance of HCC cells to molecular targeted agents, the MTT assays or the nude mice model was used. As shown in Table 3, overexpression of FBI-1 enhanced the resistance of MHCC97-L cells to molecular targeted agents: the IC50 values of Sorafenib, Regorafenib, Lenvatinib, or Cabozantinib on MHCC97-L cells were decreased. Moreover, knockdown of FBI-1 via its siRNA in MHCC97-H or HepG2 cells enhanced the sensitivity of cells to molecular targeted agents: the IC50 values of Sorafenib, Regorafenib, Lenvatinib, or Cabozantinib on MHCC97-L cells were decreased (Table 4).


Table 3 | FBI-1 induces the resistance of MHCC97-L cells to molecular targeted agents.




Table 4 | siFBI-1 enhances the sensitivity of MHCC97-H cells to molecular targeted agents.



The above results were obtained from the cell-based assays. To further examine the effect of FBI-1, the nude mice model was used. As shown in Figure 5, 3 mg/kg dose of FBI-1 inhibited the subcutaneous growth of MHCC97-L cells in nude mice, whereas overexpression of FBI-1 enhanced the resistance of MHCC97-L cells to Sorafenib. Overexpression of miR-3692-5p reversed the effect of FBI-1 on Sorafenib. In Figure 6, 0.5 mg/kg dose of Sorafenib could not significantly affect the subcutaneous growth of MHCC97-H cells. Knockdown of FBI-1 via its siRNA enhanced the antitumor effect of Sorafenib on MHCC97-H cells (Figure 6). Overexpression of HIF-1α with mutated miR-3692-5p-targeting sites inhibited the effect of siFBI-1.




Figure 5 | siFBI-1 enhanced the sensitivity of MHCC97-H cells to sorafenib in a nude mice model. The MHCC97-H cells were transfected with vectors and injected into the nude mice to form the subcutaneous tumor models. The mice received the oral administration of 0.5 mg/kg Sorafenib. The results are shown as images (A) or the quantitative results (B–E). *p < 0.05.






Figure 6 | FBI-1 enhanced the resistance of MHCC97-L cells to Sorafenib in a nude mice model. The MHCC97-L cells were transfected with vectors and injected into the nude mice to form the subcutaneous tumor models. The mice received the oral administration of 3 mg/kg Sorafenib. The results are shown as images (A) or quantitative results (B–E). *p < 0.05.



Via the in vivo/intrahepatic invasion assays, the MHCC97-H cells could invade into the liver organs of nude mice. Treatment of 0.5 mg/kg dose of Sorafenib did not affect the in vivo invasion of MJCC97-H cells into the nude mice’s liver organs (Figure 7). Knockdown of FBI-1 via its siRNA enhanced the antitumor effect of Sorafenib on the in vivo invasion of MJCC97-H cells into the nude mice’s liver organs (Figure 7). Therefore, FBI-1 promotes the resistance of HCC cells to molecular targeted agents, and knockdown of FBI-1 via its siRNA enhanced the sensitivity of HCC cells to molecular targeted agents.




Figure 7 | siFBI-1 enhanced the resistance of MHCC97-H cells to Sorafenib in a nude mice model. The MHCC97-H cells were transfected with vectors and injected into the nude mice to form the intrahepatic invasion models. The mice received the oral administration of 0.5 mg/kg Sorafenib. The results are shown as Masson staining (A) micro-PET images (A), and the quantitative results of micro-PET images (A, B) or Masson staining images (C). The flow chart/model diagram of the intrahepatic invasion model is shown as Panel (D). The white arrow indicated the intrahepatic lesions via Masson staining (A), the images of the intrahepatic lesions via micro-PET images (A), the body background to quantitatively analyze the micro-PET images (A) or the liver region to quantitatively analyze the micro-PET images (A). *p < 0.05.






Discussion

It is well known that the Warburg effect feature as aerobic glycolysis is not only considered as the common feature of cancer cells, especially HCC, but also alters the microenvironment of tumor lesions related to the proliferation, metastasis, and especially the resistance of cells to antitumor agents. The epithelial–mesenchymal transformation (EMT) process, an important cellular program, which plays important roles in the antitumor resistance, is often related to the alteration of tumor microenvironment induced by the Warburg effect (51, 52). In this study, FBI-1 can upregulate the expression of HIF-1α and its downstream factors, promote the Warburg effect and EMT process of HCC cells, and ultimately cause HCC cells to be resistant to molecular targeted drugs (Figure 8). FBI-1 is not only a positive regulator of HCC and other types of malignant tumor cell proliferation but also believed to be able to regulate the resistance of HCC cells to chemotherapeutic drugs. The results of Fang et al. showed that FBI-1 can induce resistance of HCC cells to cytotoxic chemotherapeutics through the P53 pathway (8). For this reason, the results of this study not only expand our understanding of FBI-1 but also provide new enlightenment for HCC treatment.




Figure 8 | The proposal model of the present work. FBI-1 can downregulate the expression level of miR-3692-5p, thereby causing the upregulation of HIF-1a expression and finally downregulating the sensitivity of HCC cells to molecular targeted drugs by inducing the Warburg effect of HCC cells. The siRNA of FBI-1 is used to inhibit the expression of FBI-1. At this time, the expression level of miR-3692-5p is upregulated, and then by inhibiting the expression of HIF-1α and inhibiting the Warburg effect of HCC cells, it reverses the resistance of HCC cells to molecular targeted drugs.



Furthermore, this study first found that FBI-1 can affect LDH and other biochemical indicators, so as to determine that FBI-1 can affect HCC cell metabolism. Furthermore, FBI-1 can upregulate the expression of HIF-1α, which may be the mechanism by which FBI-1 regulates the metabolism of HCC cells. For the downstream genes of HIF-1α, GLUT1 and LDHA are selected in this study. Increasing evidence has confirmed that the expression of LDHA or GLUT-1 is mediated by the HIF-1α (53–56). Among these two genes, the GLUT1 mediates the uptake of glucose as the key relator of the first step of glycolysis, whereas the LDHA catalyzes the pyruvate into lactate as the last step of glycolysis (57–59). All these indicate that the experimental design of this study is reasonable and provides ideas for similar studies.

At the same time, for the mechanism of FBI-1 in this performance, FBI-1 can play a role by downregulating the expression of miR-3692-5p. FBI-1 is considered to be a transcriptional inhibitor (60, 61). The results of Yang et al. showed that FBI-1 can inhibit the activity of SP1 in triple negative breast cancer (TNBC) cells, downregulate the expression of miR-30c, and then upregulate the expression of PXR, and ultimately accelerate the antitumor drug Olaparib’s metabolism and clearance rate to induce cell resistance (62). Yang et al. (2020) revealed that FBI-1 repressed the miR-30c via inhibiting the activation of SP1 and the recruitment of SP-1 to miR-30c’s promoter regions (62). This is also similar to the recognized mechanism of FBI-1: FBI-1 can act as a transcription repressor to downregulate P53 or SP1. To this end, it is necessary to conduct bioinformatics analysis on the sequence of the promoter region of miR-3692-5p and predict which transcription factors can bind to the promoter of miR-3692-5p and the possible interaction between FBI-1 and these transcription factors. Moreover, as the body’s regulatory center for the metabolism and elimination of exogenous drugs and toxicants, PXR expression in hepatocytes and HCC cells is significantly higher than in other types of tissues (63–66). It has been confirmed that PXR also plays an important role in the resistance of HCC cells to molecular targeted drugs (67–70). Therefore, it is of great significance to carry out research on FBI-1 and PXR in HCC cells in the future.

Finally, molecular targeted drug therapy is still an important part of the treatment strategy for advanced HCC (70). Molecular targeted drugs represented by Sorafenib, as multitarget protein kinase inhibitor, cannot only directly inhibit the proliferation of HCC cells but also inhibit the metastasis, invasion, and angiogenesis of HCC cells (71–73). In addition to Sorafenib, some new molecular targeted drugs such as Cabozantinib, Regorafenib, and Lenvatinib were also selected in this study (74–76). The research methods include not only MTT experiments but also a variety of animal models. Therefore, this study not only has scientific research value but also has great clinical value. The HCC cells may be resistant to molecular targeted drugs through a variety of mechanisms: (1) compensation between different signaling pathways (77–79); (2) epithelial–mesenchymal transition (80–82); (3) cancer stem cells (83–85); (4) PXR and other drug metabolism clearance mechanism (63); and (5) Notch pathway and other cell prosurvival and antiapoptotic mechanisms (38, 86–88). This research not only expands our molecular mechanism of HCC cell resistance to molecular targeted drugs but also helps to provide new strategies for HCC treatment.
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Immune associated cells in the microenvironment have a significant impact on the development and progression of hepatocellular carcinoma (HCC) and have received more and more attention. Different types of immune-associated cells play different roles, including promoting/inhibiting HCC and several different types that are controversial. It is well known that immune escape of HCC has become a difficult problem in tumor therapy. Therefore, in recent years, a large number of studies have focused on the immune microenvironment of HCC, explored many mechanisms worth identifying tumor immunosuppression, and developed a variety of immunotherapy methods as targets, laying the foundation for the final victory in the fight against HCC. This paper reviews recent studies on the immune microenvironment of HCC that are more reliable and important, and provides a more comprehensive view of the investigation of the immune microenvironment of HCC and the development of more immunotherapeutic approaches based on the relevant summaries of different immune cells.
Keywords: HCC, TAM, NK cell, cancer immunotherapy, challenge, development
INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common type of liver cancer, accounting for the sixth most common type of cancer and the second leading cause of death among all cancers (Ferlay et al., 2015). Due to changes in environmental factors, immunization and people’s lifestyle, the incidence of HCC and HCC-related mortality are increasing all over the world. The latest research indicates that HCC accounts for approximately 85% of patients diagnosed with liver cirrhosis. Its 5-year survival rate is only 18%, second only to pancreatic cancer (Asafo-Agyei and Samant, 2021). With the improvement of the treatment level for HCC, a variety of treatment options such as liver transplantation, surgical removal, systemic therapy and liver targeted therapy are constantly enhanced and created. At present, only surgical treatment is considered as a potential radical treatment for HCC. But only 15% of HCC patients have the opportunity to have surgery, most patients are found in the advanced stage (Roxburgh and Evans, 2008). Sorafenib is the only systemic medication approved by the FDA for advanced HCC. However, because of the overexpression of dihydropyrimine dehydrogenase, the multi-drug resistance gene MDR-1and p-glycoprotein gene products, HCC is regarded a chemotherapy-resistant tumour, and how to execute effective chemotherapy is still a major difficulty (Soini et al., 1996; Jiang et al., 1997; Kato et al., 2001).
Seven essential characteristics of cancer have been identified as crosstalk between cells and immune cells, self-sufficiency of signals for growth, unrestricted replication potential, apoptosis avoidance, growth signals insensitivity and continuous angiogenesis and invasion/metastasis of tissue (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011). Tumor cells, immune cells, stromal cells, endothelial cells, and cancer-related fibroblasts are all found in the tumour microenvironment (TME), according to current research. Malignant tumour cells can evade immune monitoring and kill, as well as impair the human body, via a range of intricate ways (Hanahan and Weinberg, 2011). Due to the limitations of traditional chemotherapy regimens in the treatment of HCC, a variety of immunotherapy methods for HCC have been developed. Immunotherapy mostly employs immune cells within or outside of the TME to specifically target and assault cancer cells, with the benefits of high specificity and low side effects (Yost et al., 2019). More crucially, thanks to advances in tools such as mass spectrometry and single-cell RNA sequencing, We can map immunological cells in TMEs at the single-cell level (Spitzer and Nolan, 2016; Zheng et al., 2017; Papalexi and Satija, 2018; Wang et al., 2019a). We outline the significance of tumor-associated immune cells in the HCC tumour microenvironment and highlight their relevance in HCC cancer immunotherapy in this study.
THE IMMUNE CELLS IN TME
Tumor-associated immune cells are broadly classified into two types: tumor-promoting immune cells and tumor-antagonistic immune cells. At different stages of tumour formation, these two types of cells play different functions and impact each other (Figure 1). Because the significance of tumor-associated B cells in tumour growth is debatable, we shall introduce B cells additionally.
[image: Figure 1]FIGURE 1 | A schematic overview of the most important mechanisms and interactions of the tumor microenvironment. Tumor cells interact with other cells in various ways. CSC indicates cancer stem cell, ECM indicates extracellular matrix, CTL indicates cytotoxic T lymphocytes.
TUMOR-ANTAGONIZING IMMUNE CELLS
Effector T Cells
Current studies suggest that CD8+ cytotoxic T cells (CTLs) are the main lymphocytes that kill cancer cells. When CD8+ T cells recognize antibodies on DC, CD80−CD86 and CD70 ligands on DC connect to CD27 and CD28 receptors on CD8+ T cells, and CD8+ T cells are modified to become cytotoxic effector CD8+ T cells (Tanaka et al., 1999; Farhood et al., 2019). Furthermore, CD4+ T cells can activate CD8+ T cells through CD40−CD40L interaction, and CD4+ T cells can produce IL-2 to enhance CD8+ T cell proliferation. CD4+ T cells are also important in the maturation of CD8+ T cells into memory cells (Bennett et al., 1997; Mackey et al., 1997; Bennett et al., 1998; Mackey et al., 1998; Schoenberger et al., 1998; Bourgeois et al., 2002; Cheng et al., 2002; Borst et al., 2018). CTL kills target cells through granular exocytosis and apoptotic induction mediated by FasL ligand (FasL) in working state. CTL can also produce interferon- (IFN-) and tumour necrosis factor (TNF-) to cause cancer cell cytotoxicity (Farhood et al., 2019). Activation and regulation of CTL requires signals from T cell receptors (TCR) and immune checkpoints (Rogler et al., 1999). For example, cancer cells inhibit CTL activity through the expression of a ligand that binds to an inhibitory checkpoint, such as PD-L1 (Iwai et al., 2002). A significant number of studies have established the function of CD8+ T cells and CD4+ T cells in the formation and progression of HCC, including diagnosis/treatment/prognosis, and so on.
Chang et al. 's study confirmed that NanoMnSor improves the effectiveness of anti-PD-1 antibodies and whole-cell cancer vaccine immunotherapy by encouraging macrophage polarization to an immunostimulating M1 phenotype, decreasing hypoxica-induced tumor infiltration of tumor-associated macrophages, and raising the number of CD8 cytotoxic T cells in tumors, thereby reprogramming immunosuppressive TME (Chang et al., 2020). Xie et al. 's research proposed that PD-L1 overexpression is mostly triggered by pre-existing activated CD8 (+) cytotoxic T cells in the HCC environment, rather than being produced constitutively by tumor cells, and that it is a good prognostic factor for HCC (Xie et al., 2016). The frequency of circulating PD-1 (+) CD8 (+) T cells increases as the illness develops from LC to HCC. PD-1 expression was shown to be much higher in tumor-infiltrating CD8 (+) T cells. In vitro, CD8 (+) T cells promoted the production of PD-L1 on HCC cells in an IFN-dependent way, increasing CD8 (+) T cell death, whereas inhibiting PD-L1 reversed this effect (Shi et al., 2011).
Both in vitro restimulation and in vivo depletion studies have indicated that CD4+ and CD8+ lymphocytes contribute to anticancer activity. ASPH activation resulted in considerable production of antigen-specific CD4+ T cells in PBMC from healthy volunteers and HCC patients (Shimoda et al., 2012). Lack of recovered CD19+, CD3+, CD4+, and especially CD8+ T cells is associated with poor survival in patients (Carr and Metes, 2012). Zhou et al. ‘s revealed that antibodies against CD274 (PD-L1), LAG3, or TIM3 boost CD4+ and CD8+ TIL proliferation and cytokine secretion in response to polyclonal antigens or TAA stimulation (Zhou et al., 2017). More research results on the effect of Effector T cells in HCC are summarized in Table 1. It is clear that Effector T cells play a critical role in the immunological milieu of HCC. Many studies have shown that targeting these cells is effective in patients with HCC.
TABLE 1 | The immune cells in TME: Effector T cells.
[image: Table 1]NK Cells
NK cells are an essential anti-tumor immune cell that primarily mediates immune surveillance of malignancies. It performs a similar function as CD8+ T cells: NK cells regulate the killing response of tumor cells by releasing perforin and granulein, triggering apoptosis in target cells. In addition, to improve their anticancer activity, NK cells can produce proinflammatory cytokines and chemokines (Voskoboinik et al., 2006; Guillerey et al., 2016; Habif et al., 2019). Existing studies have confirmed the value of NK cells in the development, targeted therapy, prognosis of HCC. Sprinzl et al. 's research confirmed that Sorafenib can promote the pro-inflammatory response of tumor-associated macrophages in HCC, and then activate the anti-tumor NK cell response through the cytokine and NF-κB pathway (Sprinzl et al., 2013). Senescence monitoring necessitates the recruitment and maturation of CCR2 myeloid cells, and CCR2 deficiency promotes HCC growth. Conversely, HCC cells suppress the maturation of recruited myeloid progenitors, which promotes mice HCC growth and worsens prognosis and survival in human HCC patients via NK cell inhibition (Eggert et al., 2016). Kohga et al. 's revealed that natural killer (NK) cells had stronger cytolytic activity on ADAM9KD-HCC cells than on control cells, and that this cytotoxicity is enhanced by the MICA/B and NK group 2, D pathways. Sorafenib treatment resulted in a decrease in ADAM9 expression in HCC cells, an increase in membrane-bound MICA expression, and a decrease in the quantity of soluble MICA. Sorafenib increased HCC cell NK sensitivity by boosting the expression of membrane-bound MICA (Kohga et al., 2010a). Table 2 summarizes current research on NK cells in HCC, confirming the importance of NK cells in immune escape and anti-HCC therapy.
TABLE 2 | The immune cells in TME: NK cells.
[image: Table 2]Dendritic cells
DC cells, as specialized antigen-presenting cells in the human body, can present antigens to T cells and produce costimulatory signals for T cell activation. According to the current study, mature DC cells can penetrate tumor cells and limit tumor incidence and progression. Under many severe conditions, this inhibition effect will be avoided by tumors through certain means. Therefore, targeting at DC cells, some studies have reported its role in the occurrence, development, immunotherapy, diagnosis and prognosis of HCC. For example, In mice, combining DC vaccination and PD-L1 inhibitor treatment can result in longer overall life, reduced tumor volume, and increased tumor cell apoptosis. As a new therapy method for HCC, combined treatment with DC vaccination and PD-L1 inhibitor may offer promising results (Teng et al., 2020). Ali et al. 's research clarified that the combination of PEI or RFTA with active antigen-specific immunotherapy using DCS is a promising approach to induce a sustained anti-tumor immune response aimed at reducing tumor recurrence and metastasis in patients with HCC. Table 3 summarizes the current role of DC cells in HCC.
TABLE 3 | The immune cells in TME: Dendritic cells.
[image: Table 3]M1-Polarized Macrophages
Another important type of immune cell in TME is macrophages derived from circulating monocytes, which can generally be divided into M2 polarization and M1 polarization (Figure 2). M1-polarized macrophages, for example, can create pro-inflammatory cytokines and reactive oxygen species/nitrogen to prevent the formation and progression of malignancies (Aras and Zaidi, 2017). There are limited investigations on the function of M1-polarized macrophages in HCC at the moment. Studies have shown that M1-polarized macrophages in the S3 subclass in HCC increased, and the prognosis was good. Memory B cells, Total B cells, M1 macrophages and T follicle helper cells, were linked with strong total immune cell infiltration into HCC, whereas resting mast cells, neutrophils, and NK cells were associated with poor infiltration (Rohr-Udilova et al., 2018). Table 4 summarizes the current role of M1-polarized macrophages in HCC.
[image: Figure 2]FIGURE 2 | M1/M2 model of macrophage activation. M1 cells exert an inflammatory phenotype and are involved in killing bacteria, viruses and tumor cells, while M2 cells are involved in killing encapsulated parasites, immunosuppression, angiogenesis, etc.
TABLE 4 | The immune cells in TME: M1-polarized macrophages.
[image: Table 4]TUMOR-PROMOTING IMMUNE CELLS
In the immune microenvironment of HCC, some cells could promote the occurrence and development of HCC, and we will review them one by one.
Regulatory T cells(Tregs)
Tregs play a vital role in immunological homeostasis and immune self-tolerance, and they can express the CD4+ marker and the Foxp3 marker (Samstein et al., 2012). Foxp3+ Treg acts as a switch for all levels of immune response, and its effects appear to be two-sided. First, Treg can inhibit harmful immune responses and thus inhibit the occurrence of autoimmune diseases (Berod et al., 2012). Second, Treg suppresses protective immune responses against invading pathogens or tumors, leading to further progression of the disease (Sakaguchi et al., 2010). How does Treg play a role in tumors, including how does Treg infiltrate and metastasize to tumor sites or how does Treg help tumors evade immune monitoring, has become a hot research topic in recent years. Many ideas have been put forward. Tregs were found in much higher numbers in HCC patients than in healthy controls. In addition, patients with high Treg(III) levels after TACE had a significantly lower progression-free survival than patients with low Treg(III) levels after TACE (Park et al., 2020). Other studies have shown that tumor Treg upregulated the expression of the glucocorticoid-induced tumor necrosis factor receptor (GITR). Treatment with soluble GITR ligand (GITRL) reduced inhibition caused by activated tumor infiltrating Treg and restored CD4+ CD25-T cell proliferation and cytokine production. (Pedroza-Gonzalez et al., 2013). In addition to that, the proportion of Tregs cells in HCC patients was significantly higher than that in healthy and cirrhosis controls, and was related to various clinical indicators of HCC patients. In HCC patients with BCLC stage C, the proportion of Treg cells was more pronounced than in BCLC stage B patients. One to 2 weeks after surgery, the fraction of Treg cells was much lower than before GSMS-TACE. Three to 5 weeks following surgery, the proportion of Treg cells continued to decline (Ren et al., 2021). Table 5 summarizes the most credible studies related to the role of Treg in HCC.
TABLE 5 | Tumor-promoting immune cells: Regulatory T cells.
[image: Table 5]Myeloid-Derived Suppressor cells
MDSC is thought to be a cancer-promoting immune cell in the HCC tumor microenvironment and was discovered a decade ago (Gabrilovich et al., 2007). MDSC is divided into granulocyte or multinuclear MDSC(PMN MDSC) and mononuclear MDSC(M-MDSC) (Veglia et al., 2018). MDSCs enhance angiogenesis by producing vascular endothelial growth factor (VEGF), actuator 2 and MMP9. They can also cause cancer cells to migrate to endothelial cells and encourage metastasis (Zhou et al., 2018a). MDSC also suppresses T cell activity by secreting immunosuppressive cytokines, inducible nitric oxide synthase, and argininase (Gabrilovich et al., 2012; Gabrilovich, 2017). MDSCs can have a dual influence on immune cells via distinct methods. B cells, T cells, DCs and NK cells, are all inhibited by MDSCs. MDSCs, on the other hand, can stimulate Th17 cells, Tregs, and TAMs, as well as tumor angiogenesis and metastasis (Figure 3). There has been a great deal of research on the processes through which MDSC supports the advancement of HCC, and many therapeutic pathways have been developed for MDSC as a target of HCC. For example, myeloid-derived suppressor cells (MDSCs) are drawn to the tumor microenvironment by PIWIL1-overexpressed HCC cells. MDSCs consumption reduced the proliferation and growth of PIWIL1-overexpressed HCC tumors. Complement C3 stimulates HCC cell secretion via PIWIL1 and mediates the contact between HCC cells and MDSC via p38 MAPK activation in MD38, and then initiates the expression of immunosuppressive cytokine IL10. PIWIL1, which is expressed by tumor cells, could be a viable target for the development of new HCC treatments (Wang et al., 2021a). Tumor-infiltrating LY6G MDSCs from orthotopic liver tumors treated with sorafenib dramatically increased CD4 T cells expressing IL-10 and TGF-and decreased CD8 T cell cytotoxicity. In vitro, IL-6 protects LY6G MDSC from sorafenib-induced cell death. Combining sorafenib and anti-IL-6 antibody or anti-LY6G antibody dramatically decreased the cell proportion of LY6G MDSCs in orthotopic liver tumors, synergistically boosted sorafenib’s therapeutic efficacy and increased T cell proliferation (Chang et al., 2018). Icaritin blocks MDSC production by blocking the attenuation of EMH, thereby inhibiting the immunosuppressive effect of the tumor, thereby triggering an anti-tumor immune response. Therefore, Icaritin can be used as a new adjuvant or even as an independent therapeutic agent for the effective treatment of HCC(Tao et al., 2021). In Table 6, we show the relevant role of MDSC in HCC immune microenvironment in recent years.
[image: Figure 3]FIGURE 3 | The mechanism of MDSC-mediated immunosuppression. MDSC inhibits the functions of DC, T cells, B cells and NK cells by secreting various cytokines, while promoting the functions of Th17, Treg, TAMs cells, and can promote angiogenesis and metastasis.
TABLE 6 | Tumor-promoting immune cells: Myeloid-derived suppressor cells.
[image: Table 6]Cancer-Associated fibroblasts
CAF is not an immune cell, but it plays an important role in the tumor microenvironment, so we will introduce it in detail here. CAF exists as a prominent component of the tumor stroma between various inflammatory cells and components in the tumor microenvironment (Kalluri, 2016). As a result, CAF possesses functions that normal fibroblasts do not. A vast number of prior studies have demonstrated that CAF plays a critical function in changing the tumor microenvironment and driving the development of a variety of cancers (Jiang et al., 2017a; Zhao et al., 2017a; Deng et al., 2017; Pistore et al., 2017). CAF is also significant in HCC. Many studies have revealed the great role of CAF in the pathogenesis, progression, prognosis, treatment and other aspects of HCC. CAF-derived cardioctonutrient-like cytokine 1 (CLCF1) has been found in studies to stimulate the release of TGF-β and CXCL6 in tumor cells, consequently increasing tumor stem cell development in HCC-TME (Song et al., 2021). Other research have found that CCN2, EMA, and FAP expression may be involved in the activation of CAF in HCC, resulting in aggressive behavior. The substantial association between EMA-expressing tumor cells and FAP-expressing CAF, as well as their topographical proximity, suggests that there may be interplay between tumor epithelial and stromal cells in the HCC tumor microenvironment (Kim et al., 2014). Table 7 summarizes the current role of CAF in HCC.
TABLE 7 | Tumor-promoting immune cells: cancer-associated fibroblasts.
[image: Table 7]M2-Polarized Macrophages
M2 polarized macrophages, as opposed to M1 polarized macrophages, have anti-inflammatory and pro-tumor actions (Figure 4). M2 macrophages are further differentiated into M2a, M2b, M2c, and M2d subsets. Th2 cytokines such as IL-13 and IL-4 can trigger macrophage transformation to the M2A phenotype, whereas TLR and immune complex activation induces M2B macrophages, the M2C subtype polarized by IL-10 (Hao et al., 2012; Sica and Mantovani, 2012). Despite the fact that there have been few research on M2-polarized macrophages in HCC, the function of them in the occurrence and development of HCC has been confirmed. According to several studies, arsenite raises miR-15b levels and causes M2 polarization in THP-1 cells. Increased miR-15b in Evs transfer from arsenite-treated THP-1 (AS-THP-1) cells to HCC cells via miR-15b. By targeting LATS1, it can reduce Hippo pathway activation while still accelerating the invasion and metastasis of growing HCC cells (Li et al., 2021). The potential therapeutic potential of M2 polarized macrophages has also been pointed out that Tumor cell-derived Wnt ligands induce M2-like polarization of TAM via traditional Wnt/-catenin signaling, resulting in tumor migration, development, immunosuppression and metastasis in HCC(Yang et al., 2018a). We summarize the current relevant research progress in Table 8.
[image: Figure 4]FIGURE 4 | The different ways that TAM supports tumor growth. TAM promotes tumor proliferation, invasion, angiogenesis, and immune escape through various methods.
TABLE 8 | Tumor-promoting immune cells: M2-polarized macrophages.
[image: Table 8]THE CONTROVERSIAL IMMUNE CELL TYPE IN CANCER: B CELLS
One type of immune cells that cannot be ignored in the HCC tumor microenvironment is B cells. According to the current relevant studies, it is not clear whether B cells are “good” or “bad”. Some studies have reported that B cells promote HCC, while others have reported the opposite effect. B cells, on the one hand, release cytokines that comport with CTL activity and serve as potent antigen-presenting cells (APCs). On the other hand, they may be tumorigenic due to the production of cytokines that attract MDSC and promote angiogenesis (de Visser et al., 2005; Tsou et al., 2016). Studies have shown that CCL20 derived from tumor cells interacts with CD19CD5 B cells overexpressed by CCR6 to promote the development of HCC, possibly through enhanced angiogenesis (He et al., 2017). Liu et al. 's study confirmed that Selective recruitment of CXCR3 (+) B cells Bridges the pro-inflammatory interleukin-17 response and the polarization of tumorigenic macrophages in the tumor environment, and blocking the migration or function of CXCR3+ B cells may help to overcome HCC (Liu et al., 2015). Therefore, B cells are involved in both the development and inhibition of HCC. Table 9 highlights the most recent reliable research on the involvement of B cells in HCC.
TABLE 9 | The controversial immune cell type in cancer: B cells.
[image: Table 9]CONCLUSIONS AND PERSPECTIVES
With the development of single-cell sequencing and other technologies, we have the opportunity to further explore TME. Immunotherapy, a new tumor treatment method, also has a better and broader application prospect. However, at present, it is still too early for immunotherapy to replace traditional chemotherapeutic therapy, and there is still a long way to go in the process of clinical application. However, immunotherapy can be regarded as a good alternative therapy for patients with chemotherapy resistance. As mentioned in this paper, immunotherapies for tumor suppressor related immune cells, such as effect DCs, as well as tumor promoting immune cells, such as MDSC/Treg, are being developed one after another.
Compared with traditional chemotherapy, immunotherapy has many advantages. For example, immunotherapy has fewer overall side effects than chemotherapy and, once effective, may lead to long-term survival and even clinical cure. In addition, immunotherapy can be used as an important anti-tumor adjuvant therapy in addition to chemotherapy, radiotherapy and surgery. Appropriate immunotherapy can kill the tiny residual tumor cells after chemotherapy or some tumor cells resistant to chemotherapy. Immunotherapy should be considered for patients who are intolerant to chemotherapy or have extensive metastasis and cannot undergo surgery, radiotherapy or chemotherapy (Yang, 2015).
At present, the mainstream immunotherapy mainly includes CAR T therapy/immune checkpoint inhibitor therapy (PD-1, PD-L1, etc.)/tumor vaccine. CAR-T is the T cells, biological engineering, when the cancer has an immune deficiency, immune surveillance, give play to the role of the case, through the biological engineering to determine the targets of leukemia, it specifically chimeric in T cells, to attack the leukemia cells, the effect is significant, but easy to appear “storm” cells, serious and even cause death (Feins et al., 2019). Immune checkpoint inhibitor therapy has the advantage of long-term survival and relatively small adverse reactions. This therapy activates tumor-specific immune cells in the body by removing or attenuating the negative regulatory factors of immunoreactive cells, but it is not suitable for all patients. The higher the mutation load, the better the treatment response. Therefore, biomarkers should be used to screen the dominant population. The most common predictive indicators of PD-1/PD-L1 immune checkpoint inhibitors are microsatellite instability, PD-L1 and tumor mutation load (Pinato et al., 2019). The treatment of cancer vaccines is still incomplete.
Immunotherapy is not the end of tumor therapy; on the contrary, tumor immunotherapy represented by immune checkpoints has just opened a new chapter in tumor therapy. Combined with the basic and characteristics of immunotherapy, with the deepening of human understanding of tumors, tumors as a chronic disease that can be cured are no longer so far out of reach.
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Radiofrequency ablation (RFA) is an important strategy for treatment of advanced hepatocellular carcinoma (HCC). However, the prognostic indicators of RFA therapy are not known, and there are few strategies for RFA sensitization. The transcription factor sterol regulatory element binding protein 1 (SREBP)-1 regulates fatty-acid synthesis but also promotes the proliferation or metastasis of HCC cells. Here, the clinical importance of SREBP-1 and potential application of knockdown of SREBP-1 expression in RFA of advanced HCC was elucidated. In patients with advanced HCC receiving RFA, a high level of endogenous SREBP-1 expression correlated to poor survival. Inhibition of SREBP-1 activation using a novel small-molecule inhibitor, SI-1, not only inhibited the aerobic glycolysis of HCC cells, it also enhanced the antitumor effects of RFA on xenograft tumors. Overall, our results: (i) revealed the correlation between SREBP-1 and HCC severity; (ii) indicated that inhibition of SREBP-1 activation could be a promising approach for treatment of advanced HCC.
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Introduction

Radiofrequency ablation (RFA) is an important local therapeutic strategy for advanced hepatocellular carcinoma (HCC) (1–3). For patients with advanced HCC who are not suitable for resection, RFA can damage HCC tissue accurately and minimize damage to healthy liver tissue (4–6). RFA is considered to have several advantages, but its application can pose two major problems. First, incomplete RFA can change the characteristics of HCC tissue (e.g., induce epithelial–mesenchymal transition (EMT) of HCC tissue) and induce the recurrence and metastasis of HCC (7, 8). Second, the prognosis of HCC patients after RFA is not known (9–11). Hence, research on RFA against HCC is important.

A very high uptake of glucose mediates the aberrant metabolism of HCC cells (12, 13). This feature participates in regulation of the physical processes HCC cells, including proliferation, metastasis, EMT, or the resistance of HCC cells to antitumor therapies (14–16). Therefore, aberrant glucose metabolism in HCC cells could be a useful target to enhance the sensitivity of HCC to antitumor therapies.

Increasing evidence has revealed that lipid metabolism plays an important part in the high capability of HCC cells to uptake glucose (17–19). Almost 60% of the glucose taken up by HCC cells is used for the synthesis of fatty acids (17–19). Sterol regulatory element binding protein (SREBP)-1 is the most important transcription factor in lipid metabolism (20–22). In HCC cells, SREBP-1 mediates the transcription of genes related to the syntheses of fatty acids and triglycerides (17–19). Inhibition of activation of SREBP-1 via small-molecule inhibitors or small interfering (si)RNAs of SREBP-1 not only reduces the syntheses of fatty acids and triglycerides, it also inhibits glucose uptake (23, 24). In the present work, the results indicated that SREBP-1 is a promising target for RFA treatment. Inhibiting of SREBP-1 via its small molecular inhibitor SI-1 (SREBP-1 inhibitor) enhanced the sensitivity of HCC cells to RFA. This study not only expands our understanding of SREBP-1, but also provides new enlightenment for RFA treatment of HCC.



Materials and Methods


Clinical Samples and Cell Lines

Eighty-one patients with advanced HCC who underwent RFA were included in the present work. The protein samples extracted from these clinical specimens were provided by Professor Hui Xie (Beijing 302nd Hospital, Beijing, China), as described previously (25). These tissue specimens have been prepared as samples for SDS-PAGE. The baseline information of patients were shown as Supplemental Table 1. The actual situation is: the sample used for western blot detection, the character is the sample extracted by SDS-PAGE loading buffer (Use PCR tubes for aliquoting), stored at -80 degrees; it is frozen and mailed by dry ice preservation and ultra-low temperature.

For cell lines, L-02 (hepatic non-tumor cell line) and HCC cells lines were gifts from Prof. and Dr. Fan Yin in the Department of Oncology, The Second Medical Center & National Clinical Research Center of Geriatric Disease, Chinese PLA General Hospital, Beijing, China and employed as described in the previous publication (26). They were cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum at 37°C in an atmosphere of 5% CO2.

In the presence work, all studies do not involve clinical trials and do not directly use patient-sourced materials. Possible human related may include some biochemical reagents and cell lines, which have been approved by the Fourth Affiliated Hospital of China Medical University.



Western Blotting and Survival Analyses

SREBP-1 expression in clinical specimens was measured by western blotting. The expression level of SREBP-1 was examined in the total protein samples extracted from the clinical specimens. The antibodies used against SREBP-1 and methods of western blotting were as described in our previous publication. SREBP-1 expression was measured by quantitative analysis of western blots via images J (27, 28). Patients were divided into a SREBP-1 high-level group or SREBP-1 low-level group according to the median value of SREBP-1. Various parameters associated with SREBP-1 expression were assessed: time to disease progression (TTP) post-RFA; overall survival (OS); clinical efficacy response (CER)/overall response rate [i.e., complete response (CR) + partial response (PR)]; disease-control rate (DCR) [i.e., CR + PR + stable disease (SD)] (29, 30).



Small-Molecule Inhibitor of SREBP-1

A small-molecule inhibitor of SREBP-1, 1-(4-bromophenyl)-3-(pyridin-3-yl)urea, was chemically synthesized (1H NMR (400 MHz, DMSO-d6) δ(ppm): 8.90 (d, J = 29.0 Hz, 2H), 8.58 (d, J = 2.6 Hz, 1H), 8.17 (dd, J = 4.7, 1.8 Hz, 1H), 7.98–7.87 (m, 1H), 7.43 (d, J = 2.1 Hz, 4H), 7.29 [(dd, J = 8.2, 4.7 Hz, 1H), MS m/z (M + H)+: 292.41] was also gifts from Prof. and Dr. Fan Yin in the Department of Oncology, The Second Medical Center & National Clinical Research Center of Geriatric Disease, Chinese PLA General Hospital, Beijing, China. The SREBP-1 inhibitors fatostatin (catalog number: S9785) and betulin (S4754) were purchased from Selleck Chemicals (Houston, TX, USA). The powder of SI-1, fatostatin, or betulin was prepared as described in the previous publications (31–34). HCC cells were cultured and treated with the indicated concentrations of agents, and harvested for real-time reverse transcription-quantitative polymerase chain reaction (RT-qPCR), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, or biochemical analyses.



Subcutaneous Tumor Model and RFA

For the animal experiments (the usage of nude mice) were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of China Medical University. MHCC97-H cells were cultured and injected into nude mice (4–6 weeks; Si-Bei-Fu Corporation, Beijing, China) to form subcutaneous tumors (35, 36). The volume of each subcutaneous tumor was measured as width × width × length/2. When the volume of the subcutaneous tumor formed by MHCC97-H cells reached 500 mm3, nude mice underwent treatment (SI-1, RFA, or RFA + SI-1) (37).

For the RFA group, the subcutaneous tumor underwent RFA using a thyroid-ablation needle (UniBlate 700-103587 17G; RITA, Crystal Lake, IL, USA) at the indicated temperature (50°C, 55°C, 60°C, or 65°C) for 2 min. For the SI-1 group, nude mice received SI-1 (5, 2, 1, 0.5, or 0.2 mg/kg) via the oral route. For the RFA + SI-1 group, nude mice underwent RFA (50°C for 2 min) followed by administration of SI-1 (1 mg/kg bodyweight) (37). Tumor weights were measured using a precision balance.



Real-Time RT-qPCR

MHCC97-H cells were cultured and treated with the indicated concentration (30, 10, 3, 1, 0.03, 0.01, or 0.003 μmol/L) of SI-1, botulin, or fatostatin. Tumor tissues were harvested for the subcutaneous tumor model (35, 36). The total RNA of cells or tumor tissues was extracted and reverse-transcribed into complimentary (c)DNA according to manufacturer (Thermo Fisher Scientific, Waltham, MA, USA) instructions and the methods described in our previous publications. cDNA samples also underwent real-time RT-qPCR according to a system from Thermo Fisher Scientific (38–40). The primers used in the qPCR were: (1) ACC, Forward Sequence, 5’-TTCACTCCACCT TGTCAGCGGA-3’; Reverse Sequence 5’-GTCAGAGAAGCAGCCCATCACT-3’; (2) ACLY, Forward Sequence, 5’-GCTCTGCCTA TGACAGCACCAT-3’; Reverse Sequence, 5’-GTCCGATGATGGTCACTCCCTT-3’; (3) FASN, Forward Sequence, 5-TTCTACGGCTCCACGCTCTTCC-3’; Reverse Sequence, 5’-GAAGAGTCTTC GTCAGCCAGGA-3’; (4) ACS, Forward Sequence, 5’-ATCAGGCTGCTCATGGATGACC-3’; Reverse Sequence, 5’-AGTCCAAGAGCCATC GCTTCAG-3’; (5) GLUT1, Forward Sequence, 5’-TTGCAGGCTTCTCCAACTGGAC-3’; Reverse Sequence, 5’-CAGAACCAGGAGCAC AGTGAAG-3’; (6) LDHA, Forward Sequence, 5’-GGATCTCCAACATGGCAGCCTT-3’; Reverse Sequence, 5’-AGACGGCTTTCTCCCT CTTGCT-3’; (7) HIF1α, Forward Sequence, 5’-TATGAGCCAGAAGAACTTTTAGGC-3’; Reverse Sequence, 5’-CACCTCTTTTGGCAA GCATCCTG-3’; (8) EPAS-1, Forward Sequence, 5’-CTGTGTCTGAGAAGAGTAACTTCC-3’; Reverse Sequence, 5’-TTGCCATAGGCTG AGGACTCCT-3’; (9) N-cadherin, Forward Sequence, 5’-CCTCCAGAGTTTACTGC CATGAC-3’; Reverse Sequence, 5’-GTAGGATCTCCGCC ACTGATTC-3’; (10) Vimentin, Forward Sequence, 5’-AGGCAAAGCAGGAGTCCACTGA-3’; Reverse Sequence, 5’-ATCTGGCGTTCCAGGGACTCAT-3’.



Biochemical Analyses

Assays for measurement of glycolytic activity were carried out in HCC cells and tumor tissues (26, 41–43). We used kits for glucose uptake (colorimetric; ab136955; Abcam, Cambridge, UK), lactate (Lactate-Glo™; Promega, Fitchburg, WI, USA), adenosine triphosphate (colorimetric/fluorometric; ab83355; Abcam), and lactate dehydrogenase (LDH; MAK066; Sigma–Aldrich, Saint Louis, MO, USA). The results are shown as heatmaps following the methods described by Zhou et al., 2020 (44).



Statistical Analyses

SPSS 9.0 (IBM, Armonk, NY, USA) was used for statistical analyses. Origin 6.0 (OriginLab, Northampton, MA, USA) was employed to calculate the half-maximal inhibitory concentration (IC50) of agents (45, 46). The Student’s t-test (single-tail) was used to compare two categorical variables. P < 0.05 was considered significant.




Results


A High Level of Endogenous SREBP-1 Is Associated With a Poor Outcome After RFA

SREBP-1 expression in clinical specimens was measured to reveal the roles of this transcription factor in HCC and the effect of SREBP-1 on RFA when treating HCC. The prognosis of patients with a low SREBP-1 level (SREBP-1 low group, n=37) who received RFA was much better compared with that of patients with a high SREBP-1 level (SREBP-1 high group, n=37) who received RFA: the post-RFA TTP or OS of patients with a low SREBP-1 was much longer compared with that of patients with a high level of SREBP-1 (Figure 1 and Table 1) (P<0.05). Moreover, patients with a low SREBP-1 level also had better CER (CR+PT) and DCR (CR+PR+SD) compared with those of patients with a high SREBP-1 (Table 1) (P<0.05). Therefore, a high level of SREBP-1 was associated with a poor prognosis of patients with advanced HCC who received RFA.




Figure 1 | The correlation between SREBP-1’s expression with the prognosis of HCC patients post RFA. HCC tumor tissue obtained by coaxial puncture, using WB to detect the expression level of SREBP-1 in the tissue. (A) Representative images of WB results of 5 patients in the high expression group and 5 patients in the low expression group. (B) The results of WB were quantitatively analyzed by Image J software, and the relative expression level was calculated with the result of one of the specimens as unit 1. Divide patients into two groups based on the median relative expression level (SREBP-1 high group; SREBP-1 low group). (C, D) For SREBP-1 high group and SREBP-1 low group patients, combined with clinical data for survival analysis to determine the patient’s OS and TTP. *P < 0.05.




Table 1 | SREBP1 expression and clinical outcome of sorafenib treatment.





SI-1 Inhibited SREBP-1 Activation in MHCC97-H Cells

To explore the potential strategies targeting SREBP-1, a small-molecule inhibitor of SREBP-1, SI-1, was developed (Figure 2). In MHCC97-H cells (a typical HCC cell line with a high level of endogenous SREBP-1), SI-1 could inhibit SREBP-1 activation in a dose-dependent manner: SI-1 inhibited mRNA expression of the downstream genes of SREBP-1 (ACC, ACLY, FASN and ACS) (Table 2). Moreover, SI-1 inhibited Warburg effect-related features (glucose uptake, LDH activity, increased production of lactate and adenosine triphosphate), and expression of metabolism and hypoxic stress-related genes (GLUT1, LDHA) in the dose-dependent manner. EMT is an important regulator of the resistance of HCC cells to antitumor strategies. Hence, expression of the EMT-related indicators Twist, Snail, N-cadherin, and vimentin was examined. SI-1 inhibited EMT of MHCC97-H cells in a dose-dependent manner (Table 2). IC50 for SI-1 was much lower than that of the SREBP-1 inhibitors fatostatin or betulin (Table 2), which suggested that SI-1 was a more potent inhibitor of SREBP-1 activation than fatostatin or betulin.




Figure 2 | The structure of SI-1, a novel inhibitor of SREBP-1.




Table 2 | The activation of SI-1 compared with the Betulin or Fatostatin.





The Optimal Condition of SI-1 or RFA on Tumors Formed by MHCC97-H Cells

The results stated above suggested SREBP-1 to be a promising target to enhance the effects of RFA against HCC. Therefore, to explore a therapeutic strategy combining SI-1 and RFA, the optimal condition of SI-1 or RFA was examined in subcutaneous tumors formed by MHCC97-H cells in nude mice. RFA carried out at 65°C for 2 min could lower the volume of HCC tissue significantly (Figures 3A–E). The RFA conditions of 60°C for 2 min or 55°C for 2 min also shrank HCC tissues (Figures 3A–E). RFA carried out at 50°C; for 2 min reduced HCC tissues only slightly but induced EMT of HCC cells in tumor tissues: increased expression of two mesenchymal markers (N-cadherin and vimentin) suppressed expression of an epithelial marker (E-cadherin) (Figure 3F). Therefore, RFA at 50°C for 2 min was chosen as the optimal condition of RFA for the next experiment.




Figure 3 | The in vivo antitumor activation of RFA on MHCC97-H cells. The MHCC97-H cells were cultured and injected into the subcutaneous position to form the subcutaneous tumor tissues. Then, the tumor tissues were performed by the RFA (65°C, 60°C, 55°C, 50°C) for 2min. The results were shown as images of tumors (A), the tumor volumes (B), the inhibitory rates according to the tumor volumes (C), the tumor weights (D), the inhibitory rates according to the tumor weights (E), and the heat-map (F). *P < 0.05.



Oral administration of SI-1 inhibited the subcutaneous growth of MHCC97-H cells in a dose-dependent manner (Figures 4A–E). SI-1 (0.5–5 mg/kg) inhibited the subcutaneous growth of MHCC97-H cell (Figures 4A–E). SI-1 (0.2 mg/kg) could not exert antitumor activity but could significantly inhibit SREBP-1 activation (Figure 4F), the Warburg effect in HCC cells in tumor tissues (Figure 4F), or EMT (Figure 4F). Therefore, SI-1 (0.2mg/kg) was chosen for the next experiment.




Figure 4 | The in vivo antitumor activation of SI-1 on MHCC97-H cells. The MHCC97-H cells were cultured and injected into the subcutaneous position to form the subcutaneous tumor tissues. Then, the mice were received the SI-1 (5mg/kg, 2 mg/kg, 1 mg/kg, 0.5 mg/kg, 0.2 mg/kg) via oral administration. The results were shown as images of tumors (A), the tumor volumes (B), the inhibitory rates according to the tumor volumes (C), the tumor weights (D), the inhibitory rates according to the tumor weights (E), and the heat-map (F). *P < 0.05.





SI-1 Enhanced the Antitumor Effect of RFA Upon HCC

A combination of SI-1 (which represses SREBP-1 activation) and RFA on HCC was examined further. SI-1 (0.2 mg/kg) enhanced the antitumor effect of RFA (5°C for 2 min) (Figure 5). Use of SI-1 alone or RFA alone did not have a significant antitumor effect. The combination of SI-1 with RFA induced significant shrinkage of tumor volume (Figures 5A–E). SI-1 treatment also inhibited EMT of HCC cells in tumor tissues induced by RFA at 50°C for 2 min (Figure 5F). Therefore, SI-1 enhanced the antitumor effect of RFA upon HCC.




Figure 5 | The in vivo antitumor activation of SI-1 with RFA on MHCC97-H cells. The MHCC97-H cells were cultured and injected into the subcutaneous position to form the subcutaneous tumor tissues. Then, the mice were received the RFA (50°C for 2min) or SI-1 (0.2 mg/kg) or RFA + SI-1. The results were shown as images of tumors (A), the tumor volumes (B), the inhibitory rates according to the tumor volumes (C), the tumor weights (D), the inhibitory rates according to the tumor weights (E), and the heat-map (F). *P < 0.05.






Discussion

Human malignancies (especially HCC) are often characterized by anaerobic glycolysis/Warburg effect (47–49). These features aid energy generation for cellular proliferation and participate in alteration of the tumor microenvironment (49–51). Lipid metabolism is closely related to glucose metabolism (26). Hence, knockdown of SREBP-1 expression could inhibit glucose uptake or anaerobic glycolysis. Yin et al. showed that downregulation of SREBP-1 expression by betulin could enhance the sensitivity of HCC cells to molecular-targeted agents (26). Here, we revealed the novel roles of SREBP-1 in HCC regulation: SREBP-1 was related to the resistance of HCC to RFA, and knockdown of SREBP-1 expression was a promising approach to enhance the sensitivity of HCC cells to RFA. To inhibit SREBP-1 activation, a novel small-molecule inhibitor of SREBP-1, SI-1, was synthesized. We discovered that a high level of SREBP-1 in clinical specimens was correlated with a poor prognosis of HCC patients after RFA. SI-1 could inhibit SREBP-1 as well as the anaerobic glycolysis and EMT of HCC cells. Treatment with SI-1 enhanced the antitumor effect of RFA on HCC cells. Therefore, targeting SREBP-1 could be valuable for HCC treatment using RFA.

RFA is the most common therapeutic strategy for advanced-stage HCC (52–54). RFA is considered to damage tumor tissues/lesions and elicit little damage to normal liver tissues/adjacent liver tissue (52–54). Nevertheless, RFA has three main limitations. First, research has suggested that incomplete RFA may induce cellular stress and lead to pathologic changes (e.g., EMT) (55, 56). Second, the temperature used for RFA cannot be increased indefinitely otherwise liver injury and incomplete RFA will occur (55, 56). Third, incomplete RFA may also induce EMT of HCC cells in tissue to promote HCC recurrence (55, 56). We showed that SREBP-1 expression was closely related to the prognosis of HCC patients treated by RFA, and that use of small-molecule inhibitors of SREBP-1 could also inhibit metabolism-related EMT. It has been demonstrated that metabolic abnormalities (e.g., anaerobic glycolysis) are closely related to drug resistance (including resistance to molecular-targeted drugs) and stress/injury response (e.g., endoplasmic reticulum stress). Our study links RFA, lipid metabolism, and sugar metabolism in cancer cells. Incomplete RFA is an important factor in RFA research/treatment. We simulated incomplete RFA on nude mice. The RFA condition of 50°C for 2 min did not inhibit the subcutaneous growth of MHCC97-H cells in nude mice. The tumor volume shrank if RFA was supplemented with SI-1 treatment. Hence, knockdown of SREBP-1 expression may exert a sensitizing effect on RFA against HCC. Simultaneously, SI-1 may inhibit EMT in HCC cells induced by incomplete RFA (50°C for 2 min). Hence, SI-1 could be employed to avoid the problems caused by incomplete RFA and to achieve lower RFA intensity in combination therapy to achieve more robust anti-tumor activity.

The structure of SI-1 that we synthesized was analyzed. Figure 6 shows the chemical structure core of SI-1. In this structure, R1 can be C1–C6 alkyl, C3–C10 cycloalkyl, C1–C6 alkoxy, C1–C6 alkylthio, C3–C10 cycloalkoxy, or C1–C6 alkylene groups, alkenynyl heterocycle, heterocycloalkyl, substituted heterocycloalkyl, aromatic ring, aromatic heterocycle, or benzo aromatic heterocycle, wherein the C1–C6 alkyl, aromatic ring, aromatic heterocycle, benzene, and aromatic heterocyclic ring is unsubstituted or substituted by 1, 2, 3, 4 or 5 independently substituents selected from –F, –Cl, –Br, –I, nitro, hydroxyl, amino, cyano, C1–C6 alkylthio, C1–C6 alkyl, C1–C6 alkenyl, C1–C6 alkynyl, C1–C6 alkoxy, or aromatic groups. The chemical structure of SI-1 can be modified in future studies.




Figure 6 | The core structure of SI-1. R1 and R2 refers to the position of the two substituents.



It has been confirmed that SREBP-1 is an important regulator of many liver diseases (57, 58). On the one hand, SREBP-1 plays an important role in metabolic diseases such as NAFLD (57, 59). On the other hand, SREBP-1 is also clearly regarded as a positive regulator of the occurrence and progression of HCC. In HCC cells, SREBP-1 can promote the proliferation, metastasis and invasion of HCC by promoting lipid metabolism and sugar metabolism (60–63). There are many reports on the molecular mechanism of SREBP-1 (19, 64–70). The activity of SREBP-1 is closely related to mTOR, c-MYC, AMPK and P38, and is also regulated by CAV1 (19, 64–70). These related studies have shown that SREBP-1 plays an important role in the occurrence and progression of HCC and is an ideal intervention target for HCC treatment.

Small molecule inhibitors are an ideal mode of action for specific targets (71–74). The existing SREBP-1 small molecule inhibitors are mainly Betulin, Pseudoprotodioscin and Fatostatin (75–77). In this study, a new SREBP-1 small molecule inhibitor SI-1 was prepared, and two existing inhibitors: Betulin and Fatostatin were used. The activity of SI-1 may be better than the two existing inhibitors. For these inhibitors, the main research report is to inhibit the activity of SREBP-1 as a tool in metabolism-related research. Betulin can exert anti-tumor activity in HCC (78–80). Pseudoprotodioscin and Fatostatin have been less studied in HCC, but it has also been clearly reported in other tumor types (81–84).
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Polysaccharides are the main active ingredients of ginseng. To extract the most effective polysaccharides against hepatocellular carcinoma (HCC), we isolated and characterized the polysaccharides from the mountain cultivated ginseng (MCG) and compared their composition and cytotoxic effect with cultivated ginseng (CG) polysaccharide against HepG2 cell lines for the first time. MCG polysaccharides and CG polysaccharides were fractionated into two fractions such as MTPS-1, MTPS-2 and CTPS-1, CTPS-2 by salting out, respectively. Compared to CG, MCG possessed appreciable cytotoxic effect against HepG2 cells among that MTPS-1 possess fortified effect. Then, MTPS-1 was selected for further isolation process and seven acidic polysaccharides (MCGP-1–MCGP-7) were obtained using ethanol precipitation, ion-exchange, and gel permeation chromatography techniques. Structural characteristics of the polysaccharides (MCGP-1–MCGP-7) were done by adapting methylation/GC-MS and NMR analysis. Overall, MCGP-3 polysaccharide was found to possess significant cytotoxic effect against HepG2 cells with the IC50 value.
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1 Introduction

Hepatocellular carcinoma (HCC) is one of the malignant tumors with poor prognosis and lower survival rate (1, 2). Among them, HCC accounts for more than 90% of liver cancer and has the characteristics of uncertain growth, invasion, and anti-apoptosis, which leads to drug resistance and treatment failure (3, 4). Therefore, it is still necessary to discover new and effective therapeutic drugs.

Panax ginseng Meyer is a well-known traditional Chinese medicine where the main components of this species are saponins and polysaccharides. The research on ginsenosides is relatively in-depth, however due to the molecular weight limitation, the studies on ginseng polysaccharides were limited. Nowadays, natural polysaccharides seek much attention among researchers due to their effectiveness and non-toxic nature (5–9). Recently polysaccharides from natural sources have been utilized as a drug to treat specific cancer owing to their substantial proliferation, migration, and apoptosis effect (10, 11).

Ginseng in the market is mainly classified into two grades: cultivated ginseng (CG) and mountain cultivated ginseng (MCG) (12). It has been pointed out in the literature that butanol-extracted wild ginseng (BX-MG) shows high anti-tumor activity by inhibiting the proliferation of HCC cells and inducing their apoptosis, which may be related to the presence of more saponins (13). However, there are no reports on the extraction and separation of MCG polysaccharides, structural analysis, and screening for anti-tumor activity. In this study, the monosaccharide composition and structure analysis of the polysaccharides from MCG were studied for the first time, and the anti-HCC activity of MCG polysaccharides was screened. In addition, the anti-HCC activity of MCG polysaccharide and CG polysaccharide were compared, and the relationship between the activity and structure of ginseng polysaccharide were briefly discussed.



2 Material and Methods


2.1 Materials

The roots of cultivated ginseng (5 years old) were collected from the Changbai Mountain, Huanren, Liaoning Province, China in February 2019. Mountain cultivated ginseng (MCG) roots were 15 years old, and the plants were grown at the Changbai Mountain, Huanren, Liaoning Province. 1-Phenyl-3-methyl-5-pyrazalone (PMP) was obtained from the Shanghai Macklin Biochemical Co., Ltd. (China). Monosaccharide standards including galacturonic acid (GalA), glucuronic acid (GlcA), glucose (Glc), rhamnose (Rha), arabinose (Ara), galactose (Gal), xylose (Xyl), and mannose (Man) were purchased from Wako (Japan). Molecular Weight of Dextrans were purchased from the Beijing Century Aoke Biotechnology Co., Ltd. (China). DMEM (Hyclone, UT, USA), FBS (Hyclone, Utah, USA), SRB (Rhodamine B, Jiangnanjie, China).



2.2 Methods


2.2.1 Extraction of Crude Polysaccharides

The dried roots of mountain-cultivated ginseng (2 kg) were decocted with distilled water (40 L) three times. All aqueous solutions were combined, concentrated under reduced pressure and precipitated by adding of 95% ethanol (4 volumes) at 4°C for 24 h to obtain crude mountain-cultivated ginseng polysaccharides (MTPS). MTPS was further deproteinated by using the Sevag method and de-starch with α-amylase. MTPS was prepared into 5% solution with 1.5 mol/L NaCl, stirred at 50°C for 4 h, and left at 4°C overnight (14). After centrifugation at 4,000 r/min for 10 min, the precipitation and supernatant were collected, respectively. The supernatant was dialyzed for 48 h and lyophilized to obtain salt-soluble polysaccharides (MTPS-1). The precipitation was dissolved with distilled water, dialyzed for 48 h and lyophilized to obtain salt-insoluble polysaccharides (MTPS-2). MTPS-1 was re-dissolved with distilled water then sub-fractionated by graded precipitation at final ethanol concentrations of 40, 50, 60, 70, and 80%, respectively. The five precipitation fractions of MCG polysaccharides were named MTPS-40, MTPS-50, MTPS-60, MTPS-70, and MTPS-80, respectively. MTPS-40 was further fractioned by a graded precipitation at different final ethanol concentrations, namely, 40, 60, and 80% (v/v), corresponding to the three sub-fractions assigned to MTPS-40 (I), MTPS-40 (II), and MTPS-40 (II).

The seven fractions were further purified by DEAE-52 column chromatography and gel column chromatography (Figure 1). The MCGP-1–MCGP-7 homogeneous polysaccharides were obtained from the seven fractions (MTPS-40 (I–II) to MTPS-80). Cultivated ginseng powder (200 g) was prepared in the same way as mountain-cultivated ginseng to obtain crude cultivated ginseng polysaccharide (CTPS), cultivated ginseng salt-soluble polysaccharides (CTPS-1), and cultivated ginseng salt-insoluble polysaccharides (CTPS-2). The total sugar content was determined by the phenol-sulfuric acid method at 490 nm with the standard of D-glucose (15). The protein content was determined by Bradford method at 595 nm with the standard of bovine serum albumin (BSA) (16).




Figure 1 | (A, B) Elution profiles of MCGP-1, MCGP-2 on a Sephadex G-25 column, (C–G) MCGP-3~MCGP-7 on DEAE-52 column, eluted with H2O and different concentration of NaCl, respectively.





2.2.2 Homogeneity, Molecular Weight and Monosaccharide Composition Determination

The homogeneity, molecular weight and monosaccharide composition analysis were performed according to the previous method (17).



2.2.3 Partial Acidic Hydrolysis

MCGP-3 (50 mg) and MCGP-4 (50 mg) were treated with 0.1 M TFA (20 ml) at 90°C. After hydrolysis for 1, 2, 4, 6, and 8 h, the hydrolysate (3 ml) was taken and dialyzed against distilled water using dialysis membrane (MWCO 3,500 Da), respectively. The solution inside and outside of the dialysis membrane were evaporated to dryness under reduced pressure, hydrolyzed, and their monosaccharide composition was analyzed (18).



2.2.4 Methylation and GC–MS Analysis

The method of Ciucanu and Kerek (19) was used for methylation analysis and the other details were referenced to the previous report (11). For the uronic acid-containing polysaccharide, the reduction of uronic acid was carried out according to the Feng method (20). Finally, after compared the linkages of native polysaccharide and reduced polysaccharide, the linkage of every residue was concluded.



2.2.5 NMR Spectroscopic Analysis

MCGP-3 and MCGP-4 were exchanged with deuterium by freeze-drying D2O (99.9 atom%) three times. The samples (20 mg) were finally dissolved in D2O. The 13C NMR (150 MHz) and heteronuclear single quantum coherence (HSQC) spectra were obtained on a Brucker Avance III HD 600 spectrometer (Germany).



2.2.6 Cell Viability Assay

HepG2 cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). HepG2 cells were cultured in DMEM medium containing 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin and placed in a 37°C incubator filled with 5% CO2 gas (21).

The activity screening of polysaccharides were determined using Sulforhodamine B (SRB) experiment (22). HepG2 cells was seeded into 96-well plates and treated with different concentrations of monomer compound/mixture for 48 h. After drug treatment, Cells were fixed with 50% TCA solution. The cells were stained with 0.4% SRB staining solution, and the optical density (OD) value was measured at 540 nm using a microplate reader (Elx 800 Bio-Tek, USA). Experiments were repeated at least three times.



2.2.7 Statistical Analysis

The data were displayed as means ± SEM. Statistical analysis was performed using GraphPad Prism 7.0 (SanDiego, CA, USA). To compare the differences between multiple groups, one-way analysis of variance (ANOVA) was performed in this software. P <0.05 indicated statistically significant.





3 Results


3.1 Extraction, Separation and Purification of P. ginseng Polysaccharide

The roots of MCG was decocted with distilled water and precipitated by alcohol, de-starch with α-amylase and deproteinized by Sevag method to obtain crude mountain-cultivated ginseng polysaccharides (MTPS). The MTPS was divided into salt soluble polysaccharide (MTPS-1) and salt insoluble polysaccharide (MTPS-2) by salting out. CG polysaccharides (CTPS) was prepared in the same way as MTPS, CTPS was divided into cultivated ginseng salt-soluble polysaccharides (CTPS-1) and cultivated ginseng salt-insoluble polysaccharides (CTPS-2) by salting out. MTPS-I was re-dissolved with distilled water then fractionated by graded precipitation at final ethanol concentrations of 40, 50, 60, 70, and 80%, respectively. The five fractions were further purified by DEAE-52 column chromatography and gel column chromatography to obtain seven homogeneous polysaccharides MCGP-1–MCGP-7. MCGP-1–MCGP-7 showed a single symmetric peak by HPGPC (Figure 2).




Figure 2 | HPGPC elution profiles of MCGP-1–MCGP-7. Elution profile of polysaccharides (MCGP-1–MCGP-7) from P. ginseng using HPGPC with a refractive index (RI) detector.





3.2 Monosaccharide Composition and Molecular Weight Distribution Analysis

The molecular weight, protein content, total sugar content and monosaccharide compositions of all the fractions from the CG and MCG are shown in Table 1. MCGP-1–MCGP-7 were mainly composed of GalA, Ara, Gal, Rha, and Glc. In addition, they contained small amounts of Man and GlcA. The ratios of Rha/GalA for MCGP-1, MCGP-3, MCGP-4, and MCGP-5 were 0.82, 0.38, 0.17, and 0.24, respectively, which are among the rhamnogalacturonan I (RG-I) range from 0.05 to 1.0 defined by Schols and Voragen (23). The average molecular weight was estimated in reference to the calibration curve of standard dextran. A calibration curve generated using the Log MW of the standard versus their retention time (RT) was obtained (Log MW = −0.5 RT + 9.5592, r2 = 0.9962).


Table 1 | Monosaccharide composition of MCGP-1–MCGP-7.





3.3 Methylation Analysis

Methylation analysis was performed to determine the linkage pattern of MCGP-3 and MCGP-4. The procedure involved derivation of the monosaccharide component of MCGP-3–MCGP-4 to PMAAs, which were analyzed by GC–MS. There were six types of PMAAs, namely, 2,3,4,6-Me4-Glcp, 2,3,6-Me3-Glcp, 2,3,4,6-Me4-Galp, 2,3,6-Me3-Galp, 3,4-Me2-Rhap, 2,3,5-Me3-Araf, 2,3-Me2-Araf, 2-Me-Araf, 2,3,4-Me3-Galp, and 2,4,5-Me4-Galp; which were assigned to Glcp-(1→, →4)-Glcp-(1→, Galp-(1→, →4)-Galp-(1→, →2)-Rhap-(1→, Araf-(1→, →5)-Araf-(1→, →3,5)-Araf-(1→, →6)-Galp-(1→ and →3,6)-Galp-(1→ residues, respectively.

Methylation results demonstrated that MCGP-3 mainly consisted of 1→linked Glcp (12.5%), (1→4)-linked Glcp (27.6%), 1→linked Galp (6.3%), (1→4)-linked Galp (12.8%), (1→2)-Rhap (6.53%), 1→linked Araf (12.9%), (1→5)-linked Araf (15.7%), and (1→3, 5)-linked Araf (13.2%). MCGP-4 mainly consisted of (1→4)-linked Glcp (6.8%), (1→6)-linked Galp (15.6%), (1→4)-linked Galp (10.92%), (1→3, 6)-linked Galp (15.27%), (1→2)-linked Rhap (9.72%), 1→linked Araf (12.76%), (1→5)-linked Araf (14.12%), and (1→3, 5)-linked Araf (9.27%), as shown in Table 2. Compared to MCGP-3 and MCGP-4, the carboxyl-reduced MCGP-3-R and MCGP-4-R showed an increase ratio of 1, 4-linked galactose, indicating that the galacturonic acid in MCGP-3 and MCGP-4 was 1, 4-linked.


Table 2 | Results of methylation analysis of MCGP-3 and MCGP-4.





3.4 Partial Acid Hydrolysis of MCGP-3 and MCGP-4

The hydrolysates of MCGP-3 and MCGP-4 from different hydrolysis times were analyzed by HPGPC. MCGP-3 was gradually hydrolyzed with different times, and the molecular weight of the remaining polysaccharide hydrolyzed at 8 and 6 h resembles same pattern, indicating that the core structures of MCGP-3 were not broken by acid hydrolysis, however, the side chains were gradually cleaved.

To investigate the core structures of MCGP-3 and MCGP-4, the hydrolysates present after 1, 2, 4, 6, and 8 h hydrolysis reactions were collected and separated via dialysis into two fractions. Fraction I contained the intact core, found in the dialysis membrane, and fraction II contained oligosaccharides and monosaccharides, found in the dialysate. In the remaining polymer of MCGP-3, Rha and GalA increased from 6.005 and 15.67% (MCGP-3-0 h) to 9.848 and 42.751% (MCGP-3-8 h-I), respectively; Ara and Gal decreased from 20.956 and 22.877 to 0.901% and 9.573, respectively. In the remaining polymer of MCGP-4, Rha and GalA increased from 4.53 and 26.74% (MCGP-4-0 h) to 6.54 and 62.43% (MCGP-4-8 h-I), respectively; Ara and Gal decreased from 20.11 and 39.74 to 1.73 and 17.65%, respectively. The changes in monosaccharide composition of the released monosaccharides and oligosaccharides were found to be consistent with those observed for the remaining polymer. These changes in monosaccharide composition indicated that after 8 h of hydrolysis, Ara was completely cleaved, Gal was partially hydrolyzed, and little of Rha and GalA were hydrolyzed, indicating that Ara was located on the surface of the molecules, Rha and GalA probably exist in the core of MCGP-3 or MCGP-4.



3.5 NMR Spectroscopy Analysis

1H, 13C NMR, and 2D NMR (HSQC) spectra were used to confirm the structure of MCGP-3 and MCGP-4. The NMR spectra were calibrated by D2O and the chemical shift of D2O was 4.79 ppm. From the 1H NMR spectrum of MCGP-3, the anomeric protons signals at 5.32, 5.28, 5.23, 5.14, 5.09, 5.08, 4.97, 4.95, 4.63, and 4.60 ppm were observed in 1H NMR spectrum (Figure 3). In the 13C NMR spectrum of MCGP-3 (Figure 4), anomeric carbon signals occurred at 109.09, 107.52, 107.07, 104.37, 100.32, 97.65, 92.22, 96.27, 99.50, and 99.65 ppm. The cross-peaks of 109.09/5.23, 107.52/5.08, 107.07/5.14, 104.37/4.63, 97.65/4.97, 100.32/4.95, 92.22/5.28, 96.27/4.60, 99.50/5.32, 99.65/5.09, and 99.65/5.09 ppm were observed in HSQC spectrum of MCGP-3 (Figure 5), which were assigned to residues of A, B, C, D, E, F, G, H, I, and J, respectively. The spectra of MCGP-3 were partially assigned on the basis of the HSQC experiment and by comparison with previous studies. The signals at H-1/C-1 109.09/5.23, 107.52/5.08, and 107.07/5.14 ppm were assigned to t-α-Araf, →5)-α-Araf-(1→ and →3, 5)-α-Araf-(1→, respectively (5, 18). The signals at H-1/C-1 104.37/4.63 and 100.32/4.95 ppm were assigned to →4)-β-Galp-(1→ and α-Galp-(1→, respectively (24, 25). Similarly, the signals at H-1/C-1 92.22/5.28, 96.27/4.60 and 99.50/5.32 ppm were assigned to →4)-α-Glcp, β-D-Glcp-(1→ and →4)-α-D-Glcp-(1→, respectively (5, 26). The signals at 97.65 and 17.36 ppm were assigned to C-1 and C-6 of →2)-Rhap-(1→, while the corresponding chemical shift in the anomeric protons was δ 4.97 ppm (27). The signals for C-1-C-5 of esterified GalA residues did not give obvious signals because of the low degree of esterification, while the methyl group and methyl ester carbonyl carbons showed the diagnostic signals at 52.81 and 170.75 ppm, respectively (28). Taking the results of methylation analysis and partial acid hydrolysis into consideration, the backbone of MCGP-3 was composed of →4)-α-D-GalpA-(1→, →4)-α-D-Glcp-(1→ and a small amount of →2)-Rhap-(1→ and →4)-α-D-Galp-(1→, substituted by different types of branches attached to O-6 of (1→4)-α-D-Glcp and O-5 of →3)-α-Araf-(1→. The branches were mainly composed of terminal α-L-Ara-(1→, (1→4)-β-D-Gal and (1→5)-α-L-Ara.




Figure 3 | 1H NMR spectra of MCGP-3 and MCGP-4.






Figure 4 | 13C NMR spectra of MCGP-3 and MCGP-4.






Figure 5 | HSQC spectrum of MCGP-3.



As shown in 13C NMR, MCGP-3, and MCGP-4 have similar monosaccharide residues. Except for the monosaccharide residue in MCGP-3, there were 1,6-Galp residue signals in the 13C NMR spectrum of MCGP-4, the six signals were at 102.95, 71.78, 73.44, 73.25, 70.08, and 68.69 ppm (24). In the 13C NMR spectrum of MCGP-4, the signals for C-1 and C-6 of unesterified GalA residues appeared at 99.25 (C-1) and 175.08 (C-6) ppm (29). Taking the results of methylation analysis into consideration, there was 1,3,6-Galp residue in MCGP-4. The signals at δ 103.02, 71.42, 81.60, 70.49, 70.52, and 68.69 ppm were assigned to the C-1–C-6 of →3, 6)-α-D-Galp-(1→ residue (30). Taking the results of methylation analysis and partial acid hydrolysis into consideration, the backbone of MCGP-4 was composed of →4)-α-D-GalAp-(1→, →4)-α-D-Galp-(1→ or →6)-α-D-Galp-(1→ and a small amount of →2)-Rhap-(1→ and →4)-α-D-Galp-(1→, substituted by different types of branches attached to O-6 of (1→3)-α-D-Galp and O-5 of →3)-α-Araf-(1→. The branches were mainly composed of terminal α-L-Ara-(1→, (1→4)-β-D-Gal or (1→6)-β-D-Gal and (1→5)-α-L-Ara.



3.6 Assay of Polysaccharides From P. ginseng on HepG2 Cells Viability

Several studies revealed the inhibitory effect of cultivated ginseng (CG) polysaccharide on HepG2 cells. However, the activity of mountain ginseng (MCG) polysaccharides against HepG2 cells has not been reported. SRB is used to screen the activity of MCG polysaccharide and CG polysaccharide on HepG2 cells. After 48 h of treatment of HepG2 cells, MCG (MTPS, MTPS-1, and MTPS-2) compared with CG (CTPS, CTPS-1, and CTPS-2), the cell inhibition rate of MCG increased significantly, and the inhibitory effect is concentration-dependent. The order of IC50 value from low to high is: MTPS-1>MTPS-2>MTPS>CTPS-1>CTPS-2>CTPS. The above results indicated that the inhibitory effect of MCG polysaccharide on HepG2 cells is better than that of CG polysaccharide. Among them, the activity of MTPS-1 is the most prominent.

In order to explore the structure-activity relationship of polysaccharides, MTPS-1 were further fractionated into seven acidic fractions (MCGP-1–MCGP-7) by a combination of ethanol precipitation, ion-exchange and gel permeation chromatography. To further evaluate the inhibitory activity of 7 monomer compounds on HepG2 cells, the cells were treated with MCGP-1–MCGP-7 at different concentrations (3.125–100 μg/ml) for 24, 48, and 72 h, respectively. The result is shown in Figure 6 and Table 3, MCGP-1–MCGP-7 at the concentration range of 3.125–50.0 µg/ml, significantly decreased the viability in HepG2 cells, and the inhibitory effect appears in a time and concentration dependent manner. After treatment for 72 h, MCGP-2 and MCGP-3 showed maximum cytotoxicity to HepG2 cells than others, with the IC50 value of 13.87 ± 0.54 and 13.02 ± 0.36 μg/ml, respectively. MCGP-4 showed low cytotoxicity to HepG2 cells, with the IC50 value of 35.67 ± 0.35 μg/ml.




Figure 6 | Effects of polysaccharides MCGP-1–7 from Panax ginseng on proliferation of HepG2 cells. Monomer components MCGP-1–7 are separated and purified from MCG. After treated HepG2 cells for 24, 48, and 72 h, the inhibition rate of MCGP-1–7 in HepG2 cells was measured by SRB. Line graph comparing the inhibition rates. Each value is the average ( ± SEM) of triplicate samples.




Table 3 | IC50 value of ginseng polysaccharide in vitro.






4 Discussion

Among HCC cases, the proportion of patients accounts for approximately 88% (31), it is necessary to discover and develop highly effective and low-toxic drugs for the treatment of HCC. Since synthetic drugs have their inevitable shortcomings, the natural products isolated from traditional Chinese medicine have attracted the attention of researchers in recent years.

In this study, the anti-tumor activity of MCG polysaccharides (MTPS, MTPS-1, and MTPS-2) and CG polysaccharides (CTPS, CTPS-1, and CTPS-2) was analyzed and compared, and it was found that MTPS-1 could significantly inhibit proliferation on HepG2 cells. Subsequently, MTPS-1 was further tracked and separated to obtain seven pectin polysaccharides MCGP-1–MCGP-7, and screened for anti HepG2 cells activity. The results show that MCGP-1–MCGP-7 all have relatively good anti- HepG2 cells activity. After 72 h of treatment, the order of inhibition rate were MCGP-3>MCGP-2>MCGP-1>MCGP-5>MCGP-7>MCGP-6>MCGP-4 has the most significant inhibitory effect on HepG2 cells, while the anti-HepG2 cells activity of MCGP-4 is relatively weak. The inhibition rates of MCGP-3 and MCGP-4 are different, which may be related to the differences of structure, conformation and monosaccharide composition.

Results of the structural characterization of MCGP-3–MCGP-4 indicated that the characteristic compositions of RG-I pectin, that is Rha, GalA, Ara, and Gal (17). The monosaccharide composition of MCGP-3 and MCGP-4 was similar, mainly containing Gal, GalA, Ara, Glc, and Rha, and a small amount of GlcA and Man. The content of Glc in MCGP-3 is higher than that of MCGP-4, and the content of GalA in MCGP-4 is higher than that of MCGP-3. The composition of main chains and branches of MCGP-3 and MCGP-4 was analyzed by partial acid hydrolysis. The study found that the main chain of MCGP-3 was mainly composed of GalA, Gal, Glc, and Rha, the content is 42.75, 9.57, 34.11, and 9.85%, respectively; the main chain of MCGP-4 was mainly composed of GalA, Gal, Glc, and Rha, the content is 62.43, 17.65, 4.28, and 6.54%, respectively. The branch chain of MCGP-3 was mainly composed of Gal, Ara, Glc, Rha, and GalA, the content is 31.98, 34.62, 15.90, 8.23, and 26.78%, respectively; the branch chain of MCGP-4 was mainly composed of Ara, Gal, Glc, Rha, and GalA, the content is 44.05, 48.07, 2.16, 2.78, and 1.90%, respectively. These results confirmed that MCGP-3 and MCGP-4 were RG-I-type pectin branched with α-1, 5/1,3,5-arabinan and β-1,4-galactan side chains. The biological activities of pectin might be related to the RG-I domains (28, 32). Several recent literatures have reported that some RG-I domains of the pectin have great immuno-modulating activities (33). The Ara residues linked to the surface of the molecules played an important role in enhancing lymphocyte proliferation activity (18). The anti-HepG2 cells activities of MCGP-1–MCGP-7 might be related to the Ara residues linked to the surface of the polysaccharide. In addition, the structure of MCGP-3 also contains disaccharide [-(1, 4)-α-D-GalAp-(1, 2. -α-L-Rhap-], which could enhance the anti-cancer activity of MCGP-3.

HCC is usually asymptomatic or atypical in its early stages. When the patient feels obvious discomfort, most of the disease has entered the advanced stage. HCC is not sensitive to chemotherapy and radiotherapy. Common treatment strategies include surgical resection, liver transplantation, vascular intervention, and radiofrequency ablation. Missed the early surgical resection treatment period, and can only choose drug treatment. It is used for the treatment of hepatocellular carcinoma where cancer cells have specific receptors, mainly including epidermal growth factor receptor (EGFR) inhibitors, vascular endothelial growth factor receptor (VEGFR) antagonists, etc. Sorafenib was the only molecularly targeted drug approved for the treatment of advanced hepatocellular carcinoma in China. Traditional Chinese medicine treatment of hepatocellular carcinoma has attracted much attention, and many active ingredients of traditional Chinese medicine can also be used for targeted therapy of HCC.



5 Conclusion

In this study, the polysaccharides from mountain cultivated ginseng (MCG) were extracted, isolated and structurally characterized for the first time. Moreover, the isolated polysaccharides from MCG were tested for their cytotoxic effect against HepG2 cells compared with polysaccharides from CG. Results revealed that the homogeneous polysaccharides MCGP-1–MCGP-7 isolated from MTPS-1 have a good inhibitory effect on HepG2 cells, and they are time- and concentration-dependent. Therefore, MCG polysaccharide is expected to become a potential new drug for the treatment of HCC
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Hepatocellular carcinoma (HCC) is the most common primary liver tumor. It is ranked the sixth most common neoplasm and the third most common cause of cancer mortality. At present, the most common treatment for HCC is surgery, but the 5-year recurrence rates are still high. Patients with early stage HCC with few nodules can be treated with resection or radiofrequency ablation (RFA); while for multinodular HCC, transarterial chemoembolization (TACE) has been the first-line treatment. In recent years, based on medical engineering cooperation, nanotechnology has been increasingly applied to the treatment of cancer. Photodynamic therapy and photothermal therapy are effective for cancer. This paper summarizes the latest progress of photodynamic therapy and photothermal therapy for HCC, with the aim of providing new ideas for the treatment of HCC.
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Introduction

Cancer is the second most common cause of death among all diseases (1). Hepatocellular carcinoma (HCC) is a common digestive system tumor and the sixth most common type of cancer worldwide (2). Treatment includes radical surgery (3), molecular targeted therapies (4) and neoadjuvant therapy (5). Although progress has been made in the treatment of HCC, the prognosis of HCC patients is still poor and the 5-year survival rate is only about 18% (6). Therefore, new treatment methods are urgently needed to change this situation.

The toxicity and adverse effects of antitumor drugs have led researchers to seek new tumor treatment strategies (7) and photothermal therapy (PTT) and photodynamic therapy (PDT) have gradually emerged because of their specific spatial selectivity and lower invasiveness and initial resistance (8–10). PTT is a tumor treatment strategy that utilizes photothermal agents to induce thermal energy by laser. Absorbed light energy can be transformed into heat energy to achieve thermal ablation of tumor cells; therefore, tumors can be killed in the high temperature environment (11–13). PDT takes advantage of the active metabolism of tumor tissue; whereby non-toxic photosensitizers accumulate in tumor tissue after injection. When the tumor tissue is irradiated with harmless visible light, the activated photosensitizer transfers its energy to surrounding intracellular oxygen that forms reactive oxygen species (ROS), which specifically destroy the tumor cells and neovascularization (14–17) (Figure 1).




Figure 1 | PTT and PDT for HCC.



PTT and PDT have played a significant role in the treatment of tumors, and they have been used to treat HCC. This paper reviews recent studies on the treatment of HCC by PDT and PTT, with the aim of exploring new ideas and strategies for the treatment of HCC (Figure 2).




Figure 2 | The summary charts.





PTT


PTT for HCC

The application of light to heat energy conversion in tumor diagnosis and treatment has attracted the extensive attention of researchers (18) (Table 1). Metal nanoparticles play an important role in the diagnosis and treatment of tumors (23). Strong near-infrared light absorption is the basis of metal nanoparticles in PTT. Compared with traditional treatment, metal nanoparticles have the characteristics of high selectivity and efficiency and they are minimally invasive (24). Gold nanomaterials are the most widely used (25) because they have tunable surface plasma resonance properties and strong photothermal conversion efficiency (26). Juan Hu et al. synthesized cubic gold nanoparticles with different sizes, which could be excited by near-infrared light at 808 nm wavelength, showed strong near-infrared light absorption, optical stability, photothermal effect and high biocompatibility and were effective for treating liver cancer cells and animal models (19).


Table 1 | PTT for HCC.



The absorption wavelength of near-infrared light in zone I is 650–1000 nm, which has poor tissue penetration. The tissue penetration of near-infrared light in zone II is good, with a wavelength of 1000–1700 nm, but it is rarely used at present (27). Huijing Xiang et al. polymerized and self-assembled boron difluoride formazanate dye to turn it into a two zone near-infrared dye. In vivo and in vitro studies confirmed that the nanoparticles had deep tissue penetration of light in zone II and inhibited HCC (20).

Chimeric antigen receptor (CAR) T-cell therapy is an important emerging treatment for tumors. T cells of tumor patients are modified in vitro to carry tumor specific antigens, and then injected into patients to attack tumor cells (28). CAR-T-cell therapy has shown clinical efficacy and safety for hematological malignancies and solid tumors (29). CAR-T cells can specifically recognize tumor-associated antigens and eliminate tumor cells through the single chain variable region. This region is derived from the heavy and light chains of polyclonal antibodies and can be expressed on the cell membrane of CAR-T cells (30). Weijie Ma et al. synthesized mesoporous silicon with 2-[2-(2-chloro-3-[(1,3-dihydro-3,3-dimethyl-2h-1-propyl-indole-2-subunits) ethylidene]-1-cyclohexene-1-base) vinyl]-3,3-dimethyl-1-propyl indole Weng iodide.

After T cells were transfected with heparin sulfate proteoglycan-3 (GPC3)–CAR lentivirus, the cell membrane of T cells was separated to form the CAR-T capsule (CAR-Tc). Finally, the CAR-Tc and IM were assembled to form the CAR-Tc–IM, which showed a good photothermal effect on liver cancer cells and it killed HCC cells (21).

Traditional photothermal agents (PTAs) perform hyperthermia ablation via activation of near-infrared I region, but the penetration depth is not high. At the same time, the heat resistance caused by heat shock protein also restricts the therapeutic effect of PTT on tumors (31, 32). At present, the cost of PTAs used is often expensive. Bismuth is a classical semi-metallic element and a hot spot of scientific research (33, 34) because it is cheap and non-toxic (35). Most ZIF-8 nanodrug carriers are used for intravenous drug delivery, and are considered to be promising drug release and controlled release platforms (36). Jinghua Li et al. combined Bi and ZIF-8 through a one-step reduction method (Bi@ZIF-8), added gambogic acid to Bi@ZIF-8 to form Bi@ZIF-8–gambogic acid (GBZ), while gambogic acid could be an inhibitor of Hsp90. In addition to good biocompatibility, GBZ is important because the temperature of PTT is low, the damage to surrounding normal tissues is small and it has a good killing effect on HCC cells (22). Hongqiao Cai et al. noted the adverse effects of heat damage to normal tissues near tumors (11). They synthesized hollow structure CuS nanoparticles with ataxia telangiectasia mutated (ATM) inhibitor loaded with surface modified TGF-β antibody (CuS-ATMi@TGF- βNPs). The nanoparticles not only achieved low-temperature PTT, but also caused less damage to normal tissue, and had sufficient targeting and biocompatibility (12).



PTT Plus Doxorubicin Treatment for HCC

PTT and chemotherapy often play a synergistic role. However, low targeting and poor drug delivery capacity are still the common shortcomings of photosensitizers and chemotherapeutic drugs. Therefore, it is of importance to design an effective nanodrug delivery platform to transport and control chemotherapeutic drugs and the accurate targeting of photothermal preparations (37, 38). Due to the depth of penetration, PTT often cannot eradicate tumors; therefore, PTT is often combined with chemotherapeutic drugs to achieve synergistic therapeutic effects and fewer adverse effects (39, 40). Doxorubicin is a classical chemotherapeutic drug with anthracycline structure. It has been used in the treatment of a variety of tumors, but there are many adverse effects, which affect its widespread application (41, 42).

The targeted and controlled release of drugs in the tumor area is the main difficulty in the treatment of HCC. In order to overcome this problem, Long Wu et al. designed a platelet cell membrane encapsulated polypyrole and doxorubicin nanoparticles (PLT PPy–DOX). These nanoparticles have photothermal activity because of PPy and chemotherapeutic activity because of doxorubicin. This platelet-simulated drug delivery system shows a good therapeutic effect on orthotopic HCC (43).

Polyethylene glycol (PEG), doxorubicin, mesoporous silica nanoparticles (MSNs) and CuS can be synthesized into nanoparticles (PEG–DOX–MSN@CuS nanoparticles), which have photothermal and chemotherapeutic effects on HCC. Specifically, CuS is irradiated by near-infrared, PTT can destroy MSNs, and then doxorubicin is released to kill HCC cells (44).

To focus on the anti-HCC effect and avoid adverse effects, Huili Li et al. synthesized PEG–hyaluronic acid (HA) 4–gold nanocages (AuNCs)–Dox (PEG–HA4–AuNCs–Dox) nanoparticles. PEG–HA4–AuNCs–Dox play the role of photosensitizers; doxorubicin is a classic chemotherapeutic drug; HA controls drug release into the tumor microenvironment; and PEG acts as a surfactant and increases the circulation time of nanoparticles (45).

Indocyanine green (ICG) has been approved by the US FDA for medical diagnosis and treatment (46). IR-820 is a cheaper analog of ICG (47). IR-820 and doxorubicin are hydrophilic molecules. For the treatment of liver cancer, their disadvantages are less circulating time in the body and rapid internal disappearance (48). Yue Jiang et al. has solved the above problems. Lactosylated IR-820 is assembled with doxorubicin to form LA-IR-820/DOX nanoparticles. Lactose IR-820 has the characteristics of liver cancer targeting and photosensitizer (49), and doxorubicin can lead to immune cell death and consolidate the effect of PTT (50).

Multidrug resistance (MDR) occurs in the treatment of various tumors and is a major challenge in tumor treatment (51). P-glycoprotein (P-gp) is overexpressed in many MDR cell lines, resulting in an increase of MDR (52).

Weiping Wang et al. found that anti-mir-21 can effectively inhibit P-gp and upregulate expression of PTEN to enhance sensitivity to chemotherapeutic drugs. Therefore, a novel nanoparticle system was synthesized, HA/anti-miR-21/PPAuNCs (HA-conjugated, anti-miR-21-loaded, PEI-modified PEGylated AuNCs). In addition to enhancing the sensitivity of HepG2/ADR cell line to chemotherapy, AuNCs can also play the role of PTT by mild near-infrared irradiation (53).

The 5-year recurrence rate of patients with liver cancer is 70–80%, which urgently needs to be resolved. Theoretically, the treatment of recurrent liver cancer is repeat hepatectomy or liver transplantation. The results of repeat hepatectomy, transarterial chemoembolization and radiofrequency ablation are poor (54). The combination of PTT and chemotherapy has an obvious synergistic antitumor effect (55). In order to treat recurrent liver cancer by PTT and chemotherapy, a homotypic tumor cell membrane drug delivery platform thermosensitive liposome–HCC cell membrane (HepM–TSL) was synthesized. This platform consists of thermosensitive liposome vesicles and HCC cell membranes, and ICG and doxorubicin are encapsulated by the above platform (ICG–DOX–HepM–TSL). ICG–DOX–HepM–TSL can avoid the immune system and directly target recurrent HCC. Excitation at 808 nm can lead to the decomposition of TSL, and the photothermal and chemotherapeutic effects of ICG and doxorubicin can be realized. At the same time, this platform also has good therapeutic effects and few adverse effects (56).

Tumor thermal ablation has become an effective method for local treatment of HCC, but it is not recommended for HCC with local recurrence > 3 cm (57). MoS2 has become an ideal PTT reagent because of its excellent surface plasmon resonance characteristics, photothermal conversion efficiency and biocompatibility (58). 300 nm diameter hollow MoS2 nanoparticles were established, and then doxorubicin was embedded (DOX@MoS2). The antitumor effect of the nanoparticles was confirmed by in vitro and in vivo experiments (59).



PTT Plus Sorafenib Treatment for HCC

Sorafenib, a type of multikinase inhibitor, is the first-line drug treatment for advanced HCC approved by the United States FDA (60). However, sorafenib’s disadvantages include poor drug targeting and poor water solubility of oral sorafenib (61). With the emergence of nanotechnology, sorafenib has become more effective for treatment of liver cancer.

Tianjun Zhou et al. designed nanoparticles of SP94–PB–SF–Cy5.5, which included sorafenib (SF), Prussian blue porous metal organic frame (PB), HCC-specific targeting peptide SP94, and near-infrared dye cyanine 5.5 (Cy5.5) (62). PB is an FDA-approved drug for thallium poisoning (63). It can be designed as a metal organic framework to carry drugs and combine with fluorescent dyes (64). Sp94 is an HCC-specific targeting polypeptide that can achieve specific binding between nanoparticles and HCC cells. Cy5.5 is a near-infrared dye that can be excited by 808 nm visible light (65). SP94–PB–SF–Cy5.5 achieved no recurrence of HCC in a HepG2 cell line nude mouse liver cancer model (62).

A macrophage–cancer cell membrane hybrid has been constructed. The membrane packages hollow CuS nanoparticles that contain sorafenib; and the membrane is surface modified with anti-VEGFR antibodies (CuS-SF@CMV NPs). The anti-VEGFR antibody can kill tumor cells by inhibiting angiogenesis via PI3K/AKT pathways. The nanoparticles avoid the immune system through immune escape, accurately locate HCC cells through liver cancer targeting, and kill tumor cells through PTT and kinase inhibition (66, 67).



PTT Plus Gene Therapy for HCC

MSNs are widely used because of their high specific surface area, controllable shape and easy surface functionalization (68, 69). Silica nanoparticles have a sharp surface, which has strong plasmid DNA binding ability and transfection performance (70). Mesoporous silica nanoparticles (MSNs) and Au NR core can be synthesized into Au@MSNs, and addition of PEG forms Au@MSN–PGEA. Au@MSN–PGEA, SF, and P53 gene can be synthesized into Au@MSN–PGEA@SF@P53 nanoparticles. besides PTT and targeted therapy, Au@MSN–PGEA@SF@P53 nanoparticles also increase the role of gene therapy for HCC (11).




PDT


PDT for HCC

PDT has been widely used for cancer. During PDT, reactive oxygen species (ROS) are generated, such as singlet oxygen, that can damage cancer cells (71). The principle of PDT is that a photosensitizer is excited by a specific excitation wavelength of light, converts energy into oxygen molecules in cell to form ROS, and ROS act on tumor cells (72), which can directly induce cell death, disturb tumor vasculature and activate the innate immune system (73).

As a second-generation photosensitizer, Radachlorin has a strong absorption band at 662 nm and has excellent physical and chemical properties, such as weak dark toxicity and rapid in vivo metabolic rate (74). Hamidreza Mirzaei et al. found that Radachlorin can induce HepG2 cell apoptosis through PDT, but it has no obvious harmful effect on HFLF-PI4 cells (75).

Metal phthalocyanines are photosensitizers that have been used in the treatment of tumors. Jingwei Shao et al. synthesized photocyanine and a series of analogs: tetra-triethyleneoxysulfonyl zinc phthalocyanines (ZnPcs). When photocyanine is activated by 670 nm excitation, it promotes apoptosis and necrosis of HepG2 cells by producing ROS, activating caspase-3 and stagnating cells in G2/M phase (76). ZnPc is also used in PDT of HCC cells. It can inhibit mitogen-activated protein kinase and extracellular signal-regulated kinase pathways through PDT, and upregulate Bax and downregulate Bcl-2 to destroy cancer cells (77). Gold nanoparticles combined with photosensitizer can be used for PDT of liver cancer cells. Pu-18-N–butylimide–N-methyl-D-glucamine (NMGA) is a new photosensitizer that combines with gold nanoparticles to form Pu-18-N–butylimide–NMGA–GNP. It can significantly reduce transplanted liver cancer under excitation light of 640–710 nm (78). Lactosomes are core-shell nanoparticles including amphiphilic polymeric micelles. ICG lactosomes were injected into male BALB/c nude mice through the caudal vein for 48 h. After xenograft tumors were stimulated by near infrared laser (AVL-15), a large number of apoptotic tumor cells could be observed (79).

Tumor tissue is different from non-tumor tissue in many biological and chemical aspects, and the tumor microenvironment is more likely to be acidic (pH 6.5–6.8) (80); therefore, an acidic environment is often used for activation of pH-responsive photosensitizer (81). However, the acidic activation pH of most pH-responsive photosensitizers is < 6 (82), which means that not all photosensitizers are pH responsive. Some photosensitizers can obtain pH-responsive function through being modified by pH-responsive groups, such as phthalocyanine dimer modified by an acid-sensitive unit (83), polysaccharide/Ce6 conjugate modified by pH-induced functional group (84) and cyclometalated iridium (III) complexes modified by benzimidazole (85). The activation efficiency of the above photosensitizers is not high, which limits their application (86). Layered double hydroxides (LDHs) have attracted much attention because of their ability to carry drugs or genes, as well as acid sensitivity and anion exchange properties (87, 88). ZnPcS8 has high photosensitivity efficiency, but it has the shortcomings of aggregation and rapid metabolism in the body. In order to overcome these shortcomings, Xingshu Li et al. synthesized LDH–ZnPcS8. The pH response of LDH–ZnPcS8 is reflected in high quenching effects at pH 7.4 and high reactivating effects at pH 6.5. There were strong PDT effects on HepG2 cells with LDH–ZnPcS8 at pH 6.0/6.5 compared with at pH 7.4 (86).

Metal-organic frameworks (MOFs) have been used for PDT research on tumor cells. Due to the low-oxygen environment in tumor cells, MOFs are not efficient at converting oxygen molecules in tumors into singlet oxygen. Platinum nanozymes can be decorated to MOFs to form high catalase-like activity that could produce a more efficient PDT effect (89).



PDT Plus Doxorubicin Treatment for HCC

Doxorubicin is a classic chemotherapeutic drug that has been used in the treatment of many types of tumors, but its adverse effects are serious and affect its application (90). Sulfonated aluminum phthalocyanine (AlPcS) has the following characteristics: good water solubility, strong absorption band in the red light region, and high singlet oxygen output rate (91). However, the sulfonated group in AlPcS reduces the affinity of AlPcS for the cell membrane (92). AlPcS–DOX conjugates can increase the uptake of AlPcS by HCC cells (hepatology cell line 7701), doxorubicin can act on the DNA of HCC cells, and AlPcS-mediated PDT targets lysosomes to kill HCC cells (93).



PDT Targeted HCC

Mitoxantrone, a type II topoisomerase inhibitor, is an antitumor drug (94). At the same time, it is also an efficient photosensitizer with two major absorption peaks at 610 and 660 nm (95). Epithelial cell adhesion molecule (EpCAM) is considered to be an important marker of cancer stem cells (96), and is associated with poor outcomes of HCC (97). Yong Han et al. grafted mitoxantrone with anti-EpCAM antibody to synthesize anti-EpCAM nano-micelles, which can recognize the EpCAM of HCC cells and have targeting properties, and then mitoxantrone exhibits excellent chemotherapeutic and PDT effects (95).

Folate receptor (FR) expression is lower in normal cells but higher in tumor cells. Folic acid (FA) can bind to its specific receptor (98). Porphyrin MOFs consist of porphyrin and metal ions, and have excellent biocompatibility and good dispersibility, as well as being effective for PDT (99). Gd-MOFs are synthesized in combination with FA. These nanoparticles can be recognized by fluorescence and magnetic resonance imaging, and can specifically target FR-positive cancer cells. Once inside the cell, the effect of PDT is highlighted (100).

Integrin αvβ3 is an angiogenesis driver in malignant tumors, and plays an important role in HCC (101). A hydrophilic and targeted peptide (cRGD) can be recognized by integrin αvβ3 via receptor-mediated endocytosis (102). Fluorogens with aggregation-induced emission (AIE) have been used in biotechnology. Fluorogen derivatives with AIE (TPETS nanodots) can be used to treat cancer cells and ROS are generated by visible light irradiation (103). Yang Gao et al. modified cRGD on TPETS nanodots, which had the ability to target cRGD to be recognized by integrin αvβ3, but also has a PDT effect on HCC cells (104–106).




Conclusion and Future Prospects

HCC is a malignant tumor with poor prognosis and high mortality, and is difficult to detect in the early stage, which seriously endangers human health. Research efforts have focused on finding an effective treatment. Over the years, surgical treatment and chemotherapy, as well as the current emerging targeted therapies and immunotherapy, have been shown to have therapeutic effects on HCC. In recent years, the combination of medical and engineering methods as a treatment strategy for liver cancer began to achieve results. However, most of the current studies are based on basic research, and there are still few clinical PTT- or PDT-based HCC studies. Maybe there are good strategies combining immunotherapy/targeted therapy with PTT/PDT; at the same time, accelerating the transformation of basic research into clinical research and the promotion of clinical research into clinical application are effective approaches for the treatment of HCC, With the development of science and technology and the deepening of research, effective treatment of liver cancer will improve.
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NF-κB (nuclear factor κB) is a regulator of hepatocellular cancer (HCC)-related inflammation and enhances HCC cells’ resistance to antitumor therapies by promoting cell survival and anti-apoptosis processes. In the present work, we demonstrate that A20, a dominant-negative regulator of NF-κB, forms a complex with HSP90 (heat-shock protein 90) and causes the disassociation of the A20/HSP90 complex via downregulation of HSP90. This process restores the antitumor activation of A20. In clinical specimens, the expression level of A20 did not relate with the outcome in patients receiving sorafenib; however, high levels of HSP90 were associated with poor outcomes in these patients. A20 interacted with and formed complexes with HSP90. Knockdown of HSP90 and treatment with an HSP90 inhibitor disassociated the A20/HSP90 complex. Overexpression of A20 alone did not affect HCC cells. Downregulation of HSP90 combined with A20 overexpression restored the effect of A20. Overexpression of A20 repressed the expression of pro-survival and anti-apoptosis-related factors and enhanced HCC cells’ sensitivity to sorafenib. These results suggest that interactions with HSP90 could be potential mechanisms of A20 inactivation and disassociation of the A20/HSP90 complex and could serve as a novel strategy for HCC treatment.
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Introduction

Hepatocellular carcinoma (HCC) is a significant challenge to China’s public health system because of the high infection rates with hepatitis virus (1). These patients are at significant risk of progressing to HCC, and most patients are in the advanced stage of disease at the initial diagnosis (2, 3). Unfortunately, outcomes for patients with advanced HCC are unsatisfactory because of resistance to radiotherapy and multi-drug resistance (4–6). For these reasons, molecularly targeted agents are ever more critical for treating advanced HCC (7, 8). Although targeted molecular drugs represented by sorafenib in several clinical trials were shown to prolong survival and improve quality of life, molecular targeted therapy is also associated with many problems: (1) sorafenib treatment produces drug resistance and severe side effects (9); (2) in addition to sorafenib, new molecular targeted drugs such as lenvatinib, regorafenib, and cabozantinib have been marketed (10–12). Although these drugs are considered superior to sorafenib, they have similar structural features and the same chemical structure as sorafenib (1-(4-(pyridin-4-yloxy)phenyl)urea). For these reasons, lenvatinib, regorafenib, and cabozantinib may not be able to overcome all the insufficiencies of sorafenib. Therefore, it has become essential to research and explore the resistance mechanism of HCC cells to molecularly targeted drugs to develop new and more effective treatment strategies to achieve the same and better anti-tumor effects with smaller doses of drugs.

Several lines of evidence suggest that NF-κB is activated by upstream signals pathways to enhance anti-apoptosis and pro-survival of cancerous cells by mediating expression genes such as Bcl-2, cIAPs (cellular inhibitor of apoptosis), and survivin (13, 14). Kang et al. found that blocking the activation of the Notch-1/NF-κB pathway using small molecular inhibitors enhanced the sensitivity of cancer cells to ionizing radiation (IR) (15). This evidence suggests that inhibition of NF-κB activation may enhance HCC cells’ sensitivity to antitumor therapies, including molecular targeting agents (16, 17). The master suppressor of NF-κB A20 is tumor necrosis factor-alpha-induced protein 3 (18, 19) that is thought to be a tumor suppressor (20). Overexpression of A20 in HCC cells enhanced HCC cells’ sensitivity to radiotherapies via suppressing the expression of NF-κB downstream pro-survival and anti-apoptosis-related factors (6). In the present work, unexpectedly, we were first to show that overexpression and knockdown of A20 did not affect the expression of NF-κB downstream pro-survival and anti-apoptosis-related factors in HCC cells. Mechanistically, A20 formed a complex with HSP90, and the disassociation of the A20/HSP90 complex via downregulation of HSP90 restored the effect of A20 enhancing the sensitivity of HCC cells to sorafenib.



Material And Methods


Clinical Specimens and Ethics Statement

The clinical specimens (52 paired HCC and non-tumor tissues) used in the present work were described in our previous publications (21). The ethics committee approved the use of human-related materials from the Fifth Medical Center, General Hospital of the Chinese PLA. We obtained written consent from the patients.



Cell Lines and Agents

The hepatic cell lines, including L-02 (hepatic non-tumor cell line) and HCC cell lines (MHCC97-H, MHCC97-L, HepG2, Huh-7, SMMC-7721, and BEL7402), were described in our previous publications (22, 23). The cells were cultured in DMEM with 10% FBS. The molecular targeting agents, sorafenib (Cat. No.: S7397), regorafenib (Cat. No.: S1178), lenvatinib (Cat. No.: S1164), and cabozantinib (Cat. No.: S1119) were purchased from Selleck Corporation, Houston, Texas, USA. The inhibitor of HSP90 BIIB021 was purchased from the Selleck Corporation. The formulations of these agents used in the cellular and animal experiments were prepared by the methods described by Ma et al., Wang et al., and Zhou et al. (24–26). The siRNA (sequence: GCAGCAAAGUGGCGUAUUA) (27) of HSP90 and the full-length sequence of A20 were cloned and prepared as lentivirus particles.



qPCR and Survival Analysis

Total RNA samples were extracted using a PARISTM Kit (Thermo Fisher Scientific, Waltham, MA, USA) from HCC cells and tumor tissues. They were reverse transcribed using a Multiscribe™ Reverse Transcriptase (Thermo Fisher Scientific) agent following the manufacturer’s instructions. The quantitative polymerase chain reaction (qPCR) was performed following the manufacturer’s instructions and previously described methods (28, 29). mRNA levels of β-actin (loading control) were measured as the loading control. Primers used in qPCR experiments are listed: (1) HSP90 (HSP90AA1): Forward Sequence, 5’-TCTGCCTCTGGTGA TGAGATGG-3’; Reverse Sequence, 5’-CGTTCCACAAAGGCTGAGTTAGC-3’; (2) A20 (TNFAIP3): Forward Sequence, 5’-CTCAACTGGTGTCGAGAAGTCC-3’; Reverse Sequence, 5’-TTCCTTGAGCGTGCTGAACAGC-3’; (3) BCL2: Forward Sequence, 5’-ATCGCCCTGT GGATGACTGAGT-3’; Reverse Sequence, 5’-GCCAGGAGAAATCAAACAGAGGC-3’; (4) Survivin (BIRC5) Forward Sequence, 5’-CCACTGAGAACGAGCCAGACTT-3’; Reverse Sequence, 5’-GTATTACAGGCGTAAGCCACCG-3’; (5) β-Actin (ACTB) Forward Sequence, 5’-CACCATTGGCAATGAGCGGTTC-3’; Reverse Sequence, 5’-AGGTCTTTGCGGATGT CCACGT-3’. In HCC tissue specimens, according to the median A20 and HSP90 mRNA levels, the patients were divided into the A20 high expression group, the A20 low expression group, the HSP90 high expression group, and the HSP90 low expression group. Survival analysis was performed following the methods described by Feng et al. (21).



The Immunoprecipitation and Western Blot

MHCC97-H cells were cultured and harvested for immunoprecipitation according to our previous publications (30–32). Briefly, the MHCC97-H cells were harvested for immunoprecipitation and western blotting. The HSP90/A20 complexes were separated using mouse anti-human HSP90 antibody (αm-HSP90) (IP: HSP90), and the HSP90 and A20 in the complexes were probed using by rabbit anti-human HSP90 and A20 antibody (αR-HSP90) (IP: HSP90; IB: HSP90 and IP: HSP90; IB: A20). The antibodies were purchased from Abcam Corporation, UK, and Santa Cruz Corporation, USA. Western blotting was performed following the methods described by Yang et al. (33). MHCC97-H cells were transfected with control and siA20; MHCC97-L cells were transfected with control and A20 vectors. The cells were harvested for western blotting, and the expression levels of pro-survival and anti-apoptosis-related factors were examined using antibodies.



Cell Survival Analysis

Cell survival analysis was performed to determine the antitumor effects of molecular targeting agents on HCC cells. HCC cells were cultured using DMEM with 10% FBS and treated with indicated concentrations of molecular targeting agents. For the MTT experiments, HCC cells were harvested and seeded into 96-well plates (about 8000 cells per well). Then, cells were treated with the indicated concentration of the molecular targeting agents (10 μmol/L, 3 μmol/L, 1 μmol/L, 0.3 μmol/L, 0.1 μmol/L, and 0.03 μmol/L) for 48 h. After treatment, cells were treated with 50 mmol/L MTT for 4 h, and the cells were harvested. We determined cell numbers using the optical density (OD) values at 490 nm. The inhibitor rates of molecular targeting agents on HCC cells were calculated according to the OD values at 490 nm, and the IC50 values were calculated based on the inhibitory rates (34, 35). For colony formation, the HCC cells were transfected with plasmids, treated with agents, and seeded onto 6-well plates (2000 cells per well). After 3-4 weeks’ growth, HCC cells formed colonies. We used absolute ethanol to fix the colonies formed by HCC cells in 6-well plates, stained the colonies with 0.5% W/V crystal violet staining solution, and obtained pictures to quantitatively analyze the images according to published methods (36, 37).



The In Vivo Tumor Model and Ethics Statement

The in vivo growth of HCC cells was measured using a nude mice model (38, 39). All animal experiments were approved by the Institutional Animal Care and Use Committee of the Chinese PLA General Hospital, China. All animal experiments (n = 10 for each group and animals were randomly divided into the groups) were performed according to the UK Animals (Scientific Procedures Act, 1986) and the associated guidelines. For the subcutaneous tumor model, MHCC97-H cells were injected into the nude mice’s subcutaneous position to form tumor tissues. Mice then received sorafenib and BIIB021 via oral administration following the methods described previously (40). The tumor tissues were harvested, and the tumor volumes and weights were measured (41). Expression levels of A20, HSP90, survivin, and BCL-2 in tumor tissues were measured using qPCR.



The Intra-Hepatic Tumor Model

The in vivo growth of HCC cells was further examined using the intra-hepatic tumor model (40). MHCC97-H cells were cultured and transplanted into the nude mice’s livers as described (40). Mice were treated with sorafenib and BIIB021 via oral administration as described (40). The intrahepatic growth of MHCC97-H cells in nude mice was measured by (1) mocroPET; (2) radio-activation of the liver to blood; and (3) the quantitative analysis of the images of livers with nodules (40). We used microdissection and other methods to separate liver nodules. The expression levels of A20, HSP90, survivin, and BCL-2 were measured using qPCR (42).



Statistical Analysis

In the presence work, the biological and technical replicates have been carried out for all experiments and the results were from triple repeats with similar results. All statistical significance analyses were performed using SPSS 9.0 statistical software (IBM Corporation, Armonk, NY, USA). The IC50 values were calculated using Origin software (Origin 6.1; OriginLab Corporation, Northampton, MA, USA). Statistical significance was analyzed using Bonferroni correction with two-way ANOVA, and paired samples were tested using the paired-sample t-test (SPSS Statistical Software v16.0; SPSS Inc., Chicago, IL, USA).




Results


Overexpression and Knockdown of A20 Did Not Affect HCC Cells

To examine the roles of A20 in HCC, expression levels of A20 in clinical specimens were measured. As shown in Figure 1A, expression levels of A20 were much higher in HCC tissues than in non-tumor tissues. In hepatic cell lines, expression levels of A20 were much lower in L-02, a non-tumor hepatic cells line, than in HCC cells (Figure 1B). Among the HCC cells, the MHCC97-L cells had the lowest expression levels of A20, and the MHCC97-H cells had the highest expression levels (Figure 1B). Therefore, MHCC97-H cells were used to knockdown A20, whereas MHCC97-L cells were used to overexpress A20 in subsequent experiments.




Figure 1 | A20 does not affect the sensitivity of HCC cells to molecular targeted agents. (A) The expression level of A20 in HCC or the paired non-tumor tissues was examined by qPCR. (B) The expression level of A20 in hepatic cell lines was measured by the western blot. (C) The expression of A20 in HCC clinical specimens was examined by qPCR and the patients were divided into two groups: A20-high group and A20-low group. (D, E) The prognosis of two groups’ patients was revealed by the OS (overall survival) (D) or the TTP (time to progress) (E). (F–H) MHCC97-L was transfected with control or the A20 vectors. (F) The expression level of pro-survival or anti-apoptosis related factors was examined by western blot. (G, H) The MHCC97-L cells which were transfected with plasmids were treated with the indicated concentration of Sorafenib and the results were shown as the concentration-effect curve of Sorafenib (G) or the IC50 values (H). (I–K) MHCC97-H was transfected with control or the A20 siRNA vectors. (I) The expression level of pro-survival or anti-apoptosis related factors was examined by western blot. (J, K) The MHCC97-H cells which were transfected with plasmids were treated with the indicated concentration of Sorafenib and the results were shown as the concentration-effect curve of Sorafenib (J) or the IC50 values (K). *P < 0.05.



The correlation of A20 expression with HCC patients’ outcomes was further examined. In HCC tissue specimens, according to the median of A20 mRNA expression, patients were divided into two groups: the A20 high expression group and the A20 low expression group (Figure 1C). The survival analysis of the two groups showed that there was no correlation between expression levels of A20 and outcome patients receiving sorafenib (Figures 1D, E and Table 1), and there was no significant difference in the survival time between the two groups (Figures 1D, E and Table 1). Therefore, A20 would be inactive in HCC cells.


Table 1 | The association between A20 and the prognosis of HCC patients received Sorafenib.



Next, the effect of A20 overexpression and A20 knockdown on HCC cells’ sensitivity to sorafenib was examined. As shown in Figures 1F–H and Table 2, overexpression of A20 did not affect the expression of pro-survival and anti-apoptosis-related factors (Figure 1F and Table 2). It did not affect the sensitivity of MHCC97-L cells to sorafenib and other agents (Figures 1G, H and Table 2). Similar results were obtained via knockdown of A20 in MHCC97-H cells (Figures 1I–K and Table 3). A20 is thought to be a tumor suppressor; however, the results were inconsistent; therefore, we needed to explore the mechanism of A20 in HCC further.


Table 2 | The effect of HSP90 knock down on the sensitivity of MHCC97-H cells to molecular targeted agents.




Table 3 | The effect of A20 or HSP90 knockdown on the sensitivity of MHCC97-L cells to molecular targeted agents.





A20 Formed a Complex With HSP90 and the Complex Could Be Disassociate via Downregulation of HSP90

Next, the mechanism of A20’s effect in HCC cells was examined. As shown in Figure 2A, HSP90 interacted with A20 in MHCC97-H cells. Transfection with HSP90’s siRNA and treatment with the HSP90 inhibitor BIIB021 inhibited the interaction between HSP90 and A20. High levels of HSP90 A20 expression with outcome was further examined. Then, the association of HSP90 with HCC patients’ prognosis was also examined. In HCC tissue specimens, according to the median of HSP90 mRNA expression, patients were divided into two groups: the HSP90 high expression group and the HSP90 low expression group (Figure 2B). The survival analysis of the two groups was examined. The OS (overall survival) or the TTP (time to progress) of patients with high-level of HSP90 (HSP90-high group) was much shorter than patients with high-level of HSP90 (HSP90-high group) (Figures 2C, D and Table 4). Therefore, Whether A20 in the HSP90-A20 complex is active may depend on the state of HSP90.




Figure 2 | A20 forms complex with HSP90 and inhibits HSP90 rescues the activation of A20. (A) The MHCC97-H cells which were transfected with siHSP90 or treated with BIIB021 (the small molecular inhibitor of HSP90) were harvested for the co-Immunoprecipitation. expression level of A20 in HCC or the paired non-tumor tissues was examined by qPCR. (B) The expression of HSP90 in HCC clinical specimens was examined by qPCR and the patients were divided into two groups: A20-high group and A20-low group. (C, D) The prognosis of two groups’ patients was revealed by the OS (overall survival) (C) or the TTP (time to progress) (D). (E–G) MHCC97-H was transfected with siHSP or treated with BIIB021. (E) The expression level of pro-survival or anti-apoptosis related factors was examined by western blot. (F, G) the MHCC97-H cells which were treated with the indicated concentration of Sorafenib and the results were shown as the concentration-effect curve of Sorafenib (F) or the IC50 values (G). (H–J) MHCC97-L was transfected with control or the A20 vectors or treated with HSP90 inhibitor. (H) The expression level of pro-survival or anti-apoptosis related factors was examined by western blot. (I, J) The MHCC97-L cells which were transfected with plasmids were treated with the indicated concentration of Sorafenib and the results were shown as the concentration-effect curve of Sorafenib (H) or the IC50 values (J). (K–N) The MHCC97-H or MHCC97-L cells were transfected with plasmids or treated with Sorafenib and the cells were harvested for the colony formation experiments. The results were shown as the images of colonies or the quantitative results. *P < 0.05.




Table 4 | The association of HSP90 with the prognosis of HCC patients receive Sorafenib.





Downregulation of HSP90 via Its siRNA or Small Molecular Inhibitor Enhances the In Vitro Sensitivity of HCC Cells to Macular Targeted Agents

The effect of the disassociation of the A20/HSP90 complex on HCC cells’ sensitivity to sorafenib was examined. As shown in Figures 2E–G and Table 3, in MHCC97-H cells with high level of A20, knockdown of HSP90 via its siRNA or small molecular did not affect the expression of A20 but decreased the expression of pro-survival and anti-apoptosis-related factors (Figures 2E–G and Table 3) and enhanced the sensitivity of MHCC97-H cells to molecular targeting agents. Moreover, in MHCC97-L cells with low level of endogenous A20, overexpression of A20 alone did not affect the sensitivity of MHCC97-L cells to sorafenib and other agents or the expression of pro-survival or anti-apoptosis related factors (Figures 2H–J and Table 2), however, overexpression of A20 combined with HSP90 inhibiter not only enhanced the sensitivity of MHCC97-L cells to sorafenib and other agents but also inhibited the expression of pro-survival or anti-apoptosis related factors (Figures 2H–J and Table 2). The results from cellular survival examination (the MTT experiments) was confirmed by colony formation experiments (Figures 2K–N). Therefore, downregulation of HSP90 via its siRNA or small molecular inhibitor enhances the in vitro sensitivity of HCC cells to macular targeted agents



Knockdown of HSP90 Enhanced the In Vivo Antitumor Activity of Sorafenib and Repressed the Pro-Survival and Anti-Apoptosis-Related Factors in Subcutaneous Tumors

To further examine the effect of HSP90, the subcutaneous tumor model was used. As shown in Figures 3, 4, MHCC97-H cells formed subcutaneous tumors. Oral administration of 0.5 mg/kg sorafenib did not significantly affect the subcutaneous growth of HCC cells in nude mice. Knockdown of HSP90 via its siRNA and oral administration of HSP90 enhanced the sensitivity of HCC cells to sorafenib. It repressed the expression of NF-κB downstream pro-survival and anti-apoptosis-related factors (Figures 3 and 4). These findings suggest that the inhibitory effect of A20 was rescued in the presence of HSP90 siRNA and HSP90 inhibitor.




Figure 3 | Knockdown of HSP90 in MHCC97-H cells via siRNA enhances the antitumor effect of Sorafenib on the subcutaneous growth of MHCC97-H cells in nude mice. MHCC97-H cells were transfected with control or siHSP90. HCC97-H cells were injected into the nude mice to form the subcutaneous tumors. Mice were received Sorafenib via oral administration. The results were shown as the images of tumor tissues (A), tumor volumes (B), tumor weights (C) or the expression level of pro-survival or anti-apoptosis related factors in the tumor tissues (D–G). *P < 0.05.






Figure 4 | Knockdown of HSP90 in MHCC97-H cells via BIIB021 enhances the antitumor effect of Sorafenib on the subcutaneous growth of MHCC97-H cells in nude mice. MHCC97-H cells were injected into the nude mice to form the subcutaneous tumors. Mice were received Sorafenib or BIIB021 via oral administration. The results were shown as the images of tumor tissues (A), tumor volumes (B), tumor weights (C) or the expression level of pro-survival or anti-apoptosis related factors in the tumor tissues (D–G). *P < 0.05.





Knockdown of HSP90 Enhanced the In Vivo Antitumor Activity of Sorafenib and Repressed the Pro-Survival and Anti-Apoptosis-Related Factors in the Intrahepatic Tumor Model

The previous results focused on the subcutaneous growth of HCC cells. The in vivo growth of HCC cells was further examined using an intrahepatic tumor model. As shown in Figure 5, MHCC97-H cells could form the intrahepatic lesions or nodules in nude mice’s liver organs and the intrahepatic growth of MHCC97-H cells were measured by the microPET or the images of liver organs. Treatment of 1mg/kg Sorafenib could inhibit the intrahepatic growth of MHCC97-H cells. Treatment of BIIB021, the small molecular inhibitor of HSP90, enhanced the antitumor effect of Sorafenib on MHCC97-H’s intrahepatic growth. The results were shown as the images of liver organs with nodules (Figure 5A) or the quantitative results (Figures 5B, C). The effect of Sorafenib or BIIB021 on MHCC97-H cells was confirmed by the qPCR examining the pro-survival or anti-apoptosis related factors in lesions tissues (D-F). Therefore, the Knockdown of HSP90 enhanced the in vivo antitumor activity of sorafenib and repressed the pro-survival and anti-apoptosis-related factors in the intrahepatic tumor model.




Figure 5 | Knockdown of HSP90 in MHCC97-H cells via BIIB021 enhances the antitumor effect of Sorafenib on the intrahepatic growth of MHCC97-H cells in nude mice. MHCC97-H cells were injected into the liver organs of nude mice to form the intrahepatic nodules/lesions. Mice were received Sorafenib or BIIB021 via oral administration. The results were shown as the images of microPET or liver organs with lesions/nodules (A), the quantitative results (B, C) or the expression level of pro-survival or anti-apoptosis related factors in the tumor tissues (D–F). *P < 0.05. The white arrow indicates the image of the nude mouse liver region in the microPET images (A) and the black arrow indicates the HCC lesions/nodules formed by the MHCC97-H cells in the nude mouse liver organs (A).






Discussion

Although many advantages have been achieved, the treatment of advanced HCC faces considerable obstacles (43). First, the one-third, two-thirds, and whole liver can only accept 90, 47, and 31 Gy doses of IR, respectively; however, these doses of IR are only partial doses of the HCC-control dose. Radio-resistance limits the application of radiotherapy for HCC treatment (6). Moreover, local therapeutic strategies, such as radiofrequency ablation, transhepatic artery chemoembolization, and cryoablation are invasive therapies for advanced HCC; the associated recurrence rates after local treatment cannot be ignored (44, 45). Therefore, it critical to identify targeted molecular therapies to achieve safer and more effective strategies. Several studies provided molecular clues that the pro-survival and anti-apoptotic response to NF-κB would be potential targets (46, 47). Based on the evidence that zinc finger protein A20 functioned as a negative regulator of NF-κB, overexpression of A20 and enhancing the activation of A20 could enhance HCC cells’ sensitivity to molecularly targeted agents via restricting the activation of the NF-κB pathway (6). However, the function of A20 in HCC has been rarely reported, and there are no universal roles regarding A20’s function. Liu et al. suggested that A20 was a tumor suppressor in HCC that enhanced HCC cells’ sensitivity to 60Co-γ IR (6). Chen et al. found that overexpression of A20 repressed the proliferation and metastasis of HCC cells via inhibiting the expression of Twist1 with higher expression levels in HCC tissues and cell lines than in non-tumor control (48). Other investigators reported opposite trends. Dong et al., Wang et al. and Wang et al. showed that A20 was a positive regulator of HCC cell survival and proliferation (49–51), and knockdown of A20 attenuated the proliferation and metastasis of HCC cells and protected the cells from injury induced by TNFα treatment (49–51). In the present study, the expression of A20 in HCC tissues was higher than in non-tumor tissues, but A20 itself may not affect the activity of the pro-survival/anti-apoptosis related downstream factors of NF-κB in HCC cells (overexpression and knockdown of A20 expression did not affect the pro-survival/anti-apoptosis related downstream factors of NF-κB (Figure 6). The expression of pro-survival and anti-apoptotic factors in downstream cells of NF-κB) suggests that A20 may lose activity in HCC cells




Figure 6 | The proposal model of the presence work. (A) In HCC cells, HSP90 forms a complex with A20, and A20 cannot function at this time. (B) Using small molecule inhibitors to act on HCC cells can inhibit the activity of HSP90 and dissociate the complex between HSP90 and A20. A20 recovers at this time.



Furthermore, we found that HSP90 and A20 form a complex in HCC cells to inhibit the activity of A20. The use of HSP90 siRNA and HSP90 small molecule inhibitors can inhibit HSP90 and A20 complexes’ formation and finally release A20 from the complex. Restore activity, and finally down-regulate the expression level of NF-κB downstream related factors. The expression of A20 in HCC tissues does not correlate with the prognosis of patients, while HSP90 is highly expressed in HCC tissues, and the expression level of HSP90 is negatively correlated with the prognosis of patients.

The HSP90 (heat shock proteins 90) is present at low levels under normal conditions; however, these levels are significantly elevated in the presence and injury in response to cellular stresses (52). Previously, HSP90 was considered an essential molecular chaperone that participates in physical processes, including protein homeostasis, cellular apoptosis, migration/invasion, and cellular signaling transduction (53). Studies have provided clues that HSPs functions as an essential regulator of HCC and overexpression of HSP90 (54). HSP90 is often associated with poor outcome and antitumor treatment resistance (55). Knockdown of HSP90 activation using small molecular inhibitors such as 5-aryl-3-thiophen-2-yl-1H-pyrazoles and AUY922 (luminespib) attenuated the proliferation of HCC cells (56–58). Mechanically, the oncogenic effect of HSP90 is often associated with some oncogene or pro-oncogene, e.g., c-MYC (59). Our findings suggest that HSP90 interacts with A20, while A20 in the A20-HSP90 complex may not be active. Treating cells with inhibitors of HSP90 induces the dissociation of the HSP90-A20 complex, and A20 was released. The activity of A20 enhancing the sensitivity of HCC cells to molecularly targeted drugs was rescued. The results of this study expand our understanding of HSP90 regulation of HCC cells.

It is worth mentioning that the cellular stress response mechanism has attracted considerable attention (60). For example, the cellular injury response mechanism represented by Notch is closely related to the proliferation, metastasis, and invasion of malignant tumor cells such as HCC, and it induced resistance to anti-tumor treatments (61, 62). Cytotoxic chemotherapy drugs, molecularly targeted drugs, IR, and thermal ablation can be used as damage/stress factors to cells to induce activation of the Notch pathway (63, 64). The activated Notch pathway promotes survival by inducing pro-survival and anti-apoptosis-related factors, protecting cells, and ultimately inducing cells’ resistance to anti-tumor treatments (65, 66). The stress response is the primary function of HSP90 (67, 68). The occurrence and progression of HCC are closely related to inflammation (69). Under repeated stimulation of liver injury induced by the hepatitis B virus, liver cells eventually become cancerous (69, 70). HSP90 is closely related to the hepatitis B virus. The high expression of HSP90 in HCC resulted from the induction of stress factors such as inflammation and liver damage during the occurrence and progression of HCC (71). A20 is thought to be a tumor suppressor; it was initially discovered as an inhibitor of inflammatory responses and other stress factors (72). Taken together, these findings suggest that high expression levels of A20 in HCC may represent the body’s protective effect against liver damage and stress responses. However, high expression levels of HSP90 in HCC cells eventually cause A20 inactivation by forming a complex with HSP90. This study’s results provide a possible mechanism for the inconsistency of current A20-related research: A20 can be used as a tumor suppressor; however, A20’s role depends on whether HSP90 is aberrantly expressed. The cellular stress response process is closely related to the tumor tissue microenvironment, and the tumor tissue microenvironment is closely related to the epithelial-mesenchymal transition of malignant tumor cells (73–76). Future studies will focus on the relationship between HSP90 and epithelial-mesenchymal transition.



Conclusion

A20 and HSP90 form a complex in HCC cells, and A20 loses its activity. The HSP90-A20 complex dissociated and released A20, which rescues the activity of A20 and enhances the sensitivity of HCC cells to molecularly targeted agents.
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Hepatocellular carcinoma (HCC) is the most common primary malignant tumor of the liver. Although progress has been made in diagnosis and treatment, morbidity and mortality continue to rise. Chronic liver disease and liver cirrhosis are still the most important risk factors for liver cancer. Although there are many treatments, it can only be cured by orthotopic liver transplantation (OLT) or surgical resection. And the worse the degree of differentiation, the worse the prognosis of patients with liver cancer. Then it can be considered that restoring a better state of differentiation may improve the prognosis. The differentiation treatment of liver cancer is to reverse the dedifferentiation process of hepatocytes to liver cancer cells by means of drugs, improve the differentiation state of the tumor, and restore the normal liver characteristics, so as to improve the prognosis. Understanding the mechanism of dedifferentiation of liver cancer can provide ideas for drug design. Liver enrichment of transcription factors, imbalance of signal pathway and changes of tumor microenvironment can promote the occurrence and development of liver cancer, and restoring its normal level can inhibit the malignant behavior of tumor. At present, some drugs have been proved to be effective, but more clinical data are needed to support the effectiveness and reliability of drugs. The differentiation treatment of liver cancer is expected to become an important part of the treatment of liver cancer in the future.
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Introduction

Liver cancer is the sixth most common cancer disease globally, and the fourth leading cause of cancer death (1). Chronic liver disease and cirrhosis are the most important risk factors for liver cancer, among which viral hepatitis and excessive alcohol intake are the leading risk factors worldwide. Chronic diseases such as diabetes and obesity increase the risk of liver cancer. The study also found that the incidence in males is higher than that in females because of high testosterone levels (2).Hepatocellular carcinoma (HCC) accounts for more than 80% of primary liver cancer (3), it is one of the most common liver cancer with high morbidity and mortality. Molecular studies have identified mature hepatocytes as the origin cells of HCC. These cells dedifferentiate into hepatocyte precursor cells and then become HCC cells that express progenitor cell markers (4). The prognosis of most patients with liver cancer is poor, although monitoring patients with liver cirrhosis can be used to diagnose early liver tumors, but most of liver cancer are diagnosed in the late stage (5), this makes the treatment of liver cancer full of challenges. At present, only orthotopic liver transplantation (OLT) or surgical resection can cure (2), but the effect of therapy also depends on the size and location of the tumor and the state of the liver. Although chemotherapy and radiotherapy can prolong overall patients survival, the results are still not satisfactory because of tumor recurrence and drug resistance of cancer cells (6). Clinical treatment also found that poor prognosis of HCC patients with poor tumor differentiation (7), we can consider to restore the good differentiation state of the liver to achieve a better prognosis. We already know that dedifferentiation is a process of liver cancer development, so differentiation therapy whose main purpose is to induce and reverse tumor dedifferentiation may be a promising treatment strategy. Therefore, it is necessary to study the factors that change the expression level in the process of hepatocyte differentiation. Finding the changes and roles of these factors in the occurrence and development of liver cancer will help us to find more therapeutic targets. Tumor microenvironment (TME) is the cellular environment of tumor cells or tumor stem cells (8), the cells and molecules have many effects on the occurrence and development of tumor (9). In addition, a variety of inflammatory cytokines and regulatory pathways play a role in the dedifferentiation of hepatocellular carcinoma. Understanding these potential mechanisms can provide more insights into drug design. This article reviews the molecules that regulate the differentiation of hepatocellular carcinoma and some cells, cellular molecules, regulatory pathways and drugs that have been found to affect the progression of hepatocellular carcinoma.



Liver Enriched Transcription Factors

Hepatocyte differentiation is controlled by the combination of a variety of liver-enriched transcription factors (LETF), which are the key elements of liver-specific transcriptional regulatory genes. In the process of hepatocellular carcinogenesis, the expression level of these transcription factors often changes. Previous studies have shown that dedifferentiation of HCC is closely related to a large number of changes in transcription factor gene expression in the liver (Figure 1). This includes down-regulation of HNF4, HNF6, HNF1, HNF3 and C/EBP and up-regulation of COUP-TFI (Table 1) (18).




Figure 1 | The expression level of liver-enriched transcription factors (LETFs) often changes during the occurrence of HCC, which can induce dedifferentiation of tumor cells and interfere with EMT procedures responsible for tumor progression. These characteristics can make LETFs a promising tool for HCC treatment. +:promotion. -: inhibition.




Table 1 | The role of LETFs in the differentiation of liver cancer.



The HNF1 family includes HNF1α and HNF1β. HNF1α and HNF1β proteins have similar homologous domains and POU domains, but the two transactivation domains of HNF1α in the C-terminal part of the proteins do not exist in HNF1β (19). Hepatocyte nuclear factor 1α is a key transcription factor in the HNF family, which interacts with DNA in the form of homologous or heterodimer with HNF1β. Both of them are involved in many important biological functions of hepatocytes, such as carbohydrate synthesis and storage, lipid metabolism, detoxification and serum protein synthesis. It also plays an important role in regulating liver development and hepatocyte differentiation (10). HNF1α is involved in hepatocyte differentiation and regulates most liver-specific genes at the transcriptional level (20). After hepatic parenchyma coagulation, HNF1α was preferentially expressed in the early stage of liver development, but decreased in adult liver (21). The expression level of HNF1α in well differentiated HCC tissues was higher than that in poorly differentiated HCC tissues (19), it is speculated that the high expression level of HNF1α in well differentiated hepatocellular carcinoma may be the result of early proliferation and differentiation of hepatocytes. The concentration of HNF1α protein in rat liver tumor decreased, and the binding activity of HNF1 protein decreased in the process of transformation from well differentiated human hepatocellular carcinoma to poorly differentiated human hepatocellular carcinoma (HCC), the binding activity of HNF1α protein decreased in the process of transformation from well differentiated human hepatocellular carcinoma to poorly differentiated human hepatocellular carcinoma (22). HNF1α promoter analysis confirmed that HNF4 was an important activator of HNF1α gene expression in addition to HNF1α self-regulation (15). Zengxin et al. confirmed that HCC was related to the decreased expression of HNF1α. They found that HNF1α could inhibit the proliferation of hepatocellular carcinoma cells, promote the expression of liver-specific genes in hepatocellular carcinoma cells, and abolish the tumorigenicity of hepatocellular carcinoma cells in vivo (10). It was also found that HNF1α could inhibit the activation of TGFb/Smads pathway in hepatocellular carcinoma cells and affect the growth and differentiation of hepatocellular carcinoma cells (10). It has been found that the simultaneous expression of HNF1α, HNF4α and FOXA3 can transform hepatoma cells into hepatocyte-like cells. Mechanically, the exogenous expression of HNF1α, HNF4α and FOXA3 in hepatocellular carcinoma cells promotes the endogenous expression of a variety of hepatocyte nuclear factors, including C/EBP, thus promoting the transformation of hepatocellular carcinoma cells into hepatocyte-like cells (23). On the contrary, the high expression of HNF1β enhances the tumor-forming ability of HCC cells in vivo, and promotes the dedifferentiation of hepatocellular carcinoma cells into liver cancer stem cells by activating Notch signal pathway, as well as the invasion of HCC cells and the occurrence of EMT (11). The expression of HNF1β can up-regulate the expression of Notch1 and Hes1 of genes related to Notch signaling pathway, activate Notch pathway, activate EMT and enhance the stemness expression of hepatocytes, and promote the dedifferentiation of normal hepatocytes to cancer cells, resulting in hepatocellular carcinoma (11). HNF1β can be used as an important predictor of poor prognosis of liver cancer (24).

The HNF3 family consists of HNF3α, HNF3β and HNF3γ.These proteins have high homology in the winged helix/forkhead DNA binding domain and two short similar regions at the C-terminal and N-terminal.HNF3 binds to other liver-enriched transcription factors and transactivates many liver-specific genes, such as albumin, transthyroxine, α 1-antitrypsin, and HNF1 α (15). HNF3 β, HNF3 α and HNF3 γ are activated successively during development (15). As a member of the HNF3 family, HNF3β exists mainly in the liver. Previously, it was found that HNF3β in HCC was up-regulated (25), but silencing the expression of HNF3β could inhibit the proliferation and invasion of HepG2 cells and promote apoptosis, while the overexpression of HNF3β had the opposite effect on HepG2 cells. At the same time, it also revealed that miR-141, as a cell proliferation inhibitor, plays an inhibitory role in HCC by inhibiting the expression of HNF3β (25). HNF3α plays an important role in maintaining hepatocyte differentiation (15). A recent study has shown that HNF3γ plays a role in maintaining hepatocyte differentiation. Further studies have found that delivery of HNF3γ to HCC cells can increase the expression of hepatocyte-specific biomarkers and enhance liver function, promote the differentiation of HCC cells, and overexpression of HNF3γ will also induce the differentiation of liver CSC. In addition, the authors also found that the differentiation of HCC cells mediated by HNF3γ led to the inhibition of HCC cell proliferation in vitro and the inhibition of HCC growth after xenotransplantation in vivo (12). These findings are of great significance for HNF3γ in the treatment of HCC differentiation.

HNF4 is expressed in the liver, kidney and intestine of adults (15). HNF4α is the main regulator of liver specific gene expression and has strong antitumor activity (26). HNF4 can transactivate endogenous HNF1α and liver genes (such as α 1-antitrypsin), and induce redifferentiation of dedifferentiated hepatoma cells by stably transfecting exogenous HNF4 (13). After HNF4 transduction, cells expressed previously silent HNF1α (15). HFN4α can inhibit the proliferation of hepatocellular carcinoma cells (26). The expression of HNF4α decreased during the occurrence of hepatocellular carcinom (27). At the same time, it was also found that the expression of HNF4α could inhibit hepatocyte EMT, and inhibit the formation of hepatoma stem/progenitor cells during carcinogenesis (27). The study also found that CXCR7 participates in HCC differentiation through ERK-dependent signal inhibition of HNF4α expression, and CXCR7-MAPK-HNF4α cascade is a general pathway of HCC differentiation. The authors believe that CXCR7-MAPK-HNF4α pathway can be used as a promising target for HCC differentiation therapy (14). HNF4γ2 is an isomer of HNF4α, which can restore dedifferentiated hepatoma cells to a more differentiated state by promoting the expression of hepatocyte markers (20).

HNF6 is expressed in tissues originating from endoderm cells of the liver, pancreas, foregut, nervous system, brain and spinal cord (15). It has been proved that the overexpression of HNF6 can stimulate the expression of HNF3β and HNF4 (15). HNF6 is a tumor suppressor. The expression level of HNF6 in hepatocellular carcinoma was negatively correlated with histological grade. The expression of HNF6 and differentiation-related markers in poorly differentiated hepatocellular carcinoma cells was lower than that in well differentiated hepatocellular carcinoma cells (16). HNF6 can up-regulate the expression of differentiation-related markers and inhibit the migration and invasion of hepatocellular carcinoma cells, while knockout HNF6 gene is the opposite (16).

C/EBP is abundant in the liver, especially in fully differentiated cells (15). C/EBP α and C/EBP β are involved in the proliferation and differentiation of hepatocytes (28). Tumor patients with high expression of C/EBP α or C/EBP β have a longer survival time (28). In human hepatocellular carcinoma, the expression level of C/EBP α is very low (22). The activity of C/EBPα is regulated by the phosphorylation of Ser193 (Ser190 in human protein), and the phosphorylation of C/EBP α at Ser193 site enhances its antitumor activity (17). The dephosphorylation of C/EBP α at Ser193/Ser190 can transform the tumor suppressor gene into a protein with carcinogenic activity, resulting in the transformation of hepatocytes into stem cell-like cells (17). In short, LETFs can induce tumor cell differentiation and interfere with the EMT program responsible for tumor progression, which makes LETFs a promising tool for HCC therapy.



Tumor Microenvironment

Tumor microenvironment (TME) refers to the occurrence, growth and metastasis of tumor and the cellular environment of tumor cells or cancer stem cells. It is composed of malignant and non-malignant cells and a large number of soluble mediators (8). TME has a variety of effects on the occurrence, development and progression of tumors. It contains cells and molecules that can increase the stemness of tumor cells, promote angiogenesis, mediate migration, induce drug resistance and inhibit the immune system (Figure 2) (9). TME includes endothelial cells, fibroblasts and immune cells (9). Immune cells, such as granulocytes, lymphocytes and macrophages, participate in various immune responses and activities, such as inflammatory responses that promote tumor survival (9). Among them, macrophages play the most prominent role, which can promote tumor cells to escape to the circulatory system and inhibit anti-tumor immune mechanism and response (29). Studies have shown that macrophages participate in HCC cell-derived PKM2-mediated tumor microenvironment remodeling, which can promote the development of HCC. HCC-derived exosomal PKM2 not only induces metabolic reprogramming of monocytes, but also induces nuclear STAT3 phosphorylation and upregulates the expression of differentiation-related transcription factors, leading to differentiation from monocytes to macrophages and tumor microenvironment remodeling (30).




Figure 2 | The functions of various types of cells in the tumor microenvironment.



Tumor-associated macrophage (TAM) is an important part of tumor microenvironment (31). Hepatic macrophages are composed of different ontogenetic populations, namely Kupffer cells and monocyte-derived macrophages (Mo-Mfs). At present, macrophages have been designated as classical activated M1 state triggered by interferon-γ and alternative activated M2 state induced by lipopolysaccharide or IL-4. TAM is usually defined as M1-like (leading to anti-tumor response and cytotoxicity) or M2-like (tumor promotes and suppresses effective adaptive immunity) cells, that is, M2 TAM has tumor-promoting effect, while M1 TAM has anti-tumor effect (32). TAM can produce a variety of chemokines, such as CCL22, can attract regulatory T cells to the cancer site, thus blocking the activation of cytotoxic T cells (33), to achieve immunosuppression. TAM can also produce angiogenic factors such as vascular endothelial growth factor (VEGF), platelet-derived growth factor and transforming growth factor-β to promote tumor angiogenesis (31). Hepatocytes are epithelial cells with highly specialized morphology. Epithelial-mesenchymal transformation (EMT) and HCC dedifferentiation describe the same thing to some extent, but their emphasis is different (20). Recent studies have shown that tumor microenvironment is closely related to epithelial-mesenchymal transformation of cancer cells, and the interaction between them can promote epithelial-mesenchymal transformation in cancer cells (34), tumor-related macrophages, especially M2-type macrophages, can produce EMT-promoting cytokines, such as IL-6 (35), it can be considered that TAM may promote HCC dedifferentiation. TNF- α released by M2 macrophages can promote the epithelial-mesenchymal transformation and cancer stemness of HCC, indirectly promote the dedifferentiation of hepatocellular carcinoma cells and promote the progress of HCC (36).

Neutrophils are typical immune cells, which can promote cell transformation, tumor progression and anti-tumor immunity in tumor microenvironment (37). Tumor-associated neutrophil (TANs) plays an important role in promoting tumor progression in tumor microenvironment (38). In HCC cells, TANs can secrete BMP2 and TGF- β 2, increase the expression of miR-301b-3p, and increase the stem cell characteristics of HCC cells (38), which may promote the dedifferentiation of HCC. In the mouse model, TANs recruited macrophages and Treg cells through the expression of CCL2 and CCL17 in HCC, promoted their infiltration in tumor, and promoted HCC neovascularization and HCC progression (39).

Fibroblasts are spindle-shaped slender cells. More and more evidence shows that fibroblast subsets can regulate the progression of cancer. These cells are called cancer-associated fibroblasts (CAF) or tumor-associated fibroblasts (TAF) (40). CAF may come from hepatic stellate cell (HSC), epithelial mesenchymal transformed (EMT) parenchyma cells, bone marrow (BM)-derived cells, mesothelial cells and portal vein fibroblasts (PF) (41). CAFs can maintain and enhance the dryness of HCC cells (42), it can secrete cartilage oligomeric matrix protein (COMP) to promote the proliferation, invasion and EMT, of HCC cells as well as tumorigenesis and growth in vivo (43). Studies have shown that IL-6 secreted by CAF may enhance the stemness of HCC cells through Notch signaling pathway (44). Matrix niche can regulate the differentiation and proliferation of stem cells by providing a unique microenvironment. CAF, as a part of the surrounding matrix in TME, can increase the stem cell-like characteristics of cancer cells by secreting growth factors such as HGF, thus regulating the differentiation of cancer stem cells (45). The differentiation of liver cancer cells remains to be studied.

Hepatic stellate cell (HSC) is an important part of HCC tumor microenvironment. Activated HSC can be transformed into myofibroblast-like cells to promote liver injury or chronic inflammatory fibrosis, leading to liver cirrhosis and HCC (46). The expression of α-SMA (a marker of HSC activation) can promote the expression of connective tissue growth factor (CTGF), and CTGF-mediated tumor-matrix interaction between hepatocellular carcinoma cells and hepatic stellate cells can promote the progression of HCC (47). Recent studies have shown that overexpression of miR-1246 or knockdown of ROR α can activate and promote epithelial-mesenchymal transformation of (EMT) through Wnt/β-catenin pathway to promote HCC progression, while miR-1246 is triggered by HSC, and ROR α is the target gene of miR-1246 (48). Recently, it has been reported that hepatic stellate cells can undergo mesenchymal-epithelial transformation (MET), restore to epithelial cells, and eventually differentiate into hepatocytes or bile duct cells (Table 2) (49).


Table 2 | The role of cells in cancer differentiation.



B cells can be found at the invasive edge of the tumor, and are more common in draining lymph nodes and lymphoid structures near TME (50). Human HCC tissue contains B cells. Activated CD4+T cells from HCC stimulate macrophages to produce CXCL10;CXCL10 that binds to CXC chemokine receptor 3 on B cells, making them plasma cells that produce IgG. IgG activates Fc receptors in macrophages to produce cytokines that reduce anti-tumor immune response, thus promoting the progress of HCC (51).

Tumor microenvironment is the environment for the growth of cancer cells. Many components of tumor microenvironment play a role in the differentiation of liver cancer, and also provide direction for the differentiation and treatment of HCC. The importance of TME in the design of new cancer treatment programs is now obvious.



Inflammatory Cytokines

Inflammation can mediate the development of HCC, which involves a variety of cytokines. IL-6 can activate STAT3 signal pathway to drive hepatocyte replication and promote the occurrence of hepatocellular carcinoma (52). Studies have shown that the production of IL-6 is necessary for the growth and malignant transformation of HCC progenitor cell (HcPCs). Hepatocellular carcinoma (HCC) progenitor cells (HcPC) are precancerous cells. The increased expression of LIN28 leads to the secretion of IL-6, which makes HcPC differentiate into hepatocellular carcinoma cells (53). STAT3 can also be activated by IL-17, and the promoting effect of IL-17 on HCC is through the activation of IL-6/STAT3 pathway (54). IL-6 can promote the retrodifferentiation of tumor-derived HepaRG hepatocyte-like cells (HepaRG-tdHep) into proliferative stem/progenitor cells through the interaction between TNF–α and TGF-β. Tumor necrosis factor-α activates IL-6 through NF- κ B pathway and phosphorylates STAT3 at the same time. On the other hand, IL6 plays many roles by activating STAT3. There is crosstalk between transforming growth factor-β and interleukin-6 pathway, which contributes to the EMT of liver cancer cells and promotes the dedifferentiation of liver cancer cells so as to promote the progression of liver cancer (55). It is also discussed in the literature that TGF β can induce EMT in malignant hepatocytes by stimulating the proliferation of CAFs (Figure 3) (56).




Figure 3 | Role of IL-6 in differentiation of hepatocellular carcinoma.



Studies have shown that interferon-γ (IFN-γ) can significantly increase the apoptosis of HCC cells, significantly up-regulate the expression of Bax and lytic caspase-3 in HCC cells, and down-regulate the expression of Bcl-2. Interleukin-17 can inhibit the apoptosis of HCC cells by inhibiting the induction of IFN-γ, thus promoting the progress of HCC (57). NK cells trigger CSCs/undifferentiated tumor differentiation mainly through secretion and membrane-bound IFN-γ and TNF-α, and IFN-γ plays a greater role (58). It was also found that IL-10 inhibits NK cell-mediated tumor differentiation by inhibiting IFN-γ secretion during monocyte-mediated NK areactive induction (59). Interleukin-33 (IL-33) is an effective pro-inflammatory cytokine inducer, which can regulate innate immunity and adaptive immunity (60). Current studies have found that up-regulation of IL-33 in HCC leads to accelerated growth of HCC, and IL-33 may induce chemokines (such as Cxcl1) to enhance the recruitment of S100A9-secreting bone marrow cells to promote tumor progression (60). IL-34 is a cytokine produced by a variety of cells, which is initially involved in controlling the differentiation, proliferation and survival of bone marrow cells (61). In tumor microenvironment, IL-34 mediates the interaction between tumor cells and TAM (61). especially in hepatocellular carcinoma, tumor cell-derived IL-34 can stimulate TAM to produce transforming growth factor β 1 (TGF-β 1), inhibit the expression of miR-28-5p on HCC cells (61), promote the differentiation and proliferation of TAM, and indirectly promote the differentiation and progression of HCC (61).

A series of studies on the above molecules can greatly promote our understanding of the mechanism of cancer development and differentiation, and provide new insights into the methods and targets of differentiation treatment.



Treatment Status

At present, when patients have symptoms of HCC, the diagnosis of liver cancer is often in the late stage of the disease, which is very difficult for treatment and prognosis. And at this later stage, there are few effective treatments that can improve survival (2). Orthotopic liver transplantation (OLT) is the best treatment choice for patients with decompensated liver cirrhosis, and HCC is the only solid tumor that can be treated with transplantation (2). However, OLT is only applicable to patients who meet the Milan criteria or the University of San Francisco criteria. Non-operative methods include transarterial chemoembolization (TACE), which is the standard treatment for hepatocellular carcinoma in the middle stage (62), and it is also the most commonly used initial treatment for local hepatocellular carcinoma (63). For unresectable liver cancer, the 1-year and 2-year survival rates of TACE treatment were 82% and 63%, respectively (64). Other methods include percutaneous local ablation, microwave ablation, cryoablation, radiotherapy and systemic chemotherapy (2). The therapeutic effect and selection of the above methods depend on the size, location, extrahepatic spread and potential liver function of the tumor, because the diagnosis of liver cancer is often in the late stage, and in order to improve the therapeutic effect and postoperative survival rate, new treatments need to be studied to achieve a better prognosis.

The concept of cancer differentiation therapy probably originated in the 1970s, when the first in vitro model system was developed to culture cells and induce them to differentiate with specific drugs. The purpose of inducing differentiation is to limit the growth potential of cancer cells. Many different biological mechanisms are thought to explain the positive therapeutic effects of inducing cancer cell differentiation in vivo. It includes inducing irreversible loss of proliferative potential, inhibiting the reactivity of growth factors, inhibiting tumor angiogenesis, inducing and inhibiting the expression of oncogenes, enhancing the effect of chemotherapy and radiotherapy drugs and inducing antigens to be recognized by cytotoxic immune cells (65). At present, there are three ways to treat cancer differentiation in theory: (1) targeted differentiation of cancer; in targeted differentiation of cancer, the differentiation pathway is activated without correcting the potential carcinogenic mechanism that leads to the block of initial differentiation. (2) reverse differentiation of cancer; in the process of tumor reverse differentiation, correcting the potential carcinogenic mechanism leads to the recovery of endogenous differentiation pathway. (3) tumor metastasis and differentiation: in the differentiation of cancer metastasis, cancer cells are redirected to the early stage of differentiation to obtain alternative differentiation pathways (66). Recently, targeting CSC is becoming an important therapeutic strategy. Differentiation therapy may induce CSCs to become terminally differentiated cancer cells. These cells can then be treated with alkylated antineoplastic agents (such as cyclophosphamide and busulfan) or a combination of both therapies for better results (67).

As we already know from the above, there are a variety of molecules that can regulate and induce the differentiation of liver cancer, restore the normal level of these molecules and inhibit tumor behavior. The differentiation therapy of liver cancer is based on such a basis, that is, the main goal is to reverse the dedifferentiation process from liver cells to liver cancer cells, improve the differentiation state of the tumor and restore the characteristics of the liver (Figure 4). There are now a variety of drugs that can achieve this goal (Table 3). All-trans retinoic acid (ATRA) is a group of structural and functional analogues of vitamin A, which can regulate the growth, differentiation and development of epithelial cells (68). Studies have found that ATRA is a good differentiation inducer, which can induce the differentiation of a variety of tumor cells. ARTA has been used clinically in the treatment of patients with acute promyelocytic leukemia (69). At the same time, it was also found that the hepatoma cells treated with ATRA showed better differentiation characteristics. ATRA can induce the down-regulation of CD147 and promote the differentiation of HCC cells, and also show the up-regulation of differentiation marker HNF4 (70). Studies have shown that ARTA treatment decreased the protein level of β-catenin in CD133+ liver cancer stem cells, and increased the protein phosphorylation of β-catenin. At the same time, it was also found that the knockdown of β-catenin mRNA decreased the protein expression of stem cell markers in CD133+ liver cancer stem cells and damaged their dryness (81). Sorafenib is an oral multienzyme inhibitor that inhibits tumor angiogenesis and cell growth by inhibiting the activities of serine/threonine kinases c-Raf (Raf-1) and B-Raf; mitogen-activated protein kinases mek and erk; vascular endothelial growth factor receptor (Vegfr)-1, 2 and 3; platelet-derived growth factor receptor (Pdgfr)-α and β as well as c-kit, Flt-3 and Ret (82). ATRA can enhance the efficacy of sorafinib (20). Studies have shown that cisplatin may be sensitive to the treatment of hepatocellular carcinoma in children (83). ATRA can effectively induce the differentiation of tumor initiation cells and enhance the cytotoxicity of cisplatin, thus enhancing the chemotherapeutic effect of cisplatin on HCC (71). As2O3, like ATRA, has been used in the clinical treatment of acute promyelocytic leukemia (72). As2O3 can restrict the growth of hepatoma cells, down-regulate the anti-apoptotic protein Bcl-xL, and up-regulate the expression of Notch, leading to apoptosis (73). Studies have shown that As2O3 down-regulates the expression of CD133 and some dry genes to induce differentiation of HCC cancer stem cells. The authors further found that As2O3 can induce differentiation of HCC cancer stem cells, inhibit recurrence and prolong survival after hepatectomy by targeting GLI1 expression (74). As2O3 can also inhibit the growth of hepatocellular carcinoma by up-regulating Mir-1294 expression (75). In addition, As2O3 inhibits MCM7 transcription by targeting serum reaction factor (SRF)/microchromosome maintenance protein 7 (MCM7) complex, thus inhibiting the function and metastasis of liver cancer stem cells (84). As2O3 can also induce HCC cell death through TNF-related apoptosis-inducing ligand (TRAIL) signaling pathway in combination with sorafenib (85). Recent studies have also found that As2O3 can reduce the expression of NF- kappa B by inducing DNA demethylation to activate microRNA-148a, thus inhibiting CSC-like phenotype, which may provide a new therapeutic mechanism for HCC (76). Tumor inhibin M (OSM) is a cytokine associated with interleukin 6 (IL-6) produced by CD45+ hematopoietic cells. It is a multifunctional cell regulator that acts on a variety of cells and plays a potential role in the regulation of gene activation, cell survival, proliferation and differentiation (77). Moreover, OSM is a tumor-related cytokine highly expressed in patients with liver cirrhosis and HCC, which can regulate the accumulation of macrophages, and TNF-α derived from macrophages mediates the activation of hepatic progenitor cells. OSM overexpression can accelerate the occurrence of liver cancer, and play an important role in the occurrence of liver cancer by regulating liver inflammatory environment (78). OSM can be used as a potential target for prevention and treatment of HCC. Previous studies have found that OSM can induce hepatocyte differentiation of EpCAM+HCC. OSM treatment increased the chemical sensitivity of EpCAM+HCC cells, especially when OSM combined with 5-FU significantly inhibited the proliferation of tumor cells (79). Other studies have found that OSM can induce the differentiation of HCC cell line SMMC-7721 cells and reduce their cell viability, which also shows that the differentiation therapy of OSM can provide new opportunities for the treatment and intervention of HCC (77). It has been found that DNMT1 silencing significantly reduces DNA methylation in cells and can promote the differentiation of HCC cells (80). 5-AZA is a specific inhibitor of DNMT1 (86), and its epigenetic repair can improve the cytotoxic effect of sorafenib on HCC cells (80). Moreover, the experimental mice treated with 5-AZA also showed their ability to inhibit HCC cells and restore liver differentiation (80). The mammalian target of rapamycin (mTOR) signaling pathway has received considerable attention because of its key role in cell growth control. It includes two different complexes, mTORC1 and mTORC2 (87). Moreover, the mTOR pathway is abnormally activated in human HCC (88). Everolimus and Ku0063794 are inhibitors of mTOR. The combination of ivermus and Ku0063794 can more effectively inhibit the proliferation, migration and invasion of HCC cells. At the same time, it can also inhibit the EMT effect of HCC cells by inhibiting the regulatory factor SIRT1 protein that promotes HCC, so as to achieve the anticancer effect (87). These drugs have a variety of functions, the most important one is that they can promote differentiation and inhibit the malignant behavior of liver cancer cells, and when combined with other drugs, they can improve drug sensitivity and achieve better therapeutic effects. and to make up for the limitation that the current systemic therapy can not completely destroy liver cancer cells (20). Of course, because of the complex differentiation process and the different reaction mechanism of each cancer cell, a specific differentiation agent can not act on all cells in cancer, which needs to be further studied in clinical practice.




Figure 4 | HCC differentiation therapy aims to reverse HCC dedifferentiation process.




Table 3 | Drugs for differentiation and treatment of HCC.





Conclusions and Perspectives

Hepatocellular carcinoma (HCC) is still the leading cause of cancer death worldwide because of its high morbidity and mortality and advanced liver dysfunction. Although there are many ways to treat the disease to improve the survival rate of patients, there are still many limitations for patients, whether liver transplantation or chemotherapy, especially in HCC patients who have advanced to advanced stage. Systemic treatment is a more optimal treatment for advanced patients, which can improve the survival rate of patients. Sorafenib, as a systemic drug, is currently a first-line treatment for advanced patients. Even so, the high recurrence rate of HCC patients still leads to a poor prognosis, so it is urgent to solve the problem of poor prognosis to improve the survival rate of patients. After the successful application of differentiation therapy for acute promyelocytic leukemia, the differentiation therapy for HCC has also been proposed. Differentiation therapy aims to use drugs to induce cancer cells to differentiate into benign cells or even normal cells. It can be used as a new treatment for HCC to reduce the recurrence rate and improve the prognosis. In recent years, the study of molecules and signal pathways regulating the dedifferentiation of hepatocellular carcinoma is helpful to the development of new drugs (20). Although most of them are still in the experimental stage and no phase III clinical trials have been conducted, exciting results have been achieved and it is expected to further identify the target population of these drugs. At the same time, more data is needed to support the safety and effectiveness of this treatment. Differentiation therapy is expected to become an important part of HCC treatment in the future. And the treatment methods for HCC are also evolving with the research. At present, some studies have found that different immunotherapy or immunotherapy combined with other methods to treat HCC has a higher survival rate and a better prognosis (89). We believe that after continuous clinical experimental research, there is expected to be a more perfect treatment for the treatment of HCC.
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RING finger protein 135 has an important role in the occurrence of many cancers; however its regulation and function of RNF135 in hepatocellular carcinoma remains unknown. The promoter methylation status and mRNA expression of RNF135 was evaluated by methylation-specific PCR, semi-quantitative RT-PCR, and real-time quantitative PCR in HCC tissues and cell lines, and further analyzed from The Cancer Genome Atlas database. Wound healing assay, transwell migration, cell viability, and colony formation assay were performed to investigate the function of RNF135. GSEA analysis, TIMER database, and ESTIMATE algorithm were used to decipher the associated pathway and immune infiltration. The survival analysis was applied to assess the prognostic value of RNF135. RNF135 expression was downregulated in HCC tissues and 5 of 8 HCC cell lines, and was negatively correlated with its promoter hypermethylation. Demethylating regent decitabine restored RNF135 expression on the cellular level. Knockdown of RNF135 expression enhanced the migration of HCC cells, while RNF135 overexpression and decitabine treatment repressed cell migration. Bioinformatics analysis and immunohistochemistry revealed a positive relationship between RNF135 expression and six immune cell infiltrates (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells). Survival analysis disclosed that RNF135 hypermethylation is independently associated with poor clinical outcomes in HCC. Decreased RNF135 expression driven by promoter hypermethylation frequently occurred in HCC and associated with prognosis of HCC. RNF135 functions as a tumor suppressor and is involved in tumor immune microenvironment in HCC.
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Introduction

Liver cancer is the sixth most common cancer worldwide with the fourth highest mortality (1). Hepatocellular carcinoma (HCC) accounts for up to 90% of primary liver cancer (2). Currently, given the difficulty in finding micro-hepatoma in the early-stage (3) and the limited effectiveness of radiotherapy and chemotherapy (4), about 80% of HCC patients are diagnosed at advanced stage and lose the chance of radical surgery, which leads to tumor metastasis and death. Therefore, identifying new biomarkers is urgent and benefits for the individual therapy (5).

The pathogenesis of HCC is complex and multifactorial. Risk factors, such as chronic hepatitis virus infection, alcohol, and aflatoxin, may lead to long-term inflammatory infiltration, metabolic imbalance, and cellular and molecular changes, which cause liver cirrhosis and promote HCC formation and development (6). Over the past few decades, it has become widely accepted that tumor is the result of aberrant activation of oncogenes and inactivation of tumor suppressor genes (7). But more questions about tumor heterogeneity, proliferation, invasion and metastasis, and the development of drug resistance remain unanswered by the heritable variation of genes. Hence, epigenetic modifications are different from classical genetic changes, which regulate gene expression without DNA sequence alteration, could be implicated in cancer (8, 9). DNA methylation is the most widely studied epigenetic modifications compared to histone modification, chromosome remodeling, and non-coding RNA (10).

DNA hypomethylation of proto-oncogenes and overall DNA hypomethylation will increase chromatin instability and leads to tumorigenesis (11, 12). DNA methylation-based biomarkers have been identified for diagnosis and prognosis of HCC (13). Due to reversibility of epigenetics, DNA demethylation drugs such as decitabine, have been applied in clinic and have significant clinical benefits in patients with hematologic tumor. Optimization of drug dosage and mode could harness the potential of demethylation agents to target solid tumors (14, 15).

RING finger protein 135 (RNF135), located on chromosome 17q11.2, belongs to ring finger protein family-containing E3 ubiquitin ligase. The RNF135 protein consists of RING finger domain at N-terminal, and SPRY and PRY motifs at C-terminal. It plays a crucial role in antiviral innate immunity by ubiquitinating RIG-I to produce interferon-β at the early stage of viral infection (16). Liu at el found that RNF135 promoted the proliferation of human glioblastoma cells via the ERK pathway (17). In contrast, RNF135 inhibited tumorigenesis via regulating AKT signaling in tongue cancer (18). The expression and function of RNF135 in HCC have not been reported.



Materials and Methods


Cell Lines and Demethylation Treatment

Human HCC cell lines (Bel-7402, HepG2, Huh7, MHCC-97H, MHCC-97L, SMMC-7721, SNU-387, and SNU-449) and immortalized normal liver cell line LO2 were purchased from American Type Culture Collection and Cell Resource Center of Shanghai Institutes. HepG2, Huh7, MHCC-97H, MHCC-97L, and LO2 were cultured in DMEM medium (Gibco) supplemented with 10% FBS (BI). Bel-7402, SMMC-7721, SNU-387, and SNU-449 were cultured in RPMI1640 medium (Gibco) supplemented with 10% FBS (BI). For demethylation treatment, HCC cells were treated with 10μM decitabine (Selleck, S1200) for 3 days and harvested for the following experiments.



Clinical Samples

A total of 23 primary tumors and paired adjacent non-tumors tissues were collected from HCC patients diagnosed by at least two pathologists from the Sun Yat-Sen University Cancer Center (SYSUCC). These patients did not receive any therapeutic intervention and have written informed consents before surgery. This study was approved by the Ethics Committee of SYSUCC.



Bisulfite Conversion and Methylation-Specific PCR

Genomic DNA from HCC cell lines and tissues was isolated using the TIAN-amp Genomic DNA Kit (TIANGEN BIOTECH, DP304). Genomic DNA was bisulfite-modified using the EZ DNA Methylation-Gold Kit (Zymo, D5006). Two primer pairs were designed to identify methylated and unmethylated sites by performing methylation-specific PCR (MS-PCR) to amplify the bisulfite-modified DNA. The methylation-specific PCR forward and reverse primer sequences were 5’-ATTCGTTCGGTTTAATTTCGAC-3’ and 5’-CAAAACCTCCAAACAATAACGAC-3’, respectively. The non-methylation-specific PCR forward and reverse primer sequences were 5’-GGAGATTTGTTTGGTTTAATTTTGAT-3’ and 5’-ACAAAACCTCCAAACAATAACAAC-3’, respectively.



Semi-Quantitative RT-PCR and Real-Time Quantitative PCR

Trizol reagent (Ambion, 15596018) was used to isolate total RNA. Go Script Reverse Transcription Kit (Promega, USA, A5001) was used to synthesize cDNA. Semi-quantitative RT-PCR and real-time quantitative PCR (qPCR) were performed to detect the expression of RNF135. Reactions were performed in triplicate, and GAPDH was used as an internal control. The primers were listed as follow: RNF135-RT Forward, 5’-TACTGGGAAGTGGACACTAGGAATT-3’,

RNF135-RT Reverse, 5’-CTTGACCATGTGCCATGCA-3’, GAPDH- RT Forward, 5’-CTCCTCCTGTTCGACAGTCAGC-3’, and GAPDH-RT Reverse, 5’-CCCAATACGACCAAATCCGTT-3’.



Knockdown and Overexpression RNF135 in Cell Lines

Small interference RNA (si-1: 5’-GAGAGACUCUGCAAGCUAU-3’, si-2: 5’-GGAUCGUAGUGAAACCGAU-3’) and control sequence (5’-GTTCTCCGAACGTGTCAC-3’) were purchased from Shanghai Gene Pharma. RNF135 overexpression plasmid was generated by cloning RNF135 cDNA into pcDNA3.1 vector. They were transfected into cells using Lipofectamine 3000 (Invitrogen, USA) according to the manufacturer’s protocol.



Western Blotting

Total protein was extracted using RIPA Lysis Buffer (Beyotime, P0013B) with PMSF (Beyotime, ST506). Protein concentration was then measured by BCA protein assay kit (Thermo Fisher). Sample proteins (20 μg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 10% gel and blotted onto the polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% milk for 1 h at room temperature (RT), then incubated with primary antibody at 4°C overnight. Next, the secondary antibody incubation was applied at RT for 1 h. The blot signals were visualized by enhanced chemiluminescence. Anti-RNF135 (Invitrogen, PA554457, 1:1,000) and anti-GAPDH (CST5174, 1:5,000) antibodies were used as primary antibodies.



Transwell Migration Assay

Suspended in serum-free medium were 5 × 104 cells which were seeded onto the upper chamber (Corning), and lower chamber contained 700 μl of medium with 10% FBS. The chambers were incubated at 37°C with 5% CO2 for 10 h. After wiping the upper chamber with cotton swabs, the chamber was fixed with 4% paraformaldehyde and stained with crystal violet.



Wound Healing Assay

Confluent cell monolayers were scratched with 100 μl pipette tip vertically and horizontally to create a wound area in all experimental groups, washed with medium and photographed to record the initial wound width. Cells were cultured in serum-free medium for 24 h and imaged the wound to determine the residual wound width. The wound closure (%) = (initial wound width − residual wound width)/initial wound width × 100%.



Colony Formation Assay and Cell Viability

Following transfected with siRNA or overexpressing plasmid for 2 days, cells were seeded in 6-well plate with 800 cells in each well and cultured in a CO2-incubator at 37°C for 2 weeks. Cells were stained with crystal violet and counted. Approximately 1,000 cells/well were seeded in 96-well plate after transfected with siRNA or overexpressing plasmid for 2 days. Cell viability was detected at regular intervals by Cell counting kit (Dojindo) following the manufacturer’s protocol. After incubating with 10 μl regent for 2 h, the absorbance at 450 nm was detected by a microplate reader. Also, HCC cells were treated with decitabine for 3 days and followed experiments.



Immunohistochemistry

Immunohistochemistry was performed on paraffin sections of normal and HCC tissues using anti-RNF135 antibody, anti-CD20 antibody, anti-CD8 antibody, anti-CD4 antibody, anti-CD68 antibody, anti-CD15 antibody, and anti-141 antibody. Protein expression in the immunohistochemical staining was quantified according to the immunohistochemical score. The final score was analyzed by staining intensity score and the percentage score.



Gene Enrichment Analysis

We used Rstudio software to develop a program to simulate the high or low expression of RNF135 by selecting 30 samples randomly that had the 25% highest or 25% lowest RNF135 expression values and then used this gene set for GSEA.



Estimation of Stromal and Immune Cells in Malignant Tumor Tissues Using Expression Data (ESTIMATE)

Tumor purity and the infiltration of stromal/immune cells were predicted with ESTIMATE algorithm applied to the expression data downloaded from The Cancer Genome Atlas (TCGA) (19). The R packages estimate, limma, ggplot2, ggpubr, and ggExtra were used for graphical visualization of the results.



Databases and Statistical Analysis

Gene expression, DNA methylation, and clinical information data from the TCGA were downloaded from UCSC Xena (https://xenabrowser.net/) and all datasets above were from the same cohort. GraphPad Prism 7.0 and IBM SPSS 26.0 were applied for plotting and statistical analysis. Student’s t-test for unpaired, Spearman’s correlation, Kaplan–Meier survival analysis, and log-rank test, and Cox regression model were used in this study. A p-value less than 0.05 is considered statistically significant.




Results


RNF135 Expression is Downregulated in HCC Tissues

To verify the association between RNF135 expression and methylation in HCC tissues, we analyzed data from the TCGA. The methylation level at promoter was evaluated by the average methylation level of 10 CpG sites around transcription start sites (Supplementary Figure 1). RNF135 expression was significantly downregulated (Figure 1A) and hyper-methylated (Figure 1B) in HCC tissues compared with adjacent non-tumor tissues. Furthermore, there was a significant negative correlation between expression and methylation level (r = −0.7107, P <0.0001, Figure 1C). Correlation analysis between RNF135 methylation status and clinical characteristics in HCC from the TCGA revealed that RNF135 methylation status was significantly related to HBV/HCV infection (P = 0.011) and recurrence/progression (P = 0.018) (Table 1). To validate these results from the TCGA data, we detected the mRNA expression level of RNF135 in 23 pairs of HCC tissue samples, and 8 randomly selected samples were analyzed by MS-PCR. The studies provided consistent evidence that RNF135 was lowly expressed (Figure 1D) and hyper-methylated in most HCC tissues (Figure 1E). Hence, RNF135 was downregulated in HCC tissues on account of the promoter hypermethylation. These results established that RNF135 may act as a potential tumor suppressor in HCC.




Figure 1 | RNF135 expression and methylation levels and analysis of their correlation in HCC tissues. (A) RNF135 mRNA expression data from TCGA were analyzed. (B) The average methylation level of 10 CpG sites was used to evaluate promoter methylation of RNF135. Promoter methylation levels in HCC tissues and adjacent non-tumor tissues were analyzed with TCGA data. (C) The correlation between RNF135 mRNA expression and methylation status was analyzed with TCGA data (Spearman’s correlation r = −0.7017, n = 409, p-value <0.0001) (D) RNF135 mRNA expression was measured by real-time quantitative PCR in 23 pairs of samples from SYSUCC. (E) MS-PCR (M, methylation; U, unmethylation) was used to detect methylation status in 8 pairs of samples from SYSUCC.




Table 1 | The association between RNF135 promoter methylation level and clinical characteristics of patients with HCC from the TCGA.





RNF135 is Epigenetically Downregulated by Promoter Methylation in HCC Cell Lines

The methylation status of RNF135 promoter in HCC cell lines were analyzed by MS-PCR. Compared with normal liver cell line LO2, the promoter region of RNF135 was hypermethylated in 5 of 8 HCC cell lines (Figure 2A) and its expression was low in these five cell lines (Figure 2B). Decitabine treatment restored RNF135 expression in 4 hypermethylated HCC cell lines (SNU-449, Huh7, MHCC-97H, MHCC-97L) (Figure 2C). These results showed RNF135 expression was downregulated partially due to promoter hypermethylation in HCC cell lines, and demethylation agent could rescue its expression. Further, the wound healing assay showed decitabine treatment dramatically suppressed the migration distance of cells and the transwell assay confirmed fewer invasive cells after decitabine treatment (Figures 2D–F).




Figure 2 | Correlation between RNF135 methylation and mRNA expression in HCC cell lines. (A) The methylation status in immortalized normal liver cell line LO2 and HCC cell lines (Bel-7402, HepG2, Huh7, MHCC-97H, MHCC-97L, SMMC-7721, SNU-387, and SNU-449) were measured by MS-PCR (M, methylation; U, unmethylation). H2O was used as a negative control. (B) The expression levels in cell lines were determined by semi-quantitative RT-PCR, and H2O was used as a negative control. (C) RNF135 mRNA expression was partially restored after treatment with the demethylation reagent decitabine in 4 HCC cell lines whose promoter region was hypermethylated. (D–F) Wound healing assay and transwell assay were used to detect cell migration and invasion (up), and one-way ANOVA was applied between experimental group and control group (down). ****P < 0.0001, ns represents no significance.





Loss of RNF135 Promotes Cell Migration But Not Cell Proliferation in HCC

To characterize the function of RNF135 as a tumor suppressor in HCC, we performed GSEA analysis using the TCGA data. We found differentially expressed genes were enriched in cell adhesion molecules (CAMs) (NES = 2.02, FDR = 0.001 P-value = 0.013) and chemokine signaling pathways (NES = 1.97, FDR = 0.001, P-value = 0.030) (Figure 3A). CAMs are often found involved in migration (20) and chemokines and chemokine receptors contributes to cancer metastasis (21). Therefore, we assessed the effect of RNF135 on cell migration by knocking down RNF135 in SMCC-7721 (high endogenous RNF135 expression) and overexpressing in SNU449 (low endogenous RNF135 expression) (Figure 3B). The wound healing assay showed loss of RNF135 in HCC cells dramatically enhanced the migration distance of cells, whereas overexpression of RNF135 suppressed the wound healing capability (Figures 3C, D). The transwell assay further confirmed that there were more invasive cells after knocking down RNF135, but fewer invasive cells after RNF135 overexpression (Figures 3E, F). We conducted colony formation and cell viability assay to evaluate the effect of RNF135 on cell growth and proliferation, and found that neither knockdown nor overexpression of RNF135 affected cell proliferation and clonal formation. Taken together, these results proved that RNF135 expression significantly inhibited cell migration of HCC cells and RNF135 downregulation increased HCC cell migration.




Figure 3 | The effects of RNF135 expression on cell migration and invasion. (A) RNF135 related pathways in HCC patients were analyzed by GSEA. (B) Knockdown and overexpression efficiency of RNF135 in cell lines was measured by western blot. (C, D) Wound healing assay was used to detect cell migration (up), and Student’s t-test for unpaired was applied between experimental group and control group (down). (E, F) Transwell assay was used to evaluate cell invasion (up), and Student’s t-test for unpaired was applied between experimental group and control group (down). All experiments were repeated three times, and data were expressed as mean ± SD. * P < 0.05.





RNF135 is Related to Immune Infiltration

A total of 258 potential substrates of RNF135 from UbiBrowser (http://ubibrowser.ncpsb.org/ubibrowser/) were analyzed by Metascape (https://metascape.org). Pathways included negative regulation of viral release from host cell and defense response to virus were recognized (Figure 4A), which is consistent with the role of RNF135 in antiviral innate immunity (16). In addition, other immune system pathways, such as interferon gamma signaling and regulation of cytokine production was also found (Figure 4A), suggesting that RNF135 may have potential effects on anti-tumor immune and immune therapy. The negative correlation between RNF135 expression and tumor mutational burden (TMB) reinforced our suspicion (r = −0.2411, p <0.001) (Figure 4B). High TMB was considered as a consequence of exposure to carcinogens, leading to the production of neoantigens, which was widely used a predictable biomarker for the response to immune checkpoint blockade (22, 23). Additionally, RNF135 was positively correlated with stromal score and immune score (Figure 4C). The correlation between RNF135 and different types of immune cells were obtained from TIMER database (https://cistrome.shinyapps.io/timer/). From the results, we recognized the negative correlation between RNF135 expression and tumor purity (Cox = 0.377, p = 3.94e−13) and the positive correlation between RNF135 expression and the infiltration of immune cells, including B cells (Cox = 0.23, p = 1.64e−05), CD8+ T cell (Cox = 0.216, p = 5.74e−05), CD4+ T cell (Cox = 0.347, p = 3.63e−11), macrophage (Cox = 0.336, p = 1.94e−10), neutrophil (Cox = 0.26, p = 9.69e−07), and dendritic cell (Cox = 0.327, p = 6.25e−10) (Figure 4D). Immunohistochemistry showed RNF135 expression and six immune cell types (B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and dendritic cell) were high in normal HCC tissues and the expression were low in tumor tissues (Figures 5A, B).




Figure 4 | RNF135 expression associations with immune infiltration in HCC tissues. (A) The enrichment of functions and signaling pathways of the target genes was conducted by Metascape. (B) The correlation between RNF135 expression and TMB (Spearman’s correlation r = −0.2411, p-value <0.001). (C) ESTIMATE was used to predict the association between RNF135 expression with the presence of infiltrating stromal/immune cells in tumor tissues: stromal score (quantifies the presence of stroma in tumor tissue); immune score (that represents the infiltration of immune cells in tumor tissue). (D) The associations between RNF135 expression with tumor purity and six immune cell types (B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and dendritic cell) in the tumor microenvironment were estimated by TIMER.






Figure 5 | Immunohistochemistry detected the expression of immune cells in HCC samples (A) Expression of RNF135, CD20, CD8, CD4, CD68, CD15, and CD141 in normal and HCC tissues. (B) Immunohistochemical scores of RNF135, CD20, CD8, CD4, CD68, CD15, and CD141 in normal and HCC tissues. **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.





Methylation Status of RNF135 is an Independent Predictor of HCC Patients’ Prognosis

To explore the prognostic value of RNF135 expression and methylation, we analyzed data of HCC patients from TCGA. The clinical features of HCC patients linked to the survival status are shown in Table S1. Tumor stage was a significant prognostic factor (P <0.001). Moreover, RNF135 methylation (P = 0.001), family history of cancer (P = 0.038), and HBV/HCV infection (P = 0.003) were found to be related to death. Using univariate Cox regression analysis, RNF135 methylation (HR = 1.960; 95% confidence interval (CI): 1.367–2.810; P <0.001), tumor stage (HR = 2.375; 95% CI: 1.646–3.426; P <0.001) were associated with increased risk of HCC death. Unexpectedly, HBV/HCV infection decreased the mortality risk (HR = 0.541; 95% CI: 0.368–0.795; P = 0.002) (Table S2). Subsequently, multivariate Cox regression analysis showed that high RNF135 methylation predicted poorer survival of HCC patients (HR = 1.912; 95% CI: 1.322–2.766; P = 0.001) (Table 2). As shown in the Kaplan–Meier survival curves, patients with high RNF135 expression (median disease-free survival time (DFS) = 32.850 months) had a significantly longer DFS than those with lower expression (median DFS = 25.349 months) (Figure 6A). Low methylation was associated with better DFS in HCC patients (median DFS: 32.857 vs 22.860 months) (Figure 6B). There was also a trend for longer survival in patients with higher RNF135 mRNA level (median overall survival time (OS): 43.926 vs 37.845 months) and low methylation (median OS: 44.959 vs 33.668 months) (Figures 6C, D). These data suggested that RNF135 hypermethylation was an independent predictor for the poor prognosis of HCC patients.


Table 2 | Multivariate Cox regression analysis of potential independent prognostic factors for HCC patients.






Figure 6 | Kaplan–Meier survival curve comparing high and low levels of RNF135 expression or methylation in HCC patients from the TCGA. (A) The disease-free survival curve for HCC patients with high or low expression level of RNF135. (B) The disease-free survival curve for HCC patients with high or low methylation level of RNF135. (C) The overall survival curve for HCC patients with high or low expression level of RNF135. (D) The overall survival curve for HCC patients with high or low methylation level of RNF135.






Discussion

In the present study, we confirmed RNF135 was frequently silenced in HCC tissues and cell lines due to promoter hypermethylation using MS-PCR and RT-PCR. RNF135 expression in cell lines was restored with demethylating reagent, which proved promoter methylation tend to relate negatively to its expression. It was in agreement with this phenomenon of methylation-dependent gene silencing (24, 25). Our functional experiments demonstrated that RNF135 expression could strikingly inhibit HCC cells migration in vitro, which explained the results of GSEA using HCC expression data from the TCGA. It has been reported that cell-extracellular matrix adhesion and cell–cell adhesion related to tumor cell metastasis (26). Chemokines interact with their receptors to direct cells to specific location, affecting the tumor microenvironment and survival of malignant cell (27). In conclusion, RNF135 may act as a tumor suppressor, regulating HCC cell migration.

It is well established that RNF135 is involved in antiviral immunity process. During viral infection, RNF135 activate RIG-I receptor signaling to promote the release of interferon-β (16, 28). Hepatitis virus infection is the major causative factor for HCC (29). Our analysis found that hepatitis virus infection in patients is a protective factor for prognosis. RNF135 expression and methylation level was associated with hepatitis virus. These findings were consistent with the theory that antiviral immunity could enhance the anti-tumor effect (30, 31). When patients were infected by hepatitis virus, RNF135 expression might be upregulated by decreasing methylation to enhance antiviral immunity. Such tumor environment is beneficial for immune cells killing tumor cells. More importantly, we found that RNF135 was positively correlated with immune infiltration. Since RNF135 was positively correlated with all six types of immune cells, it is undeniable that RNF135 is related to anti-tumor immunity.

Previous studies have presented that the combination of DNA demethylation drugs and immunotherapy may be a potential therapeutic strategy. Recently, Roulois et al. revealed that low-dose decitabine treatment induced the expression of interferon-stimulated genes through activating MDA5/MAVS/IRF7 pathway in colon cancer cells (31). Similarly, in ovarian cancer cells, 5-azacytidine and 5-Aza-CdR could trigger cytosolic dsRNA-sensing and upregulate type I interferon-response genes expression, reported by Chiappinelli et al. (30). Some studies proposed that immune genes could be directly regulated by DNA methylation. Liu et al. found a crosstalk between DNA methyltransferase 1 and PD-L1 in sorafenib resistant HCC cells (32). A phase II clinical trial in acute myeloid leukemia revealed demethylation agents, like azacytidine, could upregulate mRNA expression of PD-L1, PD-L2, PD-1, and CTLA-4 (33). Understanding how DNA methylation interacts with immune system might provide insight into expanding the range of patients suitable for immunotherapy. In our study, RNF135 was proposed to be the link between DNA methylation and immunity and had a potential to serve as biomarker for immunotherapy or therapeutic target.

Since DNA methylation regulates RNF135 expression, demethylation drugs may enhance immune infiltration by increasing the expression of RNF135. Immune-hot tumors response to immunotherapy well (34). High TMB is an emerging biomarker for immunotherapy (35). The expression of RNF135 was negatively correlated with TMB, which hinted there are some patients with low RNF135 expression, low immune infiltration but high TMB. It may reduce the accuracy of TMB in predicting response of the patient to immunotherapy. Therefore, combining TMB and RNF135 expression may be a useful biomarker in HCC patient selection for immune checkpoint inhibitor. However, our findings are based on only bioinformatics analysis, and further experimental verification is needed. Based on the relationship with immune infiltration and the function of RNF135 in regulating cell migration, we identified RNF135 as a prognostic factor for clinical application. Low methylation of RNF135 promoter (responsible for high expression) predicted better disease-free survival and overall survival in HCC patients.

In conclusion, we demonstrated that RNF135 was epigenetically silenced in HCC and served as a tumor suppressor in HCC development. Hypermethylation of RNF135 was associated with poor survival in HCC patients. RNF135 may serve as a bridge between DNA methylation and immune system to establish precision medicine for guiding drug combination.
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Background

Hepatocellular carcinoma (HCC) is the third cause of cancer-related deaths worldwide. L antigen family member 3 (LAGE3) is a prognostic biomarker and associated with progression in a variety of tumors. However, little has been reported about the role and potential mechanism of LAGE3 in HCC.



Methods

The clinical value and function of LAGE3 in HCC were obtained from multiple online databases. The potential functions and pathways of LAGE3 in HCC were analysed by R package of “clusterProfiler”. LAGE3 knockdown cells were constructed in HepG2, HuH7 and MHCC97H cell lines, respectively. The biological roles of LAGE3 were examined by in vitro and in vivo experiments.



Results

LAGE3 was upregulated in HCC tissues compared with normal tissues, and high expression of LAGE3 was significantly associated with several clinical characteristics and indicated a worse prognosis of HCC. The co-expressed genes of LAGE3 could be enriched in the mTOR signaling pathway in HCC. LAGE3 was upregulated in HCC cell lines. Functionally, knocking down LAGE3 expression not only increased apoptosis and inhibited growth rate, cell death mediated by T cells, colony formation, migration and invasion ability of HCC cell lines in vitro, but also reduced the progression of HCC in the subcutaneous xenotransplanted tumor model.



Conclusion

Our results suggested that LAGE3 served as an oncogenic factor of HCC and could be a potential biomarker and therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC), the main pathological type of primary liver cancer worldwide, is the sixth most common cancer and the third leading cause of cancer-related mortality (1, 2). Currently, multimodal therapies, including surgical, locoregional, and systemic therapies, have made great progress in recent decades; however, the efficacy of any treatment approach depends on many parameters, such as the degree of underlying liver disease, the size and extent of the tumor, the presence of vascular invasion, and the patient’s performance status (2). Thus, the outcomes of curing HCC and the five-year relative overall survival (OS) rate remain unsatisfactory.

In recent years, based on the new concept of “precision medicine”, advancements in molecular pathology and targeted therapies have significantly improved the OS rate of HCC patients. In general, key genes that drive carcinogenic effects can be used as biomarkers and therapeutic targets. The tyrosine kinases vascular endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), and fibroblast growth factor receptor (FGFR) are molecules commonly reported for pathological detection and therapeutic targets of HCC (3–5). Although targeted drugs have prolonged median survival of patients (3–5), molecularly targeted therapies in HCC remain challenging, particularly for the low response ratio and occurrence of drug resistance. Therefore, it is necessary to develop novel biomarkers as potential targets for diagnosis, prognosis prediction, and treatment for HCC patients.

L antigen family member 3 (LAGE3), a 14,804-Da intracellular protein, is known as a component of the kinase, endopeptidase and other proteins of small size/endopeptidase-like and kinase associated to transcribed chromatin (KEOPS/EKC) complex (6, 7). LAGE3 protein plays an important role in the regulation of RNA polymerase II-mediated positive transcription, translation as well as tRNA threonyl carbamoyl adenosine metabolic processes (8, 9). Previous studies have found that LAGE3 is one of the top-ranked up-regulated RNA modification-related proteins in multiple human cancers (10). In addition, studies have found that LAGE3 is a prognostic biomarker associated with levels of immune infiltration in the microenvironment of clear cell renal cell cancer, colorectal cancer, malignant pleural mesothelioma, breast cancer (BC), skin cutaneous melanoma, and papillary thyroid cancer (PTC) (11–16). Furthermore, studies have shown that knocking down LAGE3 expression may significantly reduce the proliferation, migration, and invasion capacity of PTC and BC cell lines (14, 16). Similarly, Xing et al. also found that LAGE3 could promote cell proliferation, migration, and invasion of HCC by facilitating the JNK and ERK signaling pathway (17). However, previous study only used one or two HCC cell lines to verify the role and partial regulatory mechanisms of LAGE3. Thus, the biological function of LAGE3 protein in HCC requires further validation. More studies are needed for its clinical value and potential mechanisms as well.

In this study, firstly, based on multiple databases, we comprehensively assessed the expression and prognostic significance of LAGE3 gene in HCC. We also identified a prominent correlation between LAGE3 and immune cells in HCC. Besides, we found that the co-expressed genes of LAGE3 could be enriched in the mTOR signaling pathway. To further investigate the biological function of LAGE3 in HCC, we explored the effects of knocking down LAGE3 expression on cell proliferation, apoptosis, cell cycle, migration, and invasive malignant behaviors in HepG2, HuH7 and MHCC97H cell lines in vitro. Moreover, the function of LAGE3 on HCC progression was further identified by subcutaneous xenotransplanted tumor models of HepG2, HuH7 and MHCC97H cell lines in nude mice. In addition, LAGE3 knockdown could inhibit the HCC cell death mediated by cytotoxic T cells. Our results suggested that LAGE3 served as an oncogenic factor of HCC, and could be a potential biomarker and therapeutic target.



Materials And Methods


Patient Data Sets

mRNA expression data (374 samples, Workflow Type: HTSeq-FPKM) and clinical information from The Cancer Genome Atlas (TCGA) database (https://cancergenome.nih.gov) were analyzed by the online tool (https://www.xiantao.love/products). Samples were excluded with (1) “0” gene expression value and (2) insufficient survival information. A total of 373 patients with HCC having complete data relative to the corresponding clinical features were enrolled in this study. The data was used to compare the levels of LAGE3 mRNA expression in normal and HCC tissue. The correlation between LAGE3 expression and clinical characteristics or immune cell infiltration of HCC patients was also investigated using these data. In addition, receiver operating characteristic (ROC) curve analysis of LAGE3 gene expression was used to evaluate the diagnostic value of this gene. Finally, Kaplan-Meier curves with the log-rank test were performed to evaluate patient survival.



Oncomine Database and Tumor Immune Estimation Resource (TIMER) Database Analysis

The Oncomine database has compiled 86,733 cancer tissues and normal tissues and 715 gene expression data sets into a single comprehensive database designed to facilitate data mining efforts (https://www.oncomine.org/resource/login.html) (18). The TIMER database includes 10,897 samples across 32 cancer types from The Cancer Genome Atlas (TCGA) to estimate the abundance of immune infiltrates (https://cistrome.shinyapps.io/timer/) (19). Therefore, we used both databases to investigate LAGE3 expression in different types of cancer. Moreover, the correlations between the expression of LAGE3 and specific immune infiltrating cell subset markers were also analyzed using the TIMER database.



Protein Expression Analysis

The immunohistochemistry (IHC) images of normal and HCC tissue were obtained from the Human Protein Atlas (HPA) (20) and were used to identify subcellular localization and to assess LAGE3 protein expression.



Protein-Protein Interaction (PPI) Analysis

The Retrieval of Interacting Genes/Proteins (STRING) website (https://version-11-0b.string-db.org/) was used to construct the PPI information of LAGE3. A confidence score > 0.7 was considered significant.



Functional Enrichment Analysis

The HTseq-FPKM data of liver hepatocellular carcinoma (LIHC) was obtained from UCSC XENA database (https://xenabrowser.net/datapages/), including 424 samples. The correlation analysis between LAGE3 and other genes was performed by the function “cor.test” implemented in R with the Spearman method. Firstly, genes were filtered by p < 0.05 and r > 0.5. Then the Gene Ontology (GO) analysis were conducted by “clusterProfiler” package. The Gene Set Enrichment Analysis (GSEA) of Kyoto Encyclopedia of Genes and Genomes (KEGG) was analysed by q < 0.1 using “clusterProfiler” package (21). The plots were visualized using “ggplot2” package.



Gene Expression Profiling Interactive Analysis (GEPIA) Database Analysis

The GEPIA (http://gepia.cancer-pku.cn/index.html) is an online database which consists of RNA-seq data from 9736 tumors and 8587 normal samples in TCGA and Genotype-Tissue Expression (GTEx) data. The GEPIA database was used to further verify the markers associated with immune cell infiltration, which were significantly correlated with LAGE3 expression in the TIMER database.



Cell Culture

The human normal hepatic cell line L02 and human HCC cell lines HepG2, HuH-7, and MHCC97H were obtained from the Shanghai Cell Bank of the Academy of Chinese Sciences and Liver Cancer Institute, Zhongshan Hospital, Fudan University (China). All cell lines were cultured in complete Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco), 100 U/mL penicillin (Gibco) and 0.1 mg/mL streptomycin (Gibco). All cells were cultured in a 37°C, 5% CO2 humidified atmosphere incubator.



Small Interfering RNA (siRNA) Transfection

Three siRNAs targeting LAGE3, including si-LAGE3-1: GAAUGCGGCCGCACAUAUUTT (forward) and AAUAUGUGCGGCCGCAUUCTT (reverse); si-LAGE3-2: CCUGGUCGUCCGCUGGAAATT (forward) and UUUCCAGCGGACGACCAGGTT (reverse); and si-LAGE3-3: GCGGACCAUGCAGCGCUUUTT (forward) and AAAGCGCUGCAUGGUCCGCTT (reverse), as well as a scrambled siRNA for the negative control (NC), were synthetized by GenePharma (China). When the cells reached the logarithmic growth phase, approximately 1×105 cells/well were seeded into the 6-well plates for 24 hours before transfection. Based on the manufacturer’s instructions, Lipofectamine RNAiMAX (Invitrogen, USA) was then mixed with siRNA for the transfection of cell lines. The cells were harvested 48–72 hours after transfection and examined the transfection efficiency of siRNAs by quantitative Real-time polymerase chain reaction (qRT-PCR).



Short Hairpin RNAs (shRNAs) Lentivirus Infection

Lentivirus-shRNA of LAGE3 (lenti-shLAGE3) and negative control (lenti-NC) were designed and constructed by GenePharma. The HCC cell lines were infected by lenti-shLAGE3 or lenti-NC according to the manufacturer’s instructions. The oligonucleotide sequences of shLAGE3 and negative control were: 5’-GACTGTCGCCTGCTCCGAATT-3’ and 5’-TTCTCCGAACGTGTCACGT-3’ respectively.



qRT-PCR of Cell Lines

Total RNA was isolated using the EZ-press RNA Purification Kit (EZBioscience, USA) following the manufacturer’s instructions. The cycles of threshold (Ct) were detected by qRT-PCR using the LC480 system and the EZ-press One Step qRT-PCR Kit (EZBioscience). The relative expression of LAGE3 was normalized according to expression of β-actin. The gene expression of the gene of interest was presented as fold change, which was analyzed using the 2-ΔΔCt method. The primer sequences used were as follows: for LAGE3, forward, 5’-GTTGATGACGGAAATTCGGAGCAG-3’ and reverse, 5’-ACCAAAGGGTGGTTGGGAAGGAT-3’; and for β-actin, forward, 5’-TCCCTGGAGAAGAGCTACGA-3’ and reverse, 5’-AGCACTGTGTTGGCGTACAG-3’.



Cell Counting Kit-8 (CCK8) Assay

To determine the proliferative activity of liver cancer cells, the CCK-8 (Takara, Japan) was used in this study. Forty-eight hours after transfection, the proliferation ability of HepG2, MHCC97H, or HuH-7 cells was detected. Briefly, 100 μL of cell suspension was seeded into a 96-well plate (1000 cells/well) in triplicate and incubated at 37°C for 24, 48, 72, or 96 hours respectively. Then 10 μL CCK-8 reagent was transferred to each well. After 1.5 hours, the OD value was detected at 450 nm using Gen5 software (Biotek, USA). The experiment was repeated three times independently and showed the same results.



Colony Formation Assay

For the colony formation assay, after 48 hours of cell transfection, 2.5 mL cell suspension was transferred to each well in a 6-well plate (about 1000 cells/well), which was then incubated at 37°C, 5% CO2 for 10–14 days until colonies emerged. Next, the supernatant was removed and cells were gently washed twice with PBS. After fixing with 4% paraformaldehyde for 30 min, the cells were stained with 0.1% crystal violet for 20 min. The plate was carefully washed with running water and then dried naturally. The size and number of clones were determined by Image J software.



Cell Apoptosis and Cell Cycle Assay

For detecting cell apoptosis, transfected cells were collected, washed once with PBS, and centrifuged at 1000 rpm for 5 min. Then cells were suspended in 200 µL binding buffer with 5 µL Annexin-V-FITC and 5 µL 7-AAD (BioLegend, USA) for 15 min at room temperature in the dark. The FACS CantoTM II Flow Cytometer (BD Biosciences, USA) was used to analyze the proportion of apoptotic cells within 1 hour.

To assess cell cycle, the transfected cells were washed twice with PBS and fixed with 70% precooled ethanol at 4°C overnight. The cells were then washed twice again with PBS and cultured with RNase buffer and propidium iodide (PI) away from light for 30 minutes at 4°C. The changes in G0/G1, G2/M, and S phases of the cell cycle was detected by flow cytometry.



Cell Migration and Cell Invasion Assay

To evaluate the capacity of cell migration, 100 μL transfected cell suspension containing 5×104 cells was seeded in the upper chamber of an 8 μm microporous filter (Corning, USA). The lower chamber of the Transwell was filled with 700 μL complete medium. The plate was incubated for 48 hours at 37°C, 5% CO2. After removal of the non-migrated cells in the upper chamber, the cells on the polycarbonate microporous membrane at the bottom of the chamber were fixed with polyformaldehyde for 30 min. Next, the cells were stained with 0.1% crystal violet for 15–20 min. The invasion assay followed a similar protocol as the migration assay as described above, except that the Transwell chambers were loaded with 40 μL Matrigel (BD Biosciences) at 37°C for 4 hours before seeding cells. The number of migrated or invaded cells were assessed by microscope (IX73, Olympus, Japan) and ImageJ software.



Wound Healing Assay

To further study the cell migration, transfected cells were seeded in the 6-well plate. When the cells reached 90% confluence, the cell monolayers were wounded using a pipette tip and then washed with PBS three times. The cells were cultured for another 48 hours after adding serum-free medium. The cell migration was assessed by measuring the scratch area using Image J software.



Western Blotting Analysis

For immunoblotting, protein samples from cells in each group were collected with Blue Loading Buffer Pack (7722S, CST, USA). After heating at 100°C for 10 minutes, the protein lysates were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to the PVDF membrane (Millipore, USA) to be incubated with the following primary antibodies at 4°C overnight: anti-Bax antibody (1:1000; bs-0127M; Bioss, China), anti-Bcl-2 antibody (1:1000; ab32124, Abcam, USA), anti-caspase 3 antibody (1:1000; 9662S; CST), anti-cleaved-caspase 3 antibody (1:1000; 9664S; CST), anti-β-Catenin antibody (1:1000; 8480S; CST), anti-E-Cadherin antibody (1:1000; 3195S; CST), anti-N-Cadherin antibody (1:1000; 22018-1-AP; ProteinTech, USA), and anti-β-actin antibody (1:1000; 4970L; CST). Next, the membranes were incubated with anti-rabbit or anti-mouse immunoglobulin G conjugated with horseradish peroxidase for 1 h at room temperature. Finally, the ECL detection kit (Beyotime Biotechnology, China) was used to detect the protein bands. The bands were photographed and quantified using the UVP BioSpectrum AC image system (Upland, USA) and ImageJ software respectively.



Construction of Xenograft Models

The animal study was reviewed and approved by the Animal Ethics Committee of Nanfang Hospital of Southern Medical University (China). Thirty-six male BALB/c-nu nude mice (aged 3–5 weeks, weighing 16–20 g) were acquired from the Hunan SJA Laboratory Animal Co., Ltd (China). The HepG2, Huh7 and MHCC97H cells were infected with lentiviruses expressing empty vector or LAGE3-shRNA respectively. Subsequently, the infected cells were subjected to puro (3–6 µg/mL) screening and a 0.05 mL volume of cell suspension (5×106 cells for each mouse) in the logarithmic growth phase was subcutaneously injected into the nude mice (n  =  6 for each group) at the right hind limb groin. The growth of xenografts was monitored, by taking tumor length (L) and width (W) measurements to calculate the tumor volume (V). The following formula was used: V (mm3) = 0.5 × L × W2. The observation time ended when the maximum tumor volume reached about 1000 mm3. The corresponding growth curve of tumor was drawn. At the end of the experiment, the mice were euthanized and the excised tumors were weighed and photographed.



IHC

Tumor tissues were fixed with 4% paraformaldehyde for 24 hours at room temperature, embedded in paraffin and sectioned into 4μm-thickness. Following dewaxing and rehydration, heat induced antigen retrieval was performed using Tris/EDTA buffer pH 8.0, microwaved for 8-15 minutes. Then the endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 15 minutes. Subsequently, the slides were incubated overnight with antibodies specific for Ki67 (1:4000; 27309-1-AP; ProteinTech) at 4˚C after blocking the non-specific binding sites with the goat serum for 90 minutes. Then, anti-rabbit/mouse IgG-HRP-linked secondary antibody (GK500710, genetech, USA) was applied for 1 hour at room temperature. And the sections were developed with 3-diaminobenzidinetetrahydrochloride for 5-10 minutes. The Mayer’s hematoxylin was applied for 5 minutes to stain nuclei. Photographs of representative fields were captured under BX63 microscope (Olympus) and analysed by ImageJ software.



Cancer Cell Death Mediated by T Cells

The preparation method of AFP TCR-T cells was according to our previous study (22). The ratio of AFP specific T cells was detected by flow cytometry with anti-mouse TCR vβ-FITC and anti-human CD8-PerCP (BioLegend). Then the Mock or AFP TCR-T cells were co-cultured with HepG2 cells, which were infected with lentiviruses expressing empty vector or LAGE3-shRNA at an effector-to-target cell (E:T) ratio of 2:1. Three hours later, the immunofluorescence stain of HepG2 cells was done with anti-rabbit cleaved-caspase3 (9664S, CST) at 1:400 and AlexaFluor 488-conjugate goat anti-rabbit IgG (ZF0511, ZSGB-BIO, China) at 1:1000. After 12 h of coculture, the cytotoxicity of T cells was detected by measuring the lactate dehydrogenase (LDH) activity according to the manufacturer’s protocol (Promega, USA). And the IFN-γ and TNF-α levels in the culture supernatant was detected using enzyme-linked immunosorbent assay (ELISA) kit (Biolegend).



Statistical Analysis

The Wilcoxon signed-rank test and logistic regression were performed to analyze the association between LAGE3 and clinical features or immune cell infiltration in HCC. Kaplan-Meier analysis was used to compare the OS rate between the high and low LAGE3 gene expression groups using the p-value determined in the log-rank test. ROC curve was used to determine the diagnostic value of LAGE3 gene expression, with the area under the ROC curve applied as the diagnostic value. All statistical analyses were performed using R statistical software (version 3.6.3 and 4.1.2). The data relative to the in vitro and in vivo experiments were analyzed by GraphPad 9.0. The Mann–Whitney U test or student’s t-test were used to compare differences between the LAGE3 knockdown groups and NC groups. A p-value < 0.05 was considered statistically significant.




Results


Assessment of LAGE3 Expression in Different Cancers and Normal Tissues

We first assessed the expression of LAGE3 in multiple tumor and normal tissue types using the Oncomine database. The results revealed that the expression of LAGE3 was elevated, compared with normal controls in breast cancer, colorectal cancer, kidney cancer, leukemia, liver cancer, lung cancer, lymphoma, melanoma, myeloma, and sarcoma respectively (Figure 1A). We further used the TIMER database to verify how LAGE3 expression differed in specific tumor types. The expression of LAGE3 was significantly elevated, compared with normal controls in bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma (CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), head and Neck squamous cell carcinoma (HNSC), LIHC, lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA), and uterine corpus endometrial carcinoma (UCEC) (Figure 1B).




Figure 1 | Assessment of LAGE3 expression in different cancer and normal tissues. (A) Expression of LAGE3 in different types of human cancers in the Oncomine database. (B) Expression of LAGE3 in different types of human cancers in the TIMER database. **P < 0.01, ***P < 0.001.





Baseline Characteristics of Samples

We next used mRNA expression data and clinical information from TCGA database to determine whether LAGE3 expression was relevant to the clinical features, diagnostic value and prognosis in HCC patients. The clinical characteristics of patients including age, sex, race, TNM stage, pathologic stage, and vascular invasion were collected and summarized in Table 1. A total of 121 female patients and 253 male patients were analyzed in this study, including 185 patients of white race and 177 non-white patients. In terms of HCC pathological stage, 173 patients were classified as stage I (49.4%), 87 patients were stage II (24.9%), 85 patients were stage III (24.3%), and 5 patients were stage IV (1.4%). The tumor status included 202 tumor-free patients (56.9%) and 153 patients with tumor (43.1%). The T stage distribution included 49.3% T1 (n = 183), 25.6% T2 (n = 95), 21.6% T3 (n = 80), and 3.5% T4 (n = 13) patients. A total of 110 patients (34.6%) presented the status of vascular invasion.


Table 1 | Clinical characteristics of the HCC patients.





High LAGE3 Expression in HCC Tissue

To assess the level of LAGE3 expression in HCC patients, we compared the mRNA expression level in HCC samples to that in normal liver tissues according to TCGA database. LAGE3 mRNA expression was significantly higher in HCC tissues than in normal tissues (Figure 2A). The results were verified in HCC tissues and in paired normal liver tissues (Figure 2B). In addition, the results also showed that LAGE3 protein expression was significantly up-regulated in HCC tissues compared with normal liver tissues by analyzing IHC images obtained from the HPA (Figure 2C).




Figure 2 | High LAGE3 expression in HCC tissue. (A) The level of LAGE3 mRNA expression in normal and LIHC tissues. (B) The level of LAGE3 mRNA expression in paired tissues. (C) Representative immunohistochemistry images and detailed information of LAGE3 expression in normal liver tissues and HCC tissues from the HPA. LIHC, liver hepatocellular carcinoma. ***P < 0.001.





Correlation of LAGE3 Expression With Clinical Features, Diagnostic Value and Prognosis in HCC Patients

The correlation between LAGE3 expression and clinical features in patients with HCC is shown in Figure 3. High expression of LAGE3 was significantly correlated with T stages, pathologic stages, tumor status, and vascular invasion (Figures 3A–D). In addition, we conducted ROC curve analysis using LAGE3 gene expression data to evaluate the diagnostic value of this gene. As shown in Figure 3E, the area under the curve (AUC) was 0.934, which indicated LAGE3 had high diagnostic value in HCC.




Figure 3 | Correlation between LAGE3 expression and clinical features, diagnostic value and prognosis of LAGE3 expression in HCC patients. (A-D) In the TCGA database, LAGE3 expression in the different status of (A) T stage; (B) pathologic stage; (C) tumor status, and (D) vascular invasion. The data were analyzed by Wilcoxon signed-rank test. *P < 0.05, **P < 0.01. (E) ROC curve for LAGE3 in normal liver tissue and HCC. Kaplan-Meier curves showing the overall survival linked to LAGE3 expression in HCC. (F) Based on TCGA datasets, Kaplan-Meier curve for LAGE3 in all HCC patients; (G–O) In the TCGA database, subgroup analysis for (G) T1/T2; (H) pathologic stageI/II; (I) with tumor of tumor status; (J) R0 of residual tumor; (K) AFP no more than 400 ng/mL; (L) albumin more than 3.5 g/dL; (M) Child-Pugh grade A; (N) prothrombin time no more than 4 seconds and (O) with vascular invasion.



We also used Kaplan-Meier survival analysis to assess how LAGE3 expression related to prognosis in HCC. We found that high LAGE3 expression was associated with poor prognosis (Figure 3F). We also performed subgroup analysis by different clinical features as shown in Figures 3G–O. High LAGE3 expression was significantly associated with poor prognosis in HCC cases and was correlated with different clinical features including T stage I/II, pathologic stage I/II, with tumor of tumor status, R0 of residual tumor, AFP no more than 400 ng/mL, albumin more than 3.5 g/dl, Child-Pugh grade A, prothrombin time no more than 4 seconds, and with vascular invasion.



Constructing PPI Network of LAGE3

Functional interactions between proteins are necessary to better understand the complex molecular mechanisms active in malignant tumors. Therefore, we used STRING to analyze the PPI network of LAGE3 protein to determine their interactions in the progression of HCC. The top 10 proteins and corresponding gene names, annotations, and scores are listed in Figure 4 and Table 2. These genes included: OSGEP, TP53RK, C14orf142, TPRKB, OSGEPL1, TMEM187, ILF2, EIF4A2, NFYB, and EIF4A1 (Figure 4 and Table 2).




Figure 4 | PPI network of LAGE3 protein by the STRING online tool. Top 10 LAGE3-interaction proteins in HCC tissue.




Table 2 | Predicted functional partners of LAGE3 protein.





The Potential Functions and Pathways of LAGE3 in HCC

To predict the potential functions and pathways of LAGE3 in HCC, we chose co-expressed genes which had strong correlation with LAGE3 for GO and GSEA analysis. The results of GO biological process showed that these genes were involved in multiple processes, such as oxidative phosphorylation. GO cellular component analysis showed the cellular structures of these genes, such as mitochondrial inner membrane. GO terms revealed several molecular functions, such as catalytic activity, acting on RNA (Figure 5A).




Figure 5 | The potential functions and pathways of LAGE3 in HCC. (A) Top 10 terms of each subtype of GO enrichment analysis by genes co-expressed with LAGE3 in HCC. (B) GSEA-KEGG enrichment analysis by genes co-expressed with LAGE3 in HCC. (C) The top 8 genes which were strong correlated with LAGE3 expression enriched in mTOR signaling pathway.



In addition, the GSEA-KEGG enrichment analysis showed that these genes were closely linked to neurodegenerative diseases, such as Huntington disease and Alzheimer disease (Figure 5B). More importantly, besides pathways of neurodegeneration-multiple diseases, these genes were also linked to mTOR signaling pathway (Figure 5B). Meanwhile, the genes enriched in mTOR signaling pathway were predominantly positively correlated with LAGE3 in HCC (Figure 5C).



LAGE3 Expression Was Correlated With Immune Cell Infiltration and Markers of T Cell Exhaustion in HCC

We explored the correlation between LAGE3 expression with 24 types of immune cells in HCC (23). Based on the Gene Set Variation Analysis (GSVA) (24), high expression of LAGE3 was significantly and positively correlated with T helper (Th)2 cells, CD56bright NK cells, activated dendritic cells (aDCs), and plasmacytoid DCs (Figures 6A–E). Conversely, high expression of LAGE3 was significantly negatively correlated with CD8 cells, NK cells, Th17 cells, eosinophils, T helper cells, and T central memory cells (Tcm) (Figures 6A, F–K). In addition, according to the GEPIA and TIMER databases, a positive correlation was found between the expression of LAGE3 and levels of immune checkpoints, including PD-1, CTLA-4, TIGIT, and TIM-3 (Table 3).




Figure 6 | LAGE3 expression correlates with immune cell infiltration in HCC. (A) From TCGA database, the correlation of LAGE3 expression with 24 types of immune cells in HCC based on the Gene Set Variation Analysis (GSVA). (B-K) From TCGA database, the correlation of LAGE3 expression with (B) Th2 cells; (C) CD56bright NK cells; (D) aDC; (E) plasmacytoid DC; (F) CD8 cells; (G) NK cells; (H) Th17 cells; (I) eosinophils; (J) T helper cells, and (K) Tcm. Wilcoxon signed-rank test was used for statistical analysis. aDC, activated DC; Tcm, T central memory cells.




Table 3 | Spearman correlation analysis between LAGE3 and markers of T cell exhaustion in patients with HCC by TIMER and GEPIA.





Knockdown of LAGE3 in HCC Cell Lines

To further verify the functions of LAGE3 on HCC cell lines, we first examined the expression of LAGE3 in three HCC cell lines (HepG2, HuH-7 and MHCC97H), and the results showed that the expression of LAGE3 was significantly higher in HCC cells than that in the normal hepatic cell line (L02) (Figure 7A). Next, LAGE3 expression was silenced by transfecting siRNAs in HCC cell lines and the efficiency of LAGE3 knockdown was validated by qRT-PCR in HepG2, HuH-7 and MHCC97H cell lines (Figures 7B–D). In particular, the si-LAGE3-2 was most effective in knocking down the expression of LAGE3. Thereby si-LAGE3-2 was selected for the subsequent studies.




Figure 7 | Successful knockdown of LAGE3 expression in HCC cell lines. qRT-PCR was used to detect the expression of LAGE3 mRNA. (A) mRNA expression level of LAGE3 in L02, HepG2, HuH-7, and MHCC97H cells. (B-D) mRNA expression of LAGE3 in HepG2, HuH-7, and MHCC97H cells transfected with si-LAGE3-1, si-LAGE3-2, si-LAGE3-3 or si-NC. All experiments were conducted in triplicate. Data are expressed as mean ± standard deviation (SD). ****P < 0.0001 compared with L02 or corresponding control groups.





LAGE3 Levels Were Positively Associated With Proliferation and Anti-Apoptotic Abilities in HCC Cells

To elucidate the possible function of LAGE3 in regulating the proliferation of HCC cells, CCK-8 assay and colony formation assays were performed. The results showed that decreased cell proliferation was found in si-LAGE3 transfected HCC cell lines, including HepG2, HuH-7 and MHCC97H cells, compared with the NC groups (Figure 8A). Similarly, the colony formation assay also showed that the number of clones of HepG2, HuH-7 and MHCC97H transfected with si-LAGE3 was significantly lower than that of the NC groups (Figure 8B). In addition, the cell cycle assay was performed to evaluate LAGE3-mediated promotion of proliferative activity by flow cytometry. All three tested HCC cell lines revealed a G2/M or S cell cycle arrest after LAGE3 knockdown (Figure 8C). These data suggested that LAGE3 was important for the proliferation of HCC cells.




Figure 8 | LAGE3 level is positively associated with proliferation and anti-apoptotic abilities in HCC cells. (A) The proliferation ability of HepG2, HuH-7, and MHCC97H cells transfected with si-LAGE3 or si-NC detected by the CCK-8 assay. (B) The colony formation assay detected the clone number of HepG2, HuH-7 and MHCC97H cells transfected with si-LAGE3 or si-NC. (C) Cell cycle analysis by flow cytometry showing the changes of G2/M and S cell cycle after LAGE3 knockdown in HepG2, HuH-7, and MHCC97H cells. (D) Western blots showing protein expression of caspase-3, cleaved caspase-3, and Bcl-2 in si-LAGE3 transfected HepG2, HuH-7 and MHCC97H cells respectively. (E) Flow cytometry was used to detect the ratio of apoptotic cells in si-LAGE3 transfected HepG2, HuH-7, and MHCC97H cells, respectively. All experiments were conducted in triplicate. Data are expressed as mean ± standard deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 compared with si-NC group.



To verify the effects of LAGE3 on HCC cell apoptosis, we evaluated the expression of key proteins involved in cell apoptosis. The increased expression of cleaved caspase-3 and Bax, as well as decreased expression of Bcl-2 were detected in si-LAGE3 transfected HepG2, HuH-7 and MHCC97H cells, compared with NC groups (Figure 8D). Furthermore, flow cytometry also showed that the number of apoptotic cells increased markedly in si-LAGE3-transfected HepG2, HuH-7 and MHCC97H cells compared with the NC groups (Figure 8E). These results indicated that LAGE3 played an anti-apoptotic role in HCC.



Down-Regulation of LAGE3 Suppressed Migration and Invasion of HCC Cell Lines

To explore the role of LAGE3 in cell migration and invasion, the Transwell and wound-healing assays were performed. Migration capacity was significantly lower in si-LAGE3 transfected HepG2, HuH-7 and MHCC97H cells than in the NC groups (Figures 9A, B). Moreover, compared with corresponding controls, the invasions of si-LAGE3-transfected HepG2, HuH-7 and MHCC97H cells were attenuated (Figure 9C), indicating that LAGE3 inhibited the invasion of HCC cells. In addition, compared to the si-NC groups, the up-regulation of E-cadherin and down-regulation of N-cadherin, β-catenin were observed in si-LAGE3 transfected groups (Figure 9D), further supporting the regulatory roles of LAGE3 in mediating HCC cell migration and invasion. Taken together, these results confirmed that LAGE3 promoted cell migration and invasion capacities of HCC.




Figure 9 | Down-regulation of LAGE3 suppresses migration and invasion of HCC cell lines. (A, B) Transwell assays (A) and wound-healing assays (B) showing the migration of HepG2, HuH-7, and MHCC97H cells transfected with si-LAGE3 or si-NC, respectively. (C) The invasion abilities of HepG2, HuH-7, and MHCC97H cells transfected with si-LAGE3 or si-NC. (D) Changes in protein expression of E-cadherin, N-cadherin, and β-catenin in HepG2, HuH-7, and MHCC97H cells transfected with si-LAGE3 or si-NC. All experiments were conducted in triplicate. Data are expressed as mean ± standard deviation (SD). **P < 0.01 and ***P < 0.001 compared with si-NC group.





LAGE3 Knockdown Attenuated the Tumorigenicity of HCC Cell Lines In Vivo

To further explore the role of LAGE3 in vivo, the HepG2, Huh7 and MHCC97H cells were used to establish xenograft tumor models by injecting cells transfected with lenti-NC or lenti-shLAGE3, respectively. qRT-PCR results successfully validated the efficiency of lenti-shLAGE3 infection with HepG2, Huh7 and MHCC97H cells (Figure 10A). Accordingly, the results from the subcutaneous tumor-bearing mice models showed the lentivirus-mediated silencing of LAGE3 by shRNA reduced tumor volumes and weights, compared to the lenti-NC mice (Figures 10B–D). Moreover, as presented in Figure 10E, IHC revealed that the expression of Ki67, a protein strongly associated with tumor cell proliferation and growth, was markedly reduced in tumor tissues of HepG2, Huh7 and MHCC97H with LAGE3 knockdown, compared with corresponding lenti-NC tissues. Thus, these findings further indicated that LAGE3 accelerated the tumorigenicity of HCC cell lines in vivo.




Figure 10 | LAGE3 knockdown attenuates the tumorigenicity of HCC cell lines in vivo. (A) mRNA expression of LAGE3 in HepG2, HuH7 and MHCC97H cells transfected with lenti-NC or lenti-shLAGE3. (B) Growth curves of xenograft tumors in nude mice of lenti-NC groups and lenti-shLAGE3 groups. The tumor volume was calculated using the formula: V = L×W2/2 (L = tumor length, W = tumor width). (C) Images of HepG2, HuH7 and MHCC97H xenograft tumors in nude mice of lenti-NC groups and lenti-shLAGE3 groups. (D) Comparison of the tumor weight between lenti-NC groups and lenti-shLAGE3 groups. (E) Immunohistochemical staining of Ki67 in xenograft tumor tissues from lenti-NC groups and lenti-shLAGE3 groups. All of the data are expressed as mean ± SD. n = 6 for BALB/c-nu nude mice following each treatment per experimental xenograft. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 compared with lenti-NC group.





LAGE3 Knockdown Could Enhance the Sensitivity of Tumor Cell Death Induced by Cytotoxic T Cells

To verify the effects of LAGE3 expression on tumor cell death induced by cytotoxic T cells, AFP TCR-T cells were constructed using gene engineering technology. The flowchart of engineering AFP TCR-T cells was shown (Figure 11A). The ratio of TCR vβ+CD8+ cells indicated that the ratio of AFP specific cytotoxic T cells in AFP TCR-T cells was 12.1% (Figure 11B). Furthermore, AFP TCR-T cells were cocultured with HepG2 cells infected with lenti-NC or lenti-shLAGE3 at 2.5:1. After 3 h, the immunofluorescence experiment found that the expression of cleaved caspase-3 was significantly increased in HepG2 cells infected with lenti-shLAGE3, compared with those infected with lenti-NC from AFP TCR-T groups (Figure 11C). In addition, after cocultured with AFP TCR-T cells for 12 h, the cell killing percent as well as secretion levels of IFN-γ and TNF-α were also higher in the group of HepG2 cells with LAGE3 knockdown, compared with those of NC group (Figures 11D–F).




Figure 11 | LAGE3 knockdown could enhance the sensitivity of cell death induced by cytotoxic T cells. (A) The flowchart of engineering AFP TCR-T cells. (B) Flow cytometry was used to detect the ratio of AFP specific cytotoxic T cells (TCR vβ+CD8+) in AFP TCR-T cells. (C) The cleaved caspase-3 expression of HepG2 transfected with lenti-NC or lenti-shLAGE3 detected using immunofluorescence. (D) The killing ratio assessed by detecting LDH in co-culture supernatant. (E, F) The levels of IFN-γ and TNF-α in co-culture supernatant. **P < 0.01, ****P < 0.0001 compared with corresponding control groups. NS, no significance.






Discussion

Despite the great progress in the development of multiple therapies over the years, the prognosis of patients with advanced HCC remains poor. At present, early diagnosis is also a key strategy to improve the prognosis of HCC, especially in the patients who are asymptomatic and have sufficient liver function (25). Nonetheless, to date, diagnostic, prognostic or therapeutic biomarkers for HCC are still inadequate. Therefore, it is urgent to identify effective biomarkers of HCC to guide more optimized diagnostic and therapeutic strategies.

LAGE3 was described as an important component of the complex responsible for forming the N6-threonylcarbamoyladenosine (t6A) moiety in position 37 of tRNAs (26). Studies have shown that LAGE3, an RNA modification-related protein, is most frequently upregulated in multiple cancer types (10). In addition, it was found that the down regulation of LAGE3 significantly affected the biological function of some cancer cells, including PTC and BC cell lines (14, 16). However, the functions and regulatory mechanisms of LAGE3 are not fully clear in HCC. Thus, our study provides new evidence for the clinical value, potential biological roles and regulatory mechanisms of LAGE3 in HCC.

Studies have found that LAGE3 was overexpressed in multiple tumor tissues compared with normal tissues (11–16). Similarly, our study also found that the levels of LAGE3 gene and protein expression were significantly higher in HCC tumor tissues than in normal tissues through public online tools. Additionally, the high LAGE3 expression was significantly associated with poor prognosis in HCC. These data indicated that LAGE3 may be suitable as a potential prognostic marker for HCC. The ROC curve analysis also verified the diagnostic value of LAGE3 in HCC. However, these results need to be further analyzed and validated by a larger clinical cohort.

Immune infiltration is a prognostic factor in human tumors (27). The relative proportion and types of tumor-infiltrating immune cells in the tumor microenvironment (TME) may be associated with inflammation, cancer immune evasion, and clinical outcomes of patients (28). Previous studies have found that LAGE3 could be an immune-related biomarker associated with a wide variety of cancers (11–16). The expression level of LAGE3 was correlated with the infiltration levels of different immune cells (11–16). Interestingly, in our study, based on the GSVA (24) and multiple online databases, our findings showed that high expression of LAGE3 was markedly negative correlated with the infiltration level of CD8+ T cells. Previous studies have shown that higher infiltration of CD8+T cells is associated with a favorable prognosis of multiple cancers (29, 30). Tumors with higher infiltration of CD8+ T cells are more likely to benefit from immunotherapy than those with lower infiltration of CD8+ T cells (31). Therefore, HCC patients with lower LAGE3 expression might be more susceptible to immunotherapy, however this hypothesis requires further experimental and clinical validation.

A deeper analysis of the complexity within the TME may help to identify potential biomarkers that would facilitate the identification of patients responding to recent immune checkpoint therapy strategies (32). According to Table 3, our study showed a positive correlation between LAGE3 expression and PD-1, CTLA-4, LAG3, and TIM-3, which are four of the most typical exhaustion markers of T cells. Currently, immune checkpoint blockade targeting the PD-L1/PD-1 axis and CTLA-4 has revealed promising clinical effects (33). In addition, targeting TIM-3 treatment could promote antitumor immunity mediated by T cell and suppress established tumors (33, 34). Therefore, our results indicated the potential mechanisms involved in LAGE3 regulation of T cell functions in HCC. Furthermore, validation of our coculture experiments using AFP specific TCR-T cells showed that knockdown of LAGE3 in HepG2 cells could increase the sensibility of tumor cell death induced by cytotoxic T cells and the ability of cytokine secretion of cytotoxic T cells. These results suggested that LAGE3 could inhibit the HCC cell death mediated by cytotoxic T cells.

The biological functions of tumor cells play an important role in the occurrence and development of tumors (35). Studies have found that down-regulation of LAGE3 may significantly reduce the proliferation, migration and invasion capacity of PTC and BC cells (14, 16). Moreover, previous studies have reported that long non-coding RNA NEAT1 influenced the proliferation and migration of HCC cells by targeting LAGE3 (36). Furthermore, one study found that LAGE3 promoted cell proliferation, migration, and invasion and inhibited cell apoptosis of HCC by facilitating the JNK and ERK signaling pathway through Hep-3B and SK-HEP1 cell lines (17). Similarly, in our study, we verified that LAGE3 knockdown significantly inhibited the proliferation, migration, and invasion of HCC using in vivo and in vitro experiments, which further verified the oncogenic potential of LAGE3 in HCC. Thus, HCC patients may achieve potential benefits from LAGE3 targeted therapy.

Both the biological functions of tumor cells and the tumor immunosuppressive microenvironment are critical for HCC treatment. Thus, the combinations of molecularly targeted therapies and immunotherapies are emerging to boost the immune responses against HCC (37). Currently, in addition to the advancements in biomarker-driven treatments, multiple immunotherapies, such as checkpoint inhibitors, inhibitory cytokine blockade, oncolytic viruses, adoptive cellular therapies and vaccines are being extensively studied or in clinical trials (33). In addition to affecting the biological function of HCC cell lines, the LAGE3 expression may also be involved in regulating the TME of HCC. Therefore, LAGE3 may be a promising therapeutic target for combination with various available immunotherapies in the near future.

To further study the potential downstream cascades of LAGE3 in HCC, the PPI network analysis was done. And it showed that LAGE3 could interact with TP53RK and ILF2 in HCC. Studies have shown that TP53RK is becoming a potential novel target in multiple myeloma. Inhibition of TP53RK could trigger multiple myeloma cell apoptosis via both the p53-Myc axis-dependent and independent pathways (38). In addition, ILF2 directly binds to cyclic adenosine monophosphate response element-binding protein (CREB), and this binding is essential for the malignant phenotypes of liver cancer cells (39). Thus, the mechanism of promoting HCC progression by LAGE3 may be involved in the TP53RK or ILF2-mediated pathways.

In addition, the mTOR signaling pathway could be enriched in the co-expressed genes which had strong correlation with LAGE3 using the GSEA-KEGG enrichment analysis. The roles of Akt/mTOR pathway has been extensively studied in HCC. The mTOR signaling activation could promote HCC tumorigenesis and lung metastasis (40). And the mTOR inhibitors everolimus and sirolimus could suppress cell proliferation and tumor growth in animal models of HCC (41). Therefore, we speculated that LAGE3 may play roles via mTOR signaling pathway. Furthermore, our study found that the changes of LAGE3 levels could regulate the expression of N-cadherin, β-catenin, and E-cadherin in HCC cell lines. β-catenin, a transcription factors, is a direct repressor of E-cadherin expression (42). E-cadherin and N-cadherin are two classical cadherins related to epithelial-to-mesenchymal transition (EMT), a crucial regulatory mechanism of tumor cell migration and invasion in multiple cancers, including HCC (43–45). The switch from E-cadherin to N-cadherin is a vital sign of EMT induction. Interestingly, the mTOR signaling pathway is one of the most important signaling pathways during EMT process in multiple cancers, including HCC (46, 47). Hence, the mTOR pathway may be one of the potential downstream cascades by which LAGE3 regulates the EMT process in HCC cells. However, more experiments are needed to verify this conclusion.



Conclusion

In summary, our results indicated that LAGE3 was upregulated in HCC, and higher LAGE3 expression was correlated with shorter OS, worse prognosis, and was associated with infiltration of numerous immune cells in HCC patients. Besides, LAGE3 was also involved in regulating numerous biological functions of HCC cell lines, including proliferation, apoptosis, migration, invasion, the sensitivity of tumor cell death. These findings suggested that LAGE3 played a significant role in the progression of HCC. Thus, LAGE3 may be considered as a potential biomarker and therapeutic target.
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SNP IDs Genotypes Patients Jiangsu cohort
n (%) HR (95% CI) p-Value
CC 179 (65.6) Reference
rs12574873 CA 87 (31.8) 1.33(1.01-1.74) 0.044
AA 7(2.6) 1.32 (0.89-1.95) 0.169
CC 165 (60.4) Reference
rs12513391 CT 93 (34.1) 1.46 (1.12-1.90) 0.005
T 15 (5.5) 1.80 (1.35-2.39) 57 x 1075
CC 115 (42.1) Reference
rs34597395 CA 121 (44.3) 1.05 (0.80-1.37) 0.731
AA 37 (13.6) 1.43(1.18-1.74) 3.1 x 1074
T 205 (75.1) Reference
rs35624901 T.Del 61 (22.9) 0.75 (0.56-0.99) 0.047
Del.Del 7(2.6) 0.45 (0.30-0.67) 8.3 x 107°

SNR single nucleotide polymorphism; OS, overall survival time; HR, hazard ratio;
Cl, confidence interval; Del, deletion.
*HRs and 95% Cls for the association between clinical variables and death risk was
adjusted for age of onset, sex, smoking status, drinking status, hepatitis history,
stage, and HCC family history, where it was appropriate.
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# SNP IDs SNP position n Genotypes  Gene symbol of Cis- or p-Value of MST Log-rank
(hg19) eQTLs Trans-eQTLs eQTLs (months) p-value

CC 13.35

1 rs12574873 ¢hr11:95006396 190 CA ENDOD1 Cis-eQTLs 3.9 x 1075 19.5 3.6 x 107*
AA 3.03
CC 13.97

2 rs12513391 chrb:109774372 192 CT MAN2AT1/ Cis-eQTLs 2.8 x 107% 8.67 1.0 x 105

TMEM232 6.6 x 107°

T 0.65
CC 13.57

3 rs34597395 chr21:15636780 189 CA PAK4 Trans-eQTLs 1.0x 10°8 14.43 3.7 x 107*
AA 7.43
T 13.85

4 rs35624901 chr11:35603111 190 T.Del RAG1 Cis-eQTLs 1.6 x 1074 1.83 9.7 x 10-8
Del.Del 0

OS, overall survival, TCGA, The Cancer Genome Atlas; LIHC, liver hepatocellular carcinoma; SNR, single nucleotide polymorphism; MST, median overall survival time;
eQTLs, expression quantitative trait loci; Del, deletion.
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No rsiD Log-rank p-Value HR 95% CI Cox p-value
1 rs1001530 0.823 0.939 0.75-1.17 0.576
2 rs111537617 0.654 0.902 0.72-1.13 0.375
3 rs113791471 0.822 1.066 0.86-1.32 0.555
4 rs116064696 0.905 0.941 0.71-1.25 0.675
5 rs11644804 0.106 0.917 0.74-1.14 0.426
6 rs11711287 0.809 1.029 0.85-1.24 0.77
7 rs1179087 0.64 0.896 0.70-1.15 0.386
8 rs12513391 2.3 x 106 1.61 1.30-1.99 1.0 x 1075
9 rs12551668 0.71 1.01 0.80-1.28 0.928
10 rs12793220 0.093 1.04 0.81-1.33 0.778
11 rs13306519 0.204 0.83 0.68-1.03 0.088
12 rs141915154 0.925 0.97 0.81-1.15 0.709
13 rs147341020 0.002 1.11 0.86-1.43 0.421
14 rs16929939 0.161 0.82 0.66-1.01 0.063
15 rs17097827 0.137 1.25 0.99-1.57 0.057
16 rs17837965 0.777 1.1 0.83-1.46 0.506
17 rs2163539 0.708 1.07 0.90-1.27 0.429
18 rs35624901 2.8 x 107° 0.61 0.48-0.76 1.9 x 1075
19 rs4128191 0.465 0.94 0.80-1.11 0.483
20 rs4644835 0.467 0.89 0.66-1.22 0.477
21 rs4784063 0.777 1.08 0.87-1.35 0.488
22 rs4823082 0.291 0.85 0.65-1.11 0.226
23 rs61662147 0.064 0.84 0.69-1.03 0.089
24 rs7080745 0.533 1.15 0.89-1.48 0.69
25 rs73214543 0.135 0.96 0.78-1.17 0.658
26 rs73219251 genotyping failed

27 rs7620445 0.476 112 0.93-1.34 0.243
28 rs76241969 genotyping failed

29 rs9550238 0.218 1.01 0.81-1.26 0.911
30 rs9624873 0.931 1.03 0.79-1.34 0.825
31 rs10189492 0.508 0.99 0.79-1.23 0.905
32 rs10786361 0.24 0.81 0.61-1.07 0.129
33 rs10971392 0.386 1.14 0.92-1.40 0.233
34 rs11168866 0.264 0.97 0.82-1.14 0.723
35 rs11253104 0.573 1.09 0.91-1.29 0.361
36 rs11281227 0.947 1 0.84-1.20 0.965
37 rs11620307 0.429 0.9 0.73-1.10 0.302
38 rs11642999 0.001 0.92 0.69-1.21 0.546
39 rs12552290 0.628 1.08 0.87-1.33 0.479
40 rs12574873 0.018 1.39 1.11-1.75 0.005
41 rs13146617 0.844 1 0.76-1.32 0.985
42 rs1394802 0.261 1.01 0.82-1.23 0.936
43 rs1463093 0.366 1.14 0.92-1.42 0.228
44 rs148073299 0.07 117 0.97-1.42 0.108
45 rs1566112 0.139 1.23 0.99-1.52 0.056
46 rs16920343 0.782 0.94 0.71-1.25 0.675
47 rs199498726 0.34 1.03 0.84-1.26 0.809
48 rs2005618 0.594 0.95 0.80-1.12 0.539
49 rs226492 0.563 0.89 0.71-1.11 0.301
50 rs2288341 0.198 0.95 0.72-1.24 0.699
51 rs2385911 0.07 1 0.78-1.29 0.973
52 rs272135 0.403 0.88 0.72-1.08 0.21
53 rs2849605 0.691 1.02 0.77-1.35 0.9
54 rs34597395 0.005 1.25 1.04-1.50 0.019
55 rs3826405 0.896 0.94 0.72-1.24 0.67
56 rs6464773 0.667 1.05 0.85-1.30 0.638
57 rs6597827 0.908 0.98 0.72-1.33 0.91
58 rs74049184 0.545 0.99 0.79-1.23 0.895
59 rs74567609 0.788 1.09 0.83-1.43 0.543
60 rs9838251 0.952 0.97 0.80-1.18 0.784

eQTLs, expression quantitative trait loci; OS, overall survival time; HR, hazard ratio; CI, confidence interval.
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Name

Bidirectional primer sequence (5'-3')

SPRY4: Forward primer
SPRY4: Reverse primer
SPRY4-AS1: Forward primer
SPRY4-AS1: Reverse primer
GAPDH: Forward primer
GAPDH: Reverse primer

TCTGACCAACGGCTCTTAGAC
GTGCCATAGTTGACCAGAGTC
GACCTGCTCGACCTGACCCTC
CCACCTCGAACCACAATTCA
GGAGCGAGATCCCTCCAAAAT
GGCTGTTGTCATACTTCTCATGG

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SPRY4-AS1, SPRY4 antisense RNA 1.
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Characteristic n Proportion (%)
Total 371 100
Median follow-up (days) 557 (1-3,675) 371 100
Age 59.5 +13.0 371 100
Sex Male 251 67.7
Female 120 32.3
Tumor grade | 54 14.6
I 178 48.0
il 122 329
\% 12 3.2
Unknown 5 1.3
Stage | 174 46.9
Il 86 23.2
[l 84 226
\% 5 1.3
Unknown 22 5.9
T stage | 183 49.3
Il 94 253
1} 80 216
\% 12 3.2
Unknown 2 0.5
N stage Without metastasis 254 68.5
With metastasis 4 1.4
Unknown 13 30.5
M stage Without metastasis 268 72.2
With metastasis 4 14
Unknown 99 26.7

HCC, hepatocellular carcinoma.
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TR

Human (hg38) chr2 q11.1: 92872758 Human (g35) chr2 q11.1: 92873098
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Names

Sequences (5’-3)

LINCO0882: Forward
LINC00882: Reverse
ATF2: Forward
ATF2: Reverse
miR-214-3p: Forward
miR-214-3p: Reverse
CENPM: Forward
CENPM: Reverse
GAPDH: Forward
GAPDH: Reverse

U6: Forward

U6: Reverse

GCCGATACTTGACCTACGCA
AGATGGCAGGTGCAATCACA
AATTGAGGAGCCTTCTGTTGTAG
CATCACTGGTAGTAGACTCTGGG
GCACAGCAGGCACAGACA
-CAGAGCAGGGTCAGCGGTA
CGACCTGAACAGGGCTACC
ACGCACAGTCATCTTTGAGCA
GGAGCGAGATCCCTCCAAAAT
GGCTGTTGTCATACTTCTCATGG
CTCGCTTCGGCAGCACA
AACGCTTCACGAATTTGCGT
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Gene1

EZH2
NOTCH1
ABL1
GATA3
MAPK3
MAPK3
IRS2
EZH2
NTRK1
NTRK1
ABL2
ERBB2
FBXW7
DNMT3A
EZH2
FBXW7
NOTCH1
MLL3
NOTCH1
CDH1

Gene2

DNMT3A
CCND1
CCND1
NOTCH1
TSC2
CDH1
MAPK3
RARA
IRS2
ABL1
ABL1
CCND1
NOTCH1
CCND1
MLL3
KEAP1
NOTCH2
RARA
ERBB2
CCND1

Combined score

0.988
0.978
0.973
0.969
0.965
0.961
0.950
0.946
0.944
0.939
0.936
0.931
0.931
0.924
0.924
0.911
0.908
0.906
0.901
0.886

PPI, protein-protein interaction.
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Clinical characteristics

Age

<562

>53

Liver cirrhosis
Yes

No

Tumor size
<8 cm

>8 cm
Tumor stage
l, Il stage

Ill, IV stage
KPS
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p-value

0713

0.608

0.001*

TMB, tumor mutational burden; KPS, Karnofsky Performance Score; AFP, alpha fetoprotein.

*n < 0.001.
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Gene symbol Annotation Score
OSGEP Probable tRNA N6-adenosine threonylcarbamoyltransferase; 0.999
TP53RK TP53-regulating kinase; 0.995
C14orf142 EKC/KEOPS complex subunit GON7; 0.991
TPRKB EKC/KEOPS complex subunit TPRKB; 0.987
OSGEPL1 Probable tRNA N6-adenosine threonylcarbamoyltransferase, mitochondrial; 0.912
TMEM187 Transmembrane protein 187; 0.908
ILF2 Interleukin enhancer-binding factor 2; 0.857
EIF4A2 Eukaryotic initiation factor 4A-Il; 0.847
NFYB Nuclear transcription factor Y subunit beta; 0.835
EIF4A1 Eukaryotic initiation factor 4A-1; 0.830
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Clinical characteristics Levels N %
Age (years) <=60 177 475
>60 196 52.5
Gender Female 121 32.4
Male 253 67.6
Race Asian 160 44.2
Black or African American 17 4.7
White 185 511
T stage T 183 49.3
T2 95 256
T3 80 216
T4 13 35
N stage NO 254 98.4
N1 4 16
M stage MO 268 985
M1 4 1.5
Pathologic stage Stage | 173 49.4
Stage Il 87 24.9
Stage Il 85 24.3
Stage IV 5 1.4
Tumor status Tumor free 202 56.9
With tumor 153 431
Residual tumor RO 327 94.8
R1 17 49
R2 1 0.3
Histologic grade G1 55 14.9
G2 178 48.2
G3 124 33.6
G4 12 33
AFP (ng/ml) <=400 215 76.8
>400 65 232
Albumin (g/dl) <35 69 23
>=3.5 231 7
Child-Pugh grade A 219 90.9
B 21 8.7
C 1 0.4
Prothrombin time <=4 208 70
>4 89 30
Fibrosis ishak score 0 75 34.9
1/2 31 14.4
3/4 28 13
5/6 81 37.7
Vascular invasion No 208 65.4
Yes 110 34.6
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Cell type Gene marker TIMER GEPIA
Cor P R P
T cell exhaustion PD-1 (PDCD1) 0.146 = 0.1 *
CTLA4 0.158 = o1 *
LAG3 0.133 * 0.12 *
TIM-3 (HAVCR2) 0.123 * 0.087 0.096

*P < 0.05: *P < 0.01.
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Gene

ESR1
ESR1
MMP9
ESR1
KLKB1
CAT
CAT
ESR1
FOS
MMP9
KLKB1
FOS
FOS
CAT
MMP9
ESR1

Drug

Fulvestrant
SR16157
Rebimastat
Raloxifene
Fluphenazine
Cyclophosphamide
Imexon

Elesclomol

Dasatinib

Triapine

Denileukin diftitox (Ontak)
Triciribine phosphate
Everolimus
Hydroxyurea
Gemcitabine
Acetalax

Correlation

0.807377
0.671628
0.558734
0.507786
0.495776
0.43633
0.431639
0.416922
—0.41465
0.409104
0.406035
—0.40203
—0.38439
0.380068
0.36579
0.362167

P-value

6.58E-15
4.25E-09
3.49E-06
3.45E-05
5.63E-05
0.000492
0.000574
0.00092

0.000988
0.001172
0.001287
0.001452
0.002427
0.002741
0.004051
0.004461
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Agents Control siFBI-1 siFBI-1 + HIF-1o0™M"

ICso values (pmol/L)

Sorafenib 1.06 £0.22 0.22 +0.94 1.64 + 0.57
Regorafenib 0.97 +0.10 0.25 +0.08 1.03+0.24
Lenvatinib 0.75 £ 0.32 0.17 £0.03 1.01 +0.88

Cabozantinib 0.46 £ 0.12 0.10 £ 0.01 0.78 + 0.14
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Agents Control FBI-1 FBI-1 + miR-3692-5p FBI-1 + miR-3692-5p + HIF-10™""
IC5, values (umol/L)

Sorafenib 222 +0.39 10.81 + 0.60 1.63 + 0.42 9.36 +1.23

Regorafenib 1.83 + 0.45 12.02 +3.70 221 +£0.33 13.34 + 0.67

Lenvatinib 1.20 +0.24 9.01 +0.81 1.98 + 0.41 10.44 £ 0.73

Cabozantinib 1.39+0.27 9.90 + 1.53 1.40+0.29 9.17 £ 0.39
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HIF-1a. mRNA expression p
High (n = 26) Low (n = 26)
TTP 8.0 12.0 0.005
6.9-9.1 (M) 10.9-13.1 (M)
os 10.0 14.0 0.032
6.8-13.2 (M) 8.8-19.1 (M)

TTP, time to progress; OS, overall survival; M, months.
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FBI-1 mRNA expression p
High (n = 26) Low (n = 26)
TTP 9.0 14.0 0.003
7.1-11.0 (M) 10.1-13.3 (M)
os 10.0 16.0 0.001
7.2-12.8 (M) 12.1-17.6 (M)

TTP, time to progress; OS, overall survival; M, months.
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Result

D20 B cells, naive B cels, and CD27 isotypic transformed memory B cells are independent prognostic factors
for survival in HOC. During the progression of HCC, intratumoral infiration of B cells is significantly impaired. High
density of tumor-infiitrating B cells means better clinical outcome.

In mice with HCC, B cell depletion blocked the production of these macrophages, increased anti-tumor T cell
response, and reduced HCC growth. This pathway is involved in the increased expression of DNA
methyliransferase 1 and EZH2 in HCC and HCC cells.

Tumor derived exosome-activated B cells strongly express Tim-1 protein and have inibitory activity against CD8
T cels. Exogenous HMGB1 activates B cells and promotes the expansion of Tim-1 Breg cells through Toll-ike
receptor (TLR) 2/4 and mitogen-activated protein kinase (MAPK) signaiing pathways. Accumulation of TiM-
1BREG cells in tumors is associated with advanced disease, early recurrence, and reduced survival in HCC
patients.

In MDR2 mice, CD20 B cell ablation promoted age-mediated fibrosis regression and inhibited the tumorigenic
TNFo/NF-kB pathway.

B cells and IgG2 may play an important role in the inhibition of liver tumorigenesis. Hepatocellular specific
expression of ras oncogene may play a role in the inhibition of B cells, and B cells and T cells may be inhibited in
developing liver tumors.

CCL20 derived from tumor cells interacts with CD19CDS B cells overexpressed by CCR6 to promote the
development of HCG, possibly through enhanced angiogenesis.

More than 50% of B cels in HCG exhibit FeyRil-activated phenotypes, and the production of FeyRil-activated
B cells may represent a mechanism through which immune activation is associated with immune tolerance in the
tumor environment.

Anovel oncogenic PD-1(H) B cell subtype has been identified in human HCC that exhibits a phenotype distinct
from that of surounding regulatory B cells. TLR4-mediated upreguiation of BCLS is critcal for inducing PD-1(Hi)
B cells, which act through an IL10-dependent pathway after interacting with PD-L1, thereby causing T cel
dysfunction and promoting disease progression.

Tumor infitrating T cells and B cels are in dlose contact with each other, and their density is associated with
superior survival in patients with HCC.

Selective recruitment of CXCR3 (+) B cels Bridges the pro-inflammatory interleukin-17 response and the
polarization of tumorigenic macrophages in the tumor environment, and blocking the migration or function of
CXCR3 (+) B cells may contribute to the defeat of HCC.

After liver MET transfection, TUNEL (+) hepatocytes were increased in B cell-or macrophage-deficient mice,
suggesting that these cells provide a protective effect against MET-induced hepatocyte apoptoss.
Anincrease in intrahepatic B cels at the edge of the tumor was positively associated with tumor invasion
characteristics and more tumor recurrence. Bregs directly interact with HCC cells through the CD40/CD154
signaling pathway, thereby promoting the growth and aggressiveness of HCC.

As a trans activator, HBx can regulate the activated B nucear factor kappa-light chain enhancer (NF-xB) and
transcription factor AP-2. HBx may cause the loss of apoptotic function, or directly contribute to carcinogenesis
by realizing the transformation function, and accelerate the development of HCC.

Activation-induced cytidine deaminase (AID) acts as genomic mutants in activated B cells, and inappropriate
expression of AID s associated with immunopathological phenotypes of human B cell malignancies. Abnormal
activation of AIDin hepatocytes leads to the accumulation of muliple genetic changes inthe p53 gene, which may
enhance genetic susceptibilty to mutagenesis leading to HCC development.
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Result

MicroRNA (miR-17-02) clusters from the extracellular vesicies (EVs) of M2-polarized tumor-
associated macrophages (M2-TAMs) stimulate the imbalance of the TGF-B1/BMP-7 pathway,
TGF-$1/BMP-7 pathway imbalance significantly promotes HCC cell invasion and stem cells by
increasing the expression of differentiation inhibitor 1(1D1).

Elevated levels of Mir-15B are transferred from arsenite-treated THP-1 (AS-THP-1) cells to HCC
cells via Mir-15b in EVs, inhibit Hippo pathway activation by targeting LATS1, and participate in the
migration and invasion of proiferation-promoting HCC cells.

$2-AR promotes the occurrence and development of HCC by silencing GRK2 in M2 polarized
macrophages.

Tumor cell-derived Wit ligands stimuiate M2-iike polarization of TAM through classical Wit/
p-catenin signaling, which leads to tumor growth, migration, metastasis, and immunosuppression
in HCC.

M2-polarized macrophages promote the migration and EMT of HCC cells through the TLR4/
STATS signaling pathway, suggesting that TLR4 may be a new therapeutic target
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Result

Sulf2 secreted by HCC cells induces THE differentiation of HSC into CAF through the TGFp1/Smad3 signaling
pathway,

CNP inhibits the HCC promotion of CAF by inhibiting several HCC promoting cytokines secreted by CAF
expressing GPRES. Further studies have shown that the combination of CNP and existing anticancer agents has
some potential in the treatment of intractable HCC associated with the activation of CAF.

CAF-derived cytokines enhance the progression and metastasis of HCC by activating the circRNA-miRNA-
MRNA axds in tumor cells.

InHCC-TME, CAF-derived cardioctonutrient-like cytokine 1(CLCF1) increases the secretion of CXCL6 and TGF-
B in tumor cells, thereby promoting tumor stem cell growth.

Copticine blocked the secretion of GAF exosome CIRCCCTS and significantly inhibited tumor growth of HepG2
cels in immunodeficient mice.

MiR-150-3p was significantly reduced in GAFS-derived exosomes and inhibited HCC migration and invasion.
MiR-150-3p was transferred from miR-150-3p transfected CAF to HCC cels via exosomes and eliminated HOG
migration and invasion.

IL-6 and HGF are key EMT-stimulating oytokines secreted by H-CAF.

‘The proportion of GAFs was positively correlated with the expression of CD73in HCC cells. The c-Met and MEK-
ERK1/2 pathways are activated by HGF from CAF, which upreguiates CD73 expression in HCC cells.
Endotheiial salic acid protein expressed by CAF is the main regulator of macrophage recruitment and
polarization, and infibition of endothelial sialic acid protein inhibition is a potential therapeutic strategy for HCC,
GAFs can produce pIGFPLGF, which is associated with tumor angiogenesis markers and predicts poor
prognosis in HCC patients.

GAFs can promote the dryness and metastasis of HCC cells, and blocking autophagy can significantly reduce
the enhanced dryness of CAFs, suggesting that targeting HCC autophagy may be an effective strategy for the
treatment of HCC.

LXRa agonists limit TGFp-dependent CAF differentiation and may limit the growth of primary HCC.

RVD inhibits the stem cell characterization of CAF-induced EMT and HCC cells by inhibiting the secretion of
COMP.

Endogenous and exogenous BMP4 activates iver fibroblasts, acquires the abilty to secrete cytokines, and
enhances the aggressiveness of HCC cells.

CAFs promote self-renewal, chemotherapy resistance, metastasis and tumorigenicity of CD24 HCC cells. CAFs
secreted HGF and IL6 promote the dryness of CD24 HCC cells by phosphoryiation of STAT3,

HCGC-CAFs regulate the sunvival, activation, and function of neutrophils in HCC through the IL6-STAT3-PDL1
signaling cascade.

IL-6 secreted by GAF promotes stem celklike properties in HOC cels by enhancing STAT3/Notch signaling.
CAF-induced Notch3 expression is responsible for the activation of LSD1 in CSC, thereby promoting its self-
renewal in HCC.

CAF-mediated tumor progression in HCC is associated with the deletion of anti-tumor miR-320a in CAF
exosomes.

MR-101 eliminated SDF1 signal transduction cells by infibiting the expression of SDF1 in CAF and inhibiting the
expression of VE-cadherin in tumors.

COL2, COL5, CCL7 and CXCL16 secreted by CAF promote HCC metastasis through synergistic activation of
HH and TGF-p pathways in HCC cells.

Targeting the CAF-derived, HGF-mediated c-Met/FRA1/Hey1 cascade may be a therapeutic strategy for the
treatment of HCC.

When stimulated, CAF shows the potential to differentiate into adipocytes, osteoblasts, and pancreatic cells.
When co-cuitured with human HCG cellines, CAF upreguiated the expression of TGFB1 and FAP genesin Huh-
7 and JHH-6, thus having the ability to enter the circulation.

The expression of CCN2, EMA and FAP may be involved in the activation of CAF in HCC, leading to aggressive
behavior. The significant correlation between tumor cells expressing EMA and CAF expressing FAP and their
terrain proximity suggests that there may be cross-talk between tumor epithelial cells and stromal cells in the:
HCC tumor microenvironment,
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Result

The heterozygous loss of SPTBN1 significantly upregulated the iver expressions of IL-1a, IL-1pand
IL-6, and increased the proportion of myeloid inhibitory cells (MDSC) and CDACD25Foxp3
regulatory T cells (Foxp3Treg) in liver, which promoted the occurrence of HCC in DDC-fed mice.
MDSCs contribute to tumor progression under psychological stress, chronic binding stress
significantly promotes the growth of HCC, and MDSCs are mabilized from bone marrow to spleen
and tumor sites. Also, the B-adrenergic signaling cascade plays a key role in the mobilization and
recruitment of MDSC under chronic confinement stress.

Icaritin blocks MDSC production by blocking the attenuation of EMH, thereby inhibiting the
immunosuppressive effect of the tumor, thereby triggering an anti-tumor immune response.
Therefore, Icaritin can be used as a new adjuvant or even as an independent therapeutic agent for
the effective treatment of HCC.

PIWIL1 overexpressed HCG celis attract myeloid suppressor cells (MDSC) to the tumor
microenvironment. MDSCs consumption reduced the proliferation and growth of HCG tumors
overexpressed by PWIL1. Complement C3 induces the secretion of HCC cels through PIWIL1,
mediates the interaction between HCC cells and MDSC by activating the P38 MAPK signalin MD38,
and then initiates the expression of the immunosuppressive cytokine IL10.

After tivozanib treatment, the baseline number or frequency of FOXP3treg, MDSC, and exhausted
T cells decreased significantly more. This may help identify patients who may benefit from c-kit/SCF
antagonism and provide guidance for improving the efficacy of tivozanib in combination with
immunotherapy.

CD8" T cells, MDSCs, and M2 macrophages were particularly increased in the tumorigenic liver of
NCOA 5 + male mice. NCoAS deficiency promotes a unique hepatic tumorigenetic
microenvironment through p21WAF1/CIP1 overexpression, which metformin reverses.

HSC promoted migration of MDSG through the SDF-1/CXCR4 axis. Pretreatment of MDSC with
CXCR4 inhibitors or injection of SDF-1 knockout HSC inhibited migration of MDSC to the spieen and
fiver of tumor-bearing mice.

Patients with an increased T-effector/Treg ratio before treatment showed significantimprovement in
08. ERK + FLT-3+ Treg and MDSCs were significantly reduced after sorafenib treatment. An
increase in baseline Fit-3+ p-ERK + MDSC was associated with a patient survival benefit.
Conclusion High baseline CD4" T effector/Treg ratio may be an important biomarker for prognosis
in HCC.

COR2 antagonists inhibited the nfitration of TAM and MDSC and delayed tumor growth intumors of
mice expressing A3b and A3b. Mechanically, upregulation of A3B in HCC inhibs the global
abundance of H3K27me3 and reduces the presence of H3K27mes on the chemokine Col2
promoter by interacting with the multicomb repressor complex 2(PRC2), thus recruiting large
amounts of TAM and MDSC.

Activated HSC induces mononuciear intrinsic p38 MAPK signaling, which triggers enhancer
reprogramming for M-MDSC development and immunosuppression. Treatment with p38 MAPK
inhibitors eliminated HSC-M-MDSC crosstalk to prevent HCC growth. Combined with I-BET762
suppressed patient-derived M-MDSC, combined with anti-PD-L1 therapy synergically enhanced
TIL, resutting in tumor eradication and prolonged survival in a fibrotic HCC mouse model.

RIP3 knockdown results in an increase in MDSCs and a decrease in interferon A- positive (IFN-y)
clusters of tumor-infiitrating lymphocytes (CD8) differentiated into 8 positive (CD8) cells in HCC
tissue, thus promoting immune escape and HCC growth in immunologically competent mice.

By down-regulating the expression of IDO, the HS donor induced T effector cells and inhibited
MDSCs, and effectively restricted the tumor development of H22 HCC tumor-bearing mice.
March-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAM) from the
tumor microenvironment contribute to the suppression of the CD8 T cell response.

Adoptive transfer of CIK to tumor-bearing mice induced an increase in inflammatory mediators (e.g.,
CX3CL1, IL-13) and tumor-infitrating MDSC in the tumor microenvironment, and MDSCs effectively
inhibited the cytotoxic activity of CIKs in vitro. In contrast, treatment with PDES inhibitors reversed
MDSC inhibition by Arg and INOS, while systemic treatment with PDES inhibitors prevented MDSC
accumuiation in the tumor microenvironment after CIK cell treatment and increased its anti-tumor
efficacy.

RT/L-12 significantly reduced the accumulation of tumor-nfitrating myeloid suppressor cells
(MDSC) and its inhibitory function by reducing the production of reactive oxygen species
Tumor-infitrating LY6G MDSCs from orthotopic liver tumors treated with sorafenib significantly
induced CD4+T cells expressing IL-10 and TGF- and down-regulated the cytotoxic activity of CD8
T cels. IL-6 protects LY6G MDSC against sorafenib induced cell death in vitro. The combination of
anti-LYBG antibody or anti-IL-6 antibody and sorafenib significantly reduced the cell proportion of
LY6G MDSCs in orthotopic liver tumors, enhanced the proliferation of T cells, and synergically
improved the therapeutic effect of sorafenib.

Tumor-infitrating CD11BCD33HLA-DR MDSCs in HCC patients can effectively inhibit autologous
CDBT cell proiiferation. Concordant overexpression of CORK and MDSC markers (CD11b/CD33)
was positively associated with poorer survival. Hepatocyte CCRK stimulated the
immunosuppressive CD11BCDB3HLA-DR MDSC amplification of human peripheral biood
mononuclear cells by up-regulating IL-6.

In HCG, hypoxia induces the expression of ENTPD2 on cancer cells, leading to an increase in
extracellular 5'-AMP, which in tum promotes MDSC maintenance by preventing ts differentiation.
The tumor suppressive effects of chemerin were associated with metastasis of tumor-infitrating
immune cels from myeloid suppressor cells (MDSC) to interferon-y T cells and decreased tumor
angiogenesis.

TAF-derived cytokines (such as IL-6 and SDF-1A) can induce MDSC generation and activation, and
then weaken the human anti-tumor immune response, thus creating favorable condtions for the
development of HCC.

The frequency of MDSG before treatment is a prognostic factor for HAIG prevention of HCC.
Patients with lower MDSC frequency also had significantly longer overall survival.

The frequency of MDSG increased significantly in HCG patients. It is associated with tumor
progression, but not with liver fiorosis or inflammation.

The MDSC-mediated functional inhibition of NK cells mainly depends on NKP30 on NK cells.
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Result

The proportion of Treg cells in BCLC stage G HCC patients was higher than that in BCLC Stage B
patients, and the proportion of Treg cels was significantly lower than that before GMS-TACE 1 ~ 2 weeks
after surgery. The percentage of Treg cells continued to decrease 3-5 weeks after surgery.

Tumor progression is associated with the deep depletion of tumor antigen-specific CDST cells and the
accumulation of PD-1 CDBT cells and Treg cels.

Atanon-cytotoxic concentration, resveratrolinhibited differentiation of CD8CD122 Treg from CD8CD122
T cels.

The baseline reduction in the number or frequency of FOXP3Tregs, MDSCs, and exhausted T cells was
significantly greater after tivozanib treatment. In addition, a larger increase in CDAT cells: Treg ratio after
tivozanib treatment compared with sorafenib was associated with a significant improvement in OS.
Long-term intake of ethanol can enrich HBV-enhanced abnormal lipid metabolism through HBx/Swaell1/
arachidonic acid signaling and activate Treg in mice.

Lower CD8 T cell density and higher Foxp3 Tregs and immune checkpoint strength in intrahepatic
cholangiocarcinoma ICC) components comparedto HCG components may indicate a stronger immune
escape capabilty of ICC.

The frequency of Tregs was significantly higher in HCG patients than in healthy controls. In addition,
patients with high Treg (1) after TACE had a signiicantly reduced progression-free survival compared to
patients with low Treg (lll) after TACE.

Regulatory CD4/CD25/Foxp3 T cells (Tregs) were activated by transcriptional reprogramming of HCG
parent cells in MacroH2A1 KD conditioned medium. Loss of MacroH2A1 in HCC cells drives prolferation
and avoidance of immune survellance by cancer stem cells.

Treg-induced inhibition of IFN-y secretion is partially prevented by neutraizZing PD-1 and PD-L1 antibodies
inHCC patients. In HCC, peripheral blood Tregs upregulate checkpoint inhibitors and promote systemic
immune dysfunction and antitumor activity through several inhibitory pathways, presumably contributing
to the development of tumors at a young age.

Patients with an increased T-effector/Treg ratio before treatment showed significant improvement in OS.
Overexpression of IncRNA FENDRR and down-reguiated miR-423-5p reduced cell prolferation and
tumorigenicity, and promoted apoptosis of HCG cells, thereby regulating Treg-mediated immune escape
of HCC.

The hypoxic environment induces tumor immunosuppression by attracting TREM-1 TAMs of COR6.
Foxpd Treg, and TREM-1 TAMs make HCC resistant to PD-L1 therapy

After sorafenib alone and in combination, plasma SMet was elevated and TTP and OS shortening were
associated with increased Tregs and CDS6 natural killer (NK) cells.

Sunitinib treatment induces an anti-tumor immune response by significantly reducing Treg frequency,
TGF-B and IL-10 production by Treg, and protecting TAS CD8 T cells from HCC infection

Newly produced STAT3-blocked whole-cell HCC vaccines reduced production of Treg as well as
production of TGF-g and IL-10.

LNC-EGFR specifically binds to EGFR and prevents its interaction with c-CBL and is ubiquitinated by
¢-CBL, which stabilizes and enhances the activation of its own and its downstream AP-1/NF-AT1 axis,
thus causing EGFR expression. LNC-EGFR has been associated with immunosuppressive status and
cancer by promoting Treg cell differentiation.

Overexpression and activation of YAP-1 in HCC T cells can promote differentiation of Treg through
enhanced transcription of TGFbR2, thereby inducing immunosuppression.

CXCL10/CXCR3 signals were upregulated ater iver gratt injury, directly inducing the mobilization and
recruitment of Tregs during transplantation, and further promoting the recurrence of HCC after
transplantation

After treatment with soraferib, the ratio of CDACD127PD-1 T effector cels to CD4FoxP3PD-1 Treg was
significantly increased. The increased frequency of CD4CD127 T effector cells in posttreated samples
was significantly correlated with OS.

Sunitinib-mediated tumoricidal effect, Treg inhibition and antibody-mediated PD-1 blocking synergistic
effect can effectively inhibit tumor growth and activate anti-tumor immunity.

The secreting of cancerous TGF-p1 may increase Tregs, while TGF-p1 knockdown may impair
immunosuppression in the tumor microenvironment by decreasing Tregs.

Intra-tumor combination of SLC and anti-CD25 mAb is an effective method for the treatment of HCC,
which is related to the change of tumor microenvironment and the systematic optimization percentage of
Treg, CD8" T cells and CD4* T cels in peripheral immune organs.

Sorafenib treatment can reduce the number of Treg by inhibiting the prolferation of Treg and inducing its
apoptoss. In addition, sorafenib inhibits the function of Tregs, characterized by reduced expression of
functionally important Treg-related molecules and impaired inhibition. Sorafenib treatment alleviated non-
celuiar autonomous inhibition of the tumor microenvironment mediated by Treg, leading to an effective
anti-tumor immune response.

The subpharmacological doses of sorafenib had different effects on T cell subsets, selectively increasing
Teff activation while blocking Treg function.

Tumor Treg upregulated glucocorticoid-induced tumor necross factor receptor (GITR) expression.
Treatment with soluble GITR ligand (GITRL) induced a reduction of inhibition mediated by activated tumor
infiltrating Treg and restored the proliferation and cytokine production of CD4* CD25-T cells.

Elevated FOXPS (+) Tregs may represent a prognostic marker in patients with early HCC. The natural
history of CHB influences the density of tumor infilirate Treg in patients with chronic hepatits B virus
infection

The increased frequency of CD45Ro + subsets in CD4* CD25(HIGH) Tregs in HCC patients may
cooperate with the establishment of an immunosuppressive environment that induces tolerance of
plasmocyte like DCs, thereby promoting the development of HCC.

‘The tumor-associated MVARPHI may trigger an increase in the number of Foxp3 (+) Treg populations in
tumors, thereby promoting the development of HCC.
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Result

The number of M1-polarized macrophages in the S3 subdiass in HOG was increased, and the
prognosis was good. Strong total immune cel infitration into HCC was associated with total
B cells, memory B cels, T folicle helper cells, and M1 macrophages, while weak infitration was
associated with resting NK cells, neutrophils, and resting mast cells.

Conditionalized media from M1 macrophages promoted HCC cell migration and induced
activation of NF-xB and FAK signal transduction. Activation of Bay 11-7,802 and NF-xB and
FAK pathways eiiminated HCC cell induced migration, suggesting that M1-ike TAM has a
metastatic role in HCC.
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Result

“The combination of DC vaccine and PD-L1 inhibitor resulted in longer overall survival, smaller tumor size,
and higher tumor cell apoptosis rate in mice. The combination of DG vaccine and PD-L1 inhibitor may
have broad prospects as a new therapeutic strategy for HCG.

XCL1-GPC8 cels chemically attract murine XCR1CD8a denditic cells (DCs) and human XCR1CD141
DCs, and promote their IL12 production.

A more severe reduction in basal OCR was observed in tumor-derived DCs exposed to AFP due to
down-regulation of cytochrome C oxidase. The expression of PGC1-a in circulating meduliary DC in
HCC patients was decreased, and the abilty to stimuiate the function of antigen-specifc effector was
impaired, indicating the negative effect of AFP on DC metabolism.

AFP down-regulated CD1 on DC, but had litle effect on NKT cell activation.

DC-CIK cells can inhibit the growth of HCG and LOSC in vitro and in vivo, and the most successful DC-
triggered cell kiling activity can be achieved through their LCSC antigen loading.

MIP-10 enhances the antitumor activity of the DG/tumor fusion vaccine by alleviating the
immunosuppressive tumor environment.

The use of nifurazine and DC-loaded TCL significantly increased the survival rate, inhibited tumor growth
and promoted anti-tumor immune response in HOC mice implanted in situ.

Overexpression of IL-12 induced by adenovirus vector can effectively immunize DC. Intratumor but not
systemic injection of activated IL-12-DC is essential for effective tumor regression. Improved
immunotherapy with IL-12-DC represents a promising approach for the treatment of HCC.

B-GC activated mouse liver NKT cells and enhanced the anti-tumor activity of PAD-HBsAg-DC. p-GC
may act as an effective innate immune enhancer to enhance the antitumor effect of PAD-HBSAG-DC
vaccine.

Camory may play an important role in the development and progression of HCG through recruitment of
DC and NK cells.

Electroporation of GPC-3 mRNA s an effective method for antigen-carrying monocytes to generate DCs.
because they produce functional GPC-3 reactive T cells in vitro.

Immature DCS(IMDCs) derived from human monocytes were fully mature after effective phagocytosis of
dying cells, and showed significant profferation and cytotoxicity to HLA-matched HEPG (2) cells in
autologous peripheral biood monocytes (PBMO)

Secondary lymphoid tissue chemokines (SLC) are strongly expressed in secondary ymphoid organs. It
has the abilty to promote dencritic cell (DC) and T cel chemotaxds, making it a promising candidate for
cancer therapy.

AAVHAFP-transduced DCs activate higher frequencies of Th1 CD4 responses to AFP in healthy donors
and AFP positive HCC patients. Importantly, when activated by adenovirus-engineered DC, the cytokine
expression profile of CD4-+T cels was biased towards the production of interleukin-2 and interferon-y,
which has therapeutic implications for vaccination work.

Denditc cels transfected with total HSGmRNA stimulated an antigen-specific cytotoxic T cellresponse
capable of recognizing and kiling autologous tumor cells in vitro.

Impairment of MDCs produced by IL-12 may result in impaired stimulation of naive T cells, suggesting
that targeted IL-12 therapy may enhance tumor-specific immune responses in patients with HCC.
The combination of PEI or RFTA with active antigen-specific immunotherapy using DCS is a promising
approach to induce a sustained anti-tumor immune response aimed at reducing tumor recurrence and
metastasis in patients with HCC.

The phenotypic and functional deficts of PBMC-derived DCs in LG and HCG patients may play akey role
in HBV infection and HCC immune escape. After tumor is stimulated by antigen, DG function can be
enhanced in LG patients.

Ad-HBsAg-transduced DO stimulated a strong cytotoxic T lymphocyte (CTL) response to HBsAg-
expressing tumor cells and protected mice from lethal tumor attack.

At concentrations up to 20 g/mL, AFP did not alter the in vitro generation, maturation and T cell
stimulation of DC. Higher AFP concentration (>20 Lig/ml) led to phenotypic changes in DG without impair
its abilty to stimulate CD4 T cells. Independent of serum AFP levels, the frequency and function of DG
and AFP-specific T cells did not decrease in HCC patients.

Autologous DCs containing the HCAS87 protein can induce speific T cell responses in healthy
individuals by in vitro stimulation, and HCAB8? is a good candidate for the development of a protein-
based therapeutic DG tumor vaccine for the treatment of HCG patients.

DCs transfected with MAGE-1 gene can induce higher cytotoxicity of SMMC7721 in vitro, suggesting
that this transgenic DC may have the potential to induce specific antitumor activity and be used as a
novel HOC vaccine.
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Result

Sorafenib can promote the pro-inflammatory response of tumor-associated macrophages in HCC, and
then activate the anti-tumor NK cell response through the cytokine and NF-xB pathway.

NK cel activator Poly 1:C) promotes HCC in HBs-Tg mice. Poly (i:C) induces liver inflammation and liver cell
damage in HBs-Tg mice. The increase of hepatocyte EMT depends on the presence of NK cells in HBs-Tg
mice. IFN-y derived from NK cells plays a key role in the development of HCC in HBs-Tg mice.

The phenotype of peripheral blood NK cells was biased towards the defect/fatigue immune patter, and
the frequency of cells expressing NKp0 and member D of natural killr group 2 decreased, and the
proportion of cells expressing T cell immunoglobulin and mucin domain increased. In addition, nKP30-
positive NK cells have reduced expression of NCRS immunostimulated splicing variants and increased
expression of inhibitory variants, leading to NKP30-mediated loss of function in patients with advanced
tumors.

Blocking the CD96"CD155 interaction restores NK cell immunity to tumor by reversing NK cell depletion or
TGF-p1 reversing NK cell depletion, suggesting that CDI6 may have a therapeutic role in HCC.

When co-cultured with sorafenib treated M g, cytotoxic NK cels were activated, resuiting in tumor cell
death. In addilion, sorafenib was found to down-regulate the expression of major histocompatibiity
‘complex | in tumor cells, which may reduce tumor response to immune checkpoint therapy and promote
NK cell response.

Serum cholesterol accumuates inNK cells and activates their effect on HCG cells, increases the anti-tumor
function of natural Killer cels, and reduces the growth of iver tumors in mice.

CD48 protein was strongly expressed in HCG tissues but not in tumor fiver monocytes. This monocyte
induced NK cell dysfunction was significantly attenuated by blocking CD48 receptor 2B4 on NK cels, but
not by blocking NKG2D and NKp30.

“The cytotoxicity of NK cells in patients with HOC is reduced. MDSCs inhibit NK cell cytotoxicity and IFN-y
release. MDSCs inhibit NK cells depending on cell contact. MDSCs inhibit NK cells for a long time. MDSCs
use NKp30 receptors to inhibit NK cell function.

Compared with donor and recipient PB, donor liver NK cells showed the strongest cytotoxicity to HOG
HepG2 after IL-2 stimulation. This may explain why liver natural killer (NK) celis have higher cytotoxic activity
against tumor cells than peripheral blood (PB) NK cells.

SMICA derived from advanced HCC is responsible for NKG2D expression and NK cell function. NK cells
stimulate DG maturation induced by human hepatoma cels and enhance the excitatory stimulation abiity
of DC. When NK cells were pretreated with serum containing SMicas, DC maturation and activation were
completely efiminated.

Leptin can significantly inhibit human HCC. This effect is mediated by inducing the prolferation and
activation of natural kille cells and directly inhibiting tumor growth. The decreased NK expression of
inhibitory CIS and the overexpression of anti-prolferative STAT2 and SOCS1 proteins in HCC ines may
emphasize the anticancer effect of leptin.

‘Smoking is associated with adecrease in the frequency of natural killer (NK) cells in the peripheral blood,
which is characterized by a reduction in NK function through systemic immunology. The combination of
smoking and lowering the frequency of NK cells further increases the likeiihood of viral load and ALT=80
UL.

NKT and CD4+T cells promote the elimination of senescent liver cells to prevent the occurrence of HCC,
and this process requires CXCR6. CXCR6 inhibits the occurrence of HCC by promoting natural killer T and
CD4+T cell-dependent senescence control.

Using CAR transduced T cells and NK celss that recognize the surface marker CD147 (also known as
Basigin), various malignant HCC cell lines were effectively kiled in vitro, as well as HCC tumors in
transplanted and patient-derived mouse models of transplanted tumors.

The liver gene delivery of high L-15 makes CD8" T cells and NK cells prolferate inlarge quantities, resulting
in the accumulation of CD8" T cells in the bodly (over 40 days), especially in the liver. Hyper-IL-15 therapy
has significant therapeutic effects on established liver metastases and even autologous HOG induced by
DEN. These effects can be depleted by CD8" T celss instead of NK cels.

The cytolytic activity of natural kiler (NK) celis on ADAMOKD-HCC cellsis higher than that on control cells,
and the enhancement of this cytotoxicity depends on the MICA/B and NK group 2, D pathways. Sorafenib
treatment resulted in a decrease in the expression of ADAMOin HCC cells, an ncrease in the expression of
membrane-bound MICA and a decrease in the level of soluble MICA. The addition of sorafenib enhanced
the NKK sensitvity of HCC cells by increasing the expression of membrane-bound MICA.

ADAMS protease plays a key role in the shedding of MHC class | related chain A (MICA) that regulates the
sensitivity of tumor cells to natural killer cells (NK). The expression of ADAMS in CD133si-PLC/PRF/5 cells
and CD133-Huh7 cells decreased, membrane-bound MICA increased, and soluble MICA production
decreased. CD133si-PLC/PRF/5 cells and CD133-Huh7 cells are both sensitive to NK activity, which
depends on the expression level of membrane-bound MICA, while HCC cels expressing CD133 are not.
CD8" T cells and NKT cells promote NASH and HCC by interacting with hepatocytes, but not myeloid
cells. NKT cells mainly cause steatosis by secreting light, and CD8* and NKT cells synergistically induce
liver damage. Hepatocyte LTBR and typical NF-xB signals promote the transformation of NASH to HCC,
indicating that different molecular mechanisms determine the development of NASH and HCC.
In-depth studies of the immune landscape show that regulatory T cells(T) and CDB resident memory
T celis(T) are enriched in hbv-related HOG, while Tim-8CD8 T cells and CD244 natural kller cells are in non-
virus-related HCC In the enrichment.

Senescence monitoring requires the recruitment and maturation of CCR2 bone marrow cells, while CCR2
ablationinduces HCC growth. In contrast, HCG cells inhibit the maturation of recruited myeloid precursors,
which promote mouse HCC growth and deteriorate the prognosis and survival of human HCC patients by
inhibiting NK cells.

p-glucosylceramide alleviates immunologically incongruent disease by altering the plasticity of NKT
lymphocytes and may be involved in the “fine-tuning” of the immune response.

Proliferating immune cells, mainly NK cells and T cells, were present in the patient's long-lived tumor and
consisted only of tumor cels lacking proliferation n the region. The density of NK cells and CD8+T cells was
positively correlated with tumor cell apoptosis and negative proliferation.

GS-9620 treatment is associated with areversible increase in serum fiver enzymes andithrombocytopenia,
and induction of intrahepatic CD8" T cells, NK cells, B cells, and interferon response transcriptional
signaling

Fibrosis is a way to enhance the occurrence of HOC. Changes in fibrosis also regulate the activity of
inflammatory cells in the liver and reduce natural kiling, which is generally helpful for tumors to monitor the
activity of natural kiler T cels. These pathways work in conjunction with inflammatory signals, including
telomerase activation and the release of reactive oxygen species, ultimately leading to cancer.
AJCMVMCDAO0L therapy can induce strong lymphocyte infiration in tumor tissues and increase the
apoptosis of malignant cells. The observed anti-tumor effect is mediated by CD8" T cells and is related to
increased serum levels of interleukin (IL)-12 and enhanced natural kiler (NK) activty.

The activation of B-catenin in hepatocytes can change the liver microenvironment and lead to the specific
targeting of INKT cells. The activation of B-catenin in hepatocytes triggers the pro-inflammatory process
related to the activation of NF- « B. In the process of liver inflammation induced by p-catenin, iNKT cells
showed anti-inflammatory properties. In HCG induced by p-catenin, iNKTs and LECT2 are the key celllar
and molecular effectors to control tumor progression.

AdCMVIL-12 can activate natural killer cells (NK) and inhibit angiogenesis.

Gene transfer of angiostatin inhibited tumor angiogenesis and enhanced NK cell infiitration, while B7H3
therapy activated CD8" and NK cells and increased their infiltration into the tumor, and enhanced
circulating IFN-y levels.
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Result

NanoMnSor enhances the efficacy of anti-PD-1 antibodies and whole cell cancer vaccine
immunotherapy by reducing tumor invasion of hypoxia-induced tumor-associated macrophages,
promoting macrophage polarization into an immune-stimulating M1 phenotype and increasing the
number of CD8 cytotoxic T to reprogram the immunosuppressive TME.

PVRL1 upregulated by HCC cells stabilizes PVR on the cel surface, which interacts with the inhibitory
molecule TIGIT of CD8 effector memory T cells. It is possible to deveiop PVRL1/TIGIT inhibitors as well
as anti-PD1 to treat HCC.

PD1 or TIM3PD1 CD8 T cells were significantly associated with poor prognosis, and the latter were
adjacent to PD-L1 tumor-assodiated macrophages.

SFGL2 promotes HCC growth by reducing DG activity and subsequent cytotoxicity of CD8 T cells,
suggesting that SFGL2 is a novel potential therapeutic target for HCG therapy.

IL-35 inhibits the cytolytic and noncytolytic functions of CD8 T cells against non-viral hepatitis associated
HCC, possibly inhibiting the expression of perforin.

Suppression of the tumor immunosuppressive environment and immune escape is accompanied by
proliferation of functional cytotoxic CD8 T cels as well as suppression of myeloid suppressor cells and
regulatory T cels in the tumor environment.

Alarge number of TEM-1 postive (TEM-1) TAM in the late stage of HOC development indirectly impair
the cytotoxic function of CD8 T cels and induce the apoptosis of CD8 T cells.

The A- catenin peptide vaccine stimulates the activation of cytotoxic Tlymphocytes (CTL) and enhances
the invasion of CD8" T cells into the tumor. In addition, a- catenin peptide vaccine can enhance the
secretion of IFN-y and the kiling effect of T cells on tumor cells.

Stat3-blocked lysates of whole HCG cels stimulated activation of T and natural kiler (NK) cells and
enhanced cytotoxic CDB8 T cell infitration in tumor tissues

Antibody against CD274(PD-ligand 1 [PD-L1)), TIM3, or LAGS increases CD8 and CD4 TIL prolferation
and cytokine production in response to stimulation by polycional antigens or TAA,

Tremelimumab in combination with tumor ablation is a potential new therapy for patients with advanced
HCC, resulting in the accumulation of CD8 T cels in tumors. Positive clinical activty was observed and
may replace HCV viral load.

PD-L1 upregulation is mainly induced by pre-existing activated CD8" cytotoxic T cells in the HCC
environment, rather than constitutively expressed by tumor cells, and is  favorable prognostic factor
for HCC.

Expression of programmed death 1(PD-1) and programmed death ligand 1(PD-L1) correlated with
CD3" and CD8" cell density and ciinical outcome. High density of internal and peripheral CD3* and
CD8" T cells and corresponding immune scores were significantly associated with lower recurrence
rates and prolonged RFS.

Crosstalk of NK and CD8 T cells in tumor microenvironment may benefit patient prognosis. The count of
NK and CD8 T cells infilrating in CRC tumors may provide useful prognostic information

In the tumor microenvironment of sorafenib treated mice, tumor-specific effector T cells were
upregulated, while the ratio of CD8" T cels expressing PD-1 and regulatory T cells (Tregs) was reduced.
In HLA-A2 transgenic mice, the CD8" T cels producing IFN-y and the cytolytic activity in vivo were
significantly increased

Asthe disease progresses from LG o HCC, thefrequency of circulating PD-1 (+) CD8* T cells increases.
Tumor-infiltrating CD8* T cells showed a dramatic increase in PD-1 expression. In vitro, CD8"* T cells
induced PD-L1 expression on HCC celis in an IFN-y dependent manner, thereby promoting
APOPTOSIS of CD8" T cels, while blocking PD-L1 reversed this effect.

Strong TAA-specific CD8' T cel response inhibited HCC recurrence. For patients with HOG following
local therapy, induction of TAA-specific cytotoxic T lymphocytes should be considered with
immunotherapy, such as peptide vaccine.

Overexpression of HLA-G protein in HCC is an independent indicator of poor prognosis, especially in
early disease. The combination of HLA-G expression and Tregs/CD8+ ratio increased the prognostic
power of both variables.

HCAB61 peptides H110 and H246 are naturally processed in denditic cells (DCs) and when applied to
DCs, they are sufficient to induce autologous CD8" T cells to initate cytotoxic responses against
HCA661(+) human cancer cells.

The combination of low intratumoral Tregs with high intratumoral activated CD8* cytotoxic cells (CTL) is
the balance of CTL and s an independent prognostic factor for improved DFS and OS

Increased CD4 (+) CD25 (+) Foxp3 (+) Treg may impair effector function of CDB* T cells, promote
disease progression, and represent a potential prognostic marker and therapeutic target in HBV-
associated HOC patients.

The functionally detectable presence of M3 (271) specific CD8* T cels in HCC patients makes M3 (271)
apotentialtarget for immunotherapy inthese patients. CD8* T cells that respondito both NY-ESO-1 and
MAG-A3 antigens provide a theoretical basis for the use of a bivalent vaccine in HCC patients with
tumors expressing both antigens.

HCC patients showed significantly higher WT p53-specific memory CD8" T cellrequency and stronger
WT p53-specific CTL activity compared to healthy controls. Increased frequency and activity of P53
specific CD8" T cells were associated with deletion of selective HLA-AZ2 alleles and decreased
expression of co-stimulatory molecules in tumor cells.

CD4* CD25 * T cells in the peripheral region of HCC may play akey role i controling the activity of CD8*
aytotoxic T cels, thus promoting the development of HCC,

The C/eBP/mIR-7 axis negatively reguiates CD4-+T cell activation and function through MAPK4, thus.
orchestrating experimental AIH mice.

In vivo treatment with MYC ASO without control ASO reduced proliferation, induced apoptosis,
increased senescence, and remodeled the tumor microenvironment by recruiting CD4+T cells.
Tumor associated CD4/CD8 double positive T (DPT) cells were found to be rich in L region, with co-
expression of PD-1/HLA-DR/ICOS/CD45RO, and showed high levels of IFN-, TNF- and -1 after PD
stimulation. Enrichment of DPT and PD-1DPT in L region indicated a good prognosis.

The recruitment of cytotoxic cells, namely terminaly differentiated CD4* and CD8"* T cells (TEFF), is
impaired in the tumor, and the effector memory CD4* T cells are more attracted in this region.
Knockdown of DGR3 expression in HCC significantly restored the immunity of CD4+T cells. Inhibition of
DCR3 expression may provide a novel immunotherapy approach to restore immunity in HCG patients
Activated CD4+T cells from HOC stimulate macrophages to produce C-X-C motif chemokine
10(CXCL10). CXCL10 binds to the CXC chemokine receptor 3 on B cells and signals them through
extracelular signal-regulated kinases, making them plasma cells that produce IgG.

In a study of mice with iver tumors, CXCR6 was found to mediate the removal of NKT cels and
CD4+T calls from senescent liver cells.

Liver-specific MYG transgenic mice fed the MCD diet were induced. Blockage of CPT with the
pharmacological inhibitor perhexiiine reduced apoptosis of CD4+T calls in the iver and inhibited tumor
formation inHCC. These resuilts provide useful information for the potential targeting of the CPT family to
salvage intrahepatic CD4-+T cells and for immunotherapy to assist NAFLD-promoted HCC.
Tumor-infitrating LY6G MDSCs from orthotopic liver tumors treated with sorafenib sigrificantly induced
CD4+T cells expressing IL-10 and TGF-p and down-regulated the cytotoxic activity of CD8 T cells.
Antibody against CD274(PD-ligand 1 [PD-L1]), TIMS, or LAG8 increases CD8 and CD4 TIL prolferation
and cytokine production in response to stimulation by polycional antigens or TAA.

Blockage of PD-L1 can restore IFNy/TNF-a production in BTLAPD-1 tumor CD4+T cells, but partially
inhibit the activation of BTLAPD-1 CD4+T cells.

CB2 inactivation reduces expression of T cel recruitment chemokines and inhibits liver T cell
recruitment, including specific CD4* T cells.

IFNy enzym-linked immunodot assay demonstrated that they induced antigenicity of specific
CD4+T cells in healthy donors or in HCC patients before and after GPC3-SP vaccine administration. The
natural processing of these epitopes was demonstrated by the immune response of helper T cells to
dendritic cells (DCs) loaded with GPC3.

TGF-p expression was upreguiated in DEN induced HCC mouse model. TGF-B promotes the
differentiation of Foxp3 (+) CD4 (+) T cells (Treg cells) in vitro.

Intra-tumor combined administration of SLC and anti-CD25 mAb significantly reduced the frequency of
Treg andiincreased the number of CD8* and CD4" T cellsin tumor sites, and aiso maximaly inhibited the
growth and invasion of HCC.

The high expression of IL-17 and IL-17RE s a promising predictor of poor prognosis in HCC. The
precursor capacity of the CD4" T cells that produce IL-17 may be involved in cross-talk of different types
of inflammatory/immune cells than in HCC.

CD25-Foxp3-T cells with a CD127-1L-10 + phenotype can be induced in vitro from naive CD4 (+) T cells
involving programmed cell death 1 ligand 1, immunoglobulin-iike transcriptd, and human leukocyte
antigen G.

In vitro restimulation experiments and in vivo depletion studies have shown that both CD4* and CD8*
cels contribute to antitumor activity. Using PBMC from healthy volunteers and patients with HCC, itwas
shown that ASPH stimulation led to significant development of antigen-specific CD4" T cells.

Lack of recovered CD19, CD3, CD8, and especially CD4+T cels is associated with poor survival in
patients.

Tregs significantly increased the inhibition of CD8* and CD4 (+) T cell proiferation and cytokine
secretion, and increased numbers of ciroutating CD4 (+) D25 (+) Foxp3 (+) Tregs and tumor-infitrating
Foxp3 (+) cells prior to cryoablation were associated with a higher risk of recurrence or progression in
HCC patients after cryoablation.

MDSC exerts its immunosuppressive function by inducing CD4 (+) CD25 (+) Foxp3 (+) reguiatory T cells
in co-cultured CD4 (+) T cells.

CD4* T cells killed gene-independent CT26 cels and even homologous HEPAT-6 cells. In mice treated
with DG/BNL + IL-12, alarge number of CD4" T cells and MHC class Il positive macrophages infiirated
the tumor tissue.

TRAIL receptors on HCC cells were upreguiated by 5-FU, and TRAIL on CD4 (+) T cells, CD14 (+)
monocytes and CDS6 (+) NK cells was induced by IFNa.

IFN-y was produced by incubation with DC/MIH-2 from CD4 (+) T cells but not from CD8" T cells of
inoculated mice. Anti-IFN-y antibody attenuated the cytotoxicity of spleen cells. Immunization of CD4 (+)
Tcells with DCs loaded with homologous HCC cells, which produce IFN-y in response to HCC antigens,
leads to activation of macrophages that kill liver tumor cells at an early stage.
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Active fraction IC50 value (ng/ml) 48 h Polysaccharide monomer IC50 value (ng/ml)

24h 48h 72h
MTPS 91.57 £ 1.50 MCGP-1 4193323 3653 + 2.34 18.99 + 1.35
MTPS-1 68.42 + 0.65 MCGP-2 2871+ 222 18.42 +1.36 13.87 + 0.54
MTPS-2 70.43 + 2.82 MCGP-3 27.25+ 1.67 19.20 +2.98 13.02 + 0.36
CTPS 113.83 + 1.58 MCGP-4 4378+ 1.25 49.82 +1.76 35.67 +0.35
CTPS-1 92,67 £ 1.22 MCGP-5 4525+ 1.64 3221+ 3.55 19.76 + 1.44
CTPS-2 103.40 + 0.73 MCGP-6 4116+ 2.66 4354 £ 1.32 2078+ 1.74

MCGP-7 3291+ 323 31.29 £2.24 20.02 + 2.64
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Methylated sugars Type of linkage MCGP-3 (%) MCGP-4 (%)

2,3,4,6-Me4-Glcp Glep-(1— 125 215
2,3,6-Meg-Glcp —4)-Glop-(1— 276 68

2,3,4,6-Me,-Galp Galp-(1— 6.3 =

2,3,4-Mez-Galp —6)-Galp-(1— - 15.6
2,3,6-Mes-Galp —4)-Galp-(1— 12.8 10.92
2,4,5-Me4-Galp —3,6)-Galp-(1— - 156.27
3,4-Me,-Rhap —2)-Rhap-(1— 653 9.72
2,3,56-Mes-Araf Araf-(1— 129 12.76
2,3-Me,-Araf —6)-Araf-(1— 15.7 14.12

2-Me-Araf —3,5)-Araf-(1— 18.2 9.27
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Enriched category Geneset LeadingEdgeNum FDR
Kinase Target Kinase_ATR 23 0
Kinase_CDK1 81 0
Kinase_PLK1 34 0
Kinase_PRKCI 12 0
miRNA Target ATGTTAA MIR-302C 69 0.0019025
TAATAAT MIR-126 70 0.0019025
TGAATGT MIR-181AMIR-181B,MIR-181C,MIR-181D 145 0.014269
GCACTTT,MIR-17-5P,MIR-20A MIR-106A,MIR-106B,MIR-20B,MIR-519D 163 0.016684
ATATGCA MIR-448 71 0.017938
TTTGCAC,MIR-19A,MIR-19B 164 0.018679
ATGTACAMIR-493 1056 0.021404
GTGCAAT MIR-25,MIR-32,MIR-92,MIR-363, MIR-367 94 0.023918
ATACTGT MIR-144 73 0.024071
Transcription Factor V$E2F_Q6_01 e 0.0027256
SCGGAAGY_VS$ELK1_02 307 0.012898
RCGCANGCGY_V$NRF1_Q6 237 0.014989
TGCGCANK_UNKNOWN 136 0.018564
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Dataset

HCCDB1

HCCDB3

HCCDB4

HCCDB6

HCCDB7

HCCDB11

HCCDB12

HCCDB13

HCCDB15

HCCDB16

HCCDB17

HCCDB18

P-value

2.28E-14

1.37E-27

5.03E-66

3.23E-48

0.0000237

0.05348

0.00000334

4.25E-26

1.76E-22

0.001937

0.002157

1.23E-37

Type

HCC
Adjacent
HCC
Adjacent
Cirrhotic
Healthy
HCC
Adjacent
HCC
Adjacent
HCC
Adjacent
HCC
Adjacent
HCC
Adjacent
HCC
Adjacent
HCC
Adjacent
HCC
Adjacent
HCC
Adjacent
HCC
Adjacent

Nums

100
97
268
243
40

240
193
225
220
80
82
88
48
81
80
228
168
351
49
60
60
115
52
212
177

Mean

8.697
7.683
0.9672
0.3788
0.5489
0.2823
8.834
7.092
5121
4.143
12.09
11.68
1.72
11.14
8.451
7.73
5.658
4.884
8.412
6.967
8.14
7.904
9.009
8.496
3.017
1.737

STD

1.106
0.3789
0.7824
0.1215
0.1984

0.056

1.126

0.461
0.7661
0.3332
0.6094
05761

1.617

1.683

115
0.6739
0.9374
0.2996

1.483
0.6521

0.458
0.3497

1.536
0.5865

1111

0.569

IQR

1.585
0.4513
0.7668

0.153
0.3387
0.0575

1.511
0.5144

1.168
0.4088
0.7463

0.824

1.973

1.822

1.267
0.7978

1.326
0.3545

1.835

0.5118
0.4085
1.65
0.68
1.358
0.62
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Clinicopathological N P-value
characteristics
Age (Yrs)
21-40 27 1.75E-05
41-60 140 5.68E-07
61-80 181 <1E-12
81-100 10 5.14E-03
Gender
Male 245 8.89E-10
Female 17 1.62E-12
Grade
1 54 3.63E-05
2 173 1.62E-12
3 118 8.39E-07
4 12 1.50E-03
Stage
1 168 1.62E-12
2 84 4.50E-14
3 82 2.04E-04
4 6 3.31E-02
Race
Caucasian 177 <1E-12
African-american 17 8.76E-04
Asian 167 5.11E-08
TP53 mutation
Yes 105 3.32E-07
NO 255 1.62E-12
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Samples Mw (kDa) Protein content (ug/mg)  Total Sugar (%) Sugar components (%)
Glc Gal GIcA GalA Rha Man Ara Xyl
MTPS 1.734 x 10°-3.04 x 10° 13.70 89.1% 62.32 16.14 0.331 7.44 245 1.675 9.645 n.d.
MTPS-1 1.783 x 10°-2.50 x 10° 6.62 90.9% 2211 2312 0.534 18.17  4.328 1.493 27.02  0.673
MTPS-2 1.740 x 10°-2.56 x 10° 3.540 75.0% 3592 19.76 0.739 17.99 4.64 0.925 19.55 0.312
CTPS 1.787 x 10°-2.21 x 10° 15.88 87.5% 46.24  21.26 1.37 10.70 3.23 1.35 16.85 n.d.
CTPS-1 1.781 x 10°-2.58 x 10° 12.47 89.6% 38.06 23.90 0.641 12.80 4.09 1.747 18.78 n.d.
CTPS-2 1.730 x 10°-2.43 x 10° 12.24 77.5% 34.64 20.62 0.427 18.57  3.389 1.106 21.24 n.d.
MCGP-1 1.649 x 10° 5.62 & 5686 4449 0.5460 8.011 6.577 0.2680 34.42 n.d.
MCGP-2 1.644 x 10° n.d. - 9132 46.77 0.6060 6.383 6.480 0.3810 27.88 n.d.
MCGP-3 1.572 x 10° 6.12 = 33.17 2288 06870 1567 6.005 0.6310 20.96 n.d.
MCGP-4 1.673 x 10° 1.52 - 7146 39.74 1.519 26.74 4533 02140 20.11 n.d.
MCGP-5 1.60 x 10° 1.02 = 5748  39.36 1.728 16.85  4.092 2784 25.60 n.d.
MCGP-6 1.592 x 10° n.d. & 1.764 4599 1.233 3722 7295 03300 39.66 n.d.
1.52 x 10° n.d. - 1.646 1798 06570 2.830 9456 0.3420 67.09 nd

MCGP-7

n.d., not detected.
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Factors SI-1 Betulin Fatostatin
The IC5, values (umol/L)
ACC 0.50 + 0.01 1.48 £ 0.29 098 +0.15
ACLY 0.65 + 0.08 1.27 £ 0.44 1.63 + 0.53
FASN 0.34 £ 0.03 1.56 + 0.46 1.08 + 0.40
ACS 0.54 +0.13 1.08 +0.20 091 +0.15
GLUT1 0.72 £ 0.05 1.82 +0.24 1.63 +0.78
LDHA 0.61+£0.10 1.64 +0.62 1.156 + 0.60
HIF-10. 0.88 +0.25 2.04 £0.65 1.17 £ 0.55
EPAS-1 0.78 £ 0.41 1.99 + 0.11 1.33 +0.27
LDHA 0.79 £ 0.30 1.64 £ 0.33 1.20 £ 0.72
EPAS-1 0.86 + 0.53 213+0.25 1.59 + 0.84
LDHA 0.26 + 0.04 197 +0.78 1.35+0.78
ATP 0.31 £0.02 1.82 +0.67 0.63 +0.11
Lactate 0.28 +0.08 171081 0.87 +0.05
Glucose uptake 0.47 £ 0.07 1.28 +0.37 0.45+0.18
N-cadherin 0.79 £ 0.26 1.63 £ 0.25 091 +£0.36
Vimentin 0.75 £ 0.32 2.06 +0.90 0.74 £ 0.09
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SREBP1 protein expression P values

High (n = 37) Low (n =37)

TTP 10.0 12.0 0.005
7.2-12.7 M) 10.9-13.6 (M)

os 1.0 16.0 0.024
8.7-13.3 (M) 10.7-21.3 (M)

Overall response rate (CR+PR) 4 (10.81%) 17 (45.94%) 0.015

Disease control rate (CR+PR+SD) 16 (43.24%) 28 (75.67%) 0.027

TTP, time to progress; OS, overall survival: PR, partial remission;

CR, complete remission; SD, stable of disease; M, months.
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Hematological parameters

Control

Sor-Oral

Sor-MS

Body weight (g)
Heart (mg)

Liver (mg)

Spleen (mg)
Double kidney (mg)
Lung (mg)

287.91 + 42,15

117 +£0.18
372+0.20
0.71 £0.10
0.85 +0.22
3.80 £ 0.39

186.02 + 5655
0.74 £ 0.05
1.81+£0.28
0.32 £ 0.08
0.43 + 0.09
1.59 + 0.62

290.08 + 32.94
1.10+£0.14
3.66 + 0.31
0.67 £ 0.22
0.87 + 0.07
3.94 £ 0.55
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Main organs mass

Leukocyte (10%L)

Red blood cell (10'%/L)
Hemoglobin (g/L)
Platelet count (10°/L)

Control

10.54 + 1.73

719224

130.19 £ 211
310.72 + 25.27

Sor-Oral

4.14 + 0.69

298 £ 0.81

78.26 + 6.29
184.01 £ 42.12

Sor-Ms

11.30 + 2.46

759 £ 271

125.35 + 8.36
305.52 + 27.38
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Formulations

Sor-Sol
Sor-MS small
Sor-MS middle
Sor-MS large

Before filter After filter

concentration (mg/ml)

211 +0.55 2.16+0.28
29.79 +0.76 2.37 £ 0.47
32.06 + 0.30 204 +0.11
33.11+1.08 1.93 £ 0.33
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Formulations in vitro in vivo
half-life values (t/2 [h])

Sor-Sol - 26.71 £ 7.44

Sor-MS small 51.33 £ 10.42 78.67 +9.82

Sor-MS middle 174.06 + 7.91 240.55 + 10.40

Sor-MS large 360.21 £ 17.75 410.36 + 17.93
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Main organs mass

Body weight (g)
Heart (mg)

Liver (mg)

Spleen (mg)
Double kidney (mg)
Lung (mg)

Control

21.16£1.92
110.79 + 6.63
677.05 + 37.09

17.64 £ 0.43
257.92 + 8.45
176.37 £ 46.73

Sol-Sol

20.20 +2.09
108.44 + 1368
668.20 + 21.15

17.11 £0.83
24821 +11.94
181.67 + 33.29

Sol-Oral

11.86 +2.81
59.93 + 2.80
364.60 + 7.56
9.45 £0.78
169.06 + 20.49
116.02 + 12.56

Sol-Ms

21.44 +2.45
109.65 +7.18
660.00 + 43.11

16.57 £ 0.27
250.27 £ 16.11
165.89 + 18.44
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Hematological parameters Control Sol-Sol Sol-Oral Sol-MS
Leukocyte (10%L) 3.98 £0.78 3.99 +£0.93 1.35+0.33 3.86 + 0.70
Red blood cell (1 O'Z/L) 10.14 £ 0.64 9.81 +£0.32 4.94 £ 0.15 9.46 + 0.34
Hemoglobin (g/L) 157.16 + 26.65 143.12 + 19.83 79.44 +8.76 150.40 + 16.14
Platelet count (10%/L) 678.86 + 49.92 618.66 + 32.90 319.17 +27.38 680.54 + 36.18
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Drugs Function Mechanism Reference
ATRA 1. Promote cell differentiation 1. Down-regulation of CD147, up-regulation of HNF4. (68, 69)
2. Damage cell stemness 2. Reduce the protein level of B-catenin and increase its phosphorylation
3. Enhance the efficacy of sorafinib
Solafini 1. Inhibition of tumor angiogenesis 1. Inhibition of serine/threonine kinase activity (70)
2. Inhibit cell growth 2. Inhibition of protein kinase mek and erk activity
3. Inhibition of vascular endothelial growth factor receptor activity
4. Inhibition of platelet-derived growth factor receptor activity
As203 1. Inhibit the growth of hepatocellular carcinoma 1. Down-regulation of anti-apoptotic protein Bel-xL, Up-regulation of Notch (71-75)
cells signal expression
2. Induce differentiation of cancer stem cells 2. Up-regulation of Mir-1294 expression.
3. Inhibit CSCs function 3. Inhibition of MCM?7 transcription
4. Down-regulation of the GLI1 expression
Oncostatin M 1. Inducedifferentiation of hepatocellular carcinoma Unkown (76, 77)
cells
2. Inhibit the proliferation of tumor cells
5- AZA 1. Promote HCC cell differentiation 1.Silence DNMT1, reduce DNA methylation (78, 79)
2. Improvethe cytotoxicity of sorafenib
Everolimus 1. Inhibition of proliferation, migration and invasion 1.Inhibitory regulatory factor SIRT1 protein expression (80)
+Ku0063794 of HCC cells
2. Inhibition of EMT effect of HCC cells
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Cell

Function

Mechanism

Ref.

M2 macroph-ages
TANS
CAF

HSC

1. Promote epithelial-mesenchymal transition of liver cancer
2. Promote the stemness of liver cancer
Enhance the stem cell characteristics of liver cancer cells

Increase the stem cell-like properties of cancer cells and
regulate the differentiation of cancer stem cells
Differentiation into hepatocytes or bile duct cells

1. Release tumor necrosis factor-o.

2. Produce cytokines that promote EMT

Secrete bone morphogenetic protein 2 and transforming growth
factor-B2, increase the expression of miR-301b-3p

Secrete growth factors such as HGF

Mesenchymal-Epithelial Transition (MET)

(85, 36)
@8)
(45)

(49)
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LETFs Function Mechanism Ref.

HNF1a 1. Affect the growth and differentiation of liver cancer cells 1. Inhibit the TGFb/Smads pathway (10)

2. Differentiate liver cancer cells into hepatocyte-like cells 2. Promote the endogenous expression of C/EBP and other hepatocyte nuclear
factors

HNF1B  1.Promote the dedifferentiation of normal liver cells into cancer Up-regulate the expression of Notch1 and Hes1 and activate the Notch1 (11)
cells pathway

HNF3y 1. Promote differentiation of liver cancer cells Increase the expression of hepatocyte-specific markers (12)
2. Induce differentiation of hepatic stem cells

HNF4 1. Induce redifferentiation of dedifferentiated liver cancer cells 1. Activate HNF1c. and liver genes (such as o-1-antitrypsin) (18, 14)
2. Participate in the differentiation of liver cancer 2. CXCRTY inhibits HNF4 expression through ERK-dependent signaling

HNF6 1. Promote the expression of HNF3B and HNF4 Unknow (15, 16)

2. Inhibit the migration and invasion of liver cancer cells
C/EBP o. Dedifferentiation of hepatocytes into stem cell-like cells Binding Ser193/Ser190 protein to dephosphorylate C/EBP o (17)
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Groups Regorafenib Lenvatinib Anlotinib Cabozantinib Apatinib

ICso values of the agents on MHCC97-H cells (umol/L)

control miRNA 0.67 + 0.49 0.55 £ 0.20 0.75 £ 0.03 0.51 £0.19 0.96 + 0.33
miR-4277 0.22 + 0.04 0.12 + 0.06 0.10 £ 0.01 0.10 + 0.04 0.26 + 0.07
miR-4277 + CYP3A4Mut1 0.33 +0.32 0.41£0.01 0.30 £0.12 0.25 + 0.06 0.52 +0.27
miR-4277 + CYP3A4Mut2 0.35 + 0.09 028 +0.11 0.45 +0.35 0.30 £ 0.21 0.46 + 0.30

miR-4277 + CYP3A4M" 0.71+0.28 0.60 + 0.20 0.78 £ 0.55 0.56 £ 0.15 0.98 + 0.37
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Groups

t4,2 of Sorafenib (hours)

control miRNA

miR-4277

MiR-4277 + CYP3A4M-1
miR-4277 + CYP3A4M-2
miR-4277 + CYP3A4M

45.68 + 5.31
72.79 £ 7.52
52.38 + 16.19
48.74 + 28.50
36.67 + 12.58
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Sorafenib on HCC cells

Groups HepG2 BEL-7402 SMMC-7721

ti/2 values (h) control 30.30 + 3.31 28.20 + 8.67 25.70 £ 2.43
miR-4277 56.43 £ 1.90 42.40 + 3.33 46.25 + 2.88

miR-4277 + CYP3A4Mut 25.74 + 4.47 26.36 + 3.79 27.39 +6.93

ICsq values (umol/L) control 2.78 £ 0.59 1.79£0.18 1.95 + 0.54
miR-4277 041 +£0.07 0.28 +0.05 0.73 £0.33

miR-4277 + CYP3A4Mut 3.56 +0.82 2.88 +0.35 192 +0.55
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Sorafenib on MHCC97-H

Cell lines

t1/2 values (h) ICs0 values (umol/L)
Solvent control 23.63 +0.70 0.68 +0.11
ketoconazole 4417 £+ 2.86 0.08 +0.01
amprenavir 33.85 +3.92 0.42 +0.05
diltiazem 37.40 + 0.43 0.34 £ 0.10
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CYP3A4 mRNA expression P

High (n = 26) Low (n = 26)

TTP 9.0 11.0 0.032
6.1-11.8 (M) 9.5-12.9 (M)

oS 8.0 15.0 0.023
4.8-11.2 (M) 6.9-23.1 (M)

TTP, time to progress; OS, overall survival; PR, partial remission; CR, complete remission;
SD, stable of disease; M, months.
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Groups

t4/2 of Sorafenib

ICso of Sorafenib

(hours) (umol/L)
control miRNA 21.60 + 1.34 0.70 + 0.09
miR-4277 38.46 + 9.97 0.15 +0.01
miR-4277 + CYP3A4M-1 22.11 £ 6.59 0.22+£0.14
miR-4277 + CYP3A4M-2 24.68 + 8.63 0.35 + 0.05
miR-4277 + CYP3A4M* 19.88 + 2.71 0.92 +0.20
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HSP90 mRNA expression P values
High (n = 26) Low (n = 26)
TTP 8 12 0.01
6.0-10.0 (M) 7.2-16.8 (M)
os 1 16 0.02
7.7-14.3 (M) 9.4-22.6 (M)

M, month; TTP, time to progress; OS, overall survival.
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Agents

Control

A20 A20+siHSP90 A20+BIIB021
ICso values (umol/L)
Sorafenib 1.05 £ 0.25 0.95+0.15 0.15 + 0.04 0.24 £0.11
Regorafenib 0.97 £ 0.08 1.16 + 0.54 0.10 £ 0.06 0.51 £0.22
Lenvatinib 1.21 £ 0.54 1.31+0.39 0.24 +0.07 0.13 £0.02
Cabozantinib 1.01 + 0.41 0.93 +0.47 0.16 £ 0.13 0.23 + 0.09
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Agents Control siHSP90 BIIB021
IC5 values (umol/L)

Sorafenib 0.56 + 0.11 0.15 + 0.05 0.18 + 0.06

Regorafenib 0.89 + 0.68 0.06 + 0.03 0.15 + 0.03

Lenvatinib 0.42 +0.10 0.08 + 0.04 0.05 + 0.01

Cabozantinib 0.39 +0.21 0.22 +0.01 0.19+0.14
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A20 mRNA expression P values
High (n = 26) Low (n = 26)
TTP 10 10 0.85
6.9-13.1 (M) 8.6-11.4 (M)
oS 11 10 0.877
7.0-15.0 (M) 5.7-14.3 (M)

M, month; TTP, time to progress; OS, overall survival.
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Cell line

HepG2
SMMC7721
MHCC97-H
Bel7402
Hep3B

1Cso (uM)

4.670 + 4.316
5.210 + 3.886
3.053 + 0.659
1.556 + 0.606
1.358 + 0.309
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