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CpG Island Methylation of Suppressor of Cytokine Signaling-1 Gene Induced by HCV Is Associated With HCV-Related Hepatocellular Carcinoma
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Suppressor of cytokine signaling 1 (SOCS-1) is implicated in both virus infection and carcinogenesis. This study investigated the role of HCV infection on SOCS-1 in normal and HCV-infected tissues and revealed a possible mechanism underlying HCV-induced hepatocellular carcinoma (HCC) genesis. In total, 10 HCV-HCC tissues, seven adjacent tissues, seven distal tissues, and 16 normal liver tissues were collected. SOCS-1 expression in tissue sections was detected by immunohistochemistry. After viral load was quantified, the correlation between SOCS-1 expression and viral load was analyzed in different tissues. Then, HCV replicon model was used to detect a relationship between HCV and SOCS-1. Subsequently, methylation-specific PCR (MSP) was applied to show the methylation status of SOCS-1 genes in normal tissues and HCV-replicating cell lines. A correlation between gene methylation, SOCS-1 expression, and HCV was analyzed. The lowest expression of SOCS-1 was observed in HCV-HCC tissues. Tissues with a higher HCV viral load showed lower SOCS-1 expression (p = 0.0282). Consistently, SOCS-1 mRNA and protein were lower in HCV-replicating cell lines than in uninfected ones. Furthermore, gene methylation was found in all examined tissues but higher in HCC tissues, and it is positively correlated with HCV viral load (r2 = 0.7309, p < 0.0001). HCV infection would upregulate methylation of the SOCS-1 gene in HCV-replicating cell lines. The downregulation of SOCS-1 in normal and HCV-replicating cell lines may result from HCV infection through epigenetic regulation, in which gene methylation in the CpG island of SOCS-1 promoters upon HCV infection suppresses its expression.
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INTRODUCTION

Globally, there are more than 100 million patients with chronic HCV infection, while more than 10 million patients are found in China (Rao et al., 2014). HCV infection is characterized by chronicity, symptomless progression, and tumorigenicity. Medical screening is the only effective way to distinguish patients in the early stage. Without proper medical intervention, a quarter of patients with chronic hepatitis C (CHC) would deteriorate and end up with cirrhosis, liver failure, or HCC (Chen and Morgan, 2006; Corey et al., 2010). The significant development of direct-acting antivirals (DAAs) for HCV has improved the disease prognosis; more than 90% of patients can be cured by DAAs. However, disease progression will not stop even after the virus is eliminated in some patients, especially the ones with decompensated cirrhosis (Du and Tang, 2016). As many patients are diagnosed at the end stage of liver diseases, a large disease population is still facing the risk of HCC even with access to DAAs. Therefore, clarifying the mechanism of HCV-induced HCC genesis can help HCV infected patients in better managing both virus infection and virus-induced diseases.

When HCV infects liver cells, JAK/STAT and other inflammatory signaling pathways are activated and contribute to the elimination of the virus (Stone et al., 2013). But overactivation of inflammatory signaling pathways can result in the overproduction of reactive oxygen species and affect the stability of telomeres and genomes, increasing the risk of HCC (Waris and Ahsan, 2006; Medvedev et al., 2016). Negative regulators, including suppressor of cytokine signaling 1 (SOCS-1), can act on those pathways to suppress the overactivation (O’sullivan et al., 2007). SOCS-1 is also an antitumor factor that could directly regulate oncogenes and cell proliferation (Rottapel et al., 2002). SOCS-1 was downregulated in the multiple types of cancers due to hypermethylation of the CpG island in its gene promoter (Galm et al., 2003; Qu et al., 2013; Wang et al., 2015; Kang et al., 2016).

The expression of SOCS-1 in HCV-HCC remains unknown. There are only a few studies focusing on the role SOCS-1 plays between HCV and HCC. Since SOCS-1 is related to both viral infection and carcinogenesis, SOCS-1 may be involved in HCV-induced hepatocarcinogenesis. This study aimed to assess the expression of SOCS-1 in HCV-HCC tissues and the correlation between HCV infection and SOCS-1 expression in normal and verified HCV replicons. How HCV regulated SOCS-1 CpG hypermethylation of SOCS-1 promoters was assessed to examine its correlation with HCV infection. In sum, we show a possible mechanism underlying HCV-induced HCC induction.



MATERIALS AND METHODS


Study Materials

The HCV replicon JFH-1 was kindly given as a gift by Tetsuro Shimakami, Kanazawa University, under the permission of Apath. L. L., United States. The HCV replicative cell line Huh7.5.1 was kindly given as a gift by Limin Chen, Institution of Blood Transfusion, Chinese Academy of Medical Sciences.

Serum samples were obtained from CHC outpatients consulted at the Hepatology Clinic, West China Hospital of Sichuan University. The diagnosis was made according to WHO guidelines for the screening, care, and treatment of patients with chronic hepatitis C, April 2016. The baseline serum before treatment was collected.

Tissue samples of HCV-HCC were obtained from the pathologic specimen bank of West China Hospital, Sichuan University. Each set of tissues contains cancer tissue, adjacent tissue, and distal tissue. We used the electronically recorded diagnosis “HCC” through international classification of diseases, tenth revision (ICD-10), and positive serum anti-HCV or HCV RNA as an index to identify these tissues.

Normal liver tissues were obtained from the specimen bank in the Department of Forensic Pathology, West China School of Basic and Forensic Medicine, Sichuan University.



Detection of HCV Core Protein and Suppressor of Cytokine Signaling-1 in Tissues

We applied immunohistochemistry (IHC) to detect HCV particles and cytokines in tissues and cells. Histological sections were prepared. Mouse anti-HCV core protein monoclonal antibody (sc-58144, Santa Cruz, CA, United States) and Rabbit anti-SOCS-1 polyclonal antibody (sc-9021, Santa Cruz, CA, United States) were used as primary antibodies. The HRP Polymer anti-Rabbit/Mouse broad-specificity antibody (Gene, China) was used as the secondary antibody. After being stained with 3′,3′-diaminobenzidine tetrahydrochloride (DAB) and counterstained with hematoxylin, the sections were mounted and evaluated. Positive staining of HCV particles and SOCS-1 presented as particles in the hepatocytes. The percentage of positive hepatocytes and their staining intensity were evaluated. Axiotis scoring criteria were applied. The percentage score ranged from 0 to 4, representing 0–10, 11–25, 26–50, 51–75, and 76–100%, respectively. The intensity score ranged from 0 to 3, representing no color, yellow, brown, and tan. The sum of the percentage score and the intensity score equaled the sum score. Five different sum scores from a random high-power field (400×) were obtained for a mean sum score. The assessment was implemented by two pathologists unaware of the tissue section arrangement. If there is a difference in their opinions, the average of their scores will be used as the final score (Du et al., 2014).



Assessment of Histological Inflammation in Non-HCC Tissues

We applied Knodell scoring, also known as histology activity index (HAI), in grading and staging the histological inflammation. After staining with hematoxylin and eosin, the periportal ± bridging necrosis (piecemeal necrosis), intralobular degeneration and focal necrosis, and portal inflammation were scored according to the criteria in the “original form of histology activity index” (Goodman, 2007). Necroinflammatory scores were obtained after these three scores were totaled. Similarly, five different necroinflammatory scores from a random high-power field (400×) were obtained for a mean score, and assessments from two pathologists unaware of the tissue section arrangement were followed.



Detection and Quantification of HCV RNA in Tissues

Tissues were grinded into powder in liquid nitrogen and lysed in Trizol LS reagents (Invitrogen, Life Technologies, Carlsbad, CA, United States). Total RNAs were extracted according to users’ instructions. Then, they were reversely transcribed into cDNA with an RNA reverse transcription kit (PrimeScript™ RT reagent Kit with gDNA Eraser, Takara Bio Inc., Dalian, China). HCV RNA was detected through nested real-time PCR (Casanova et al., 2014).

The amplification was performed in two steps. The first round of PCR reaction was performed with the first pair of primers targeting 5′ UTR HCV sequences (pHCV1-Forward (F): 5′-CCCCTGTGAGGAACTWCTGTCTTCACGC-3′; pHCV1-Reverse (R): 5′-AGGTTTAGGATTTGTGCTCAT-3′), and the volume of reaction mixture was 20 μl, consisting of 10 μl template cDNA, 2 μl 10 × buffer (Mg2+ free), 2.4 μl MgCl2 (25 mM), 2 μl dNTP mixture (2.5 mM each), 1 μl 10pM pHCV1-F, 1 μl 10pM pHCV1-R, 0.2 μl Taq DNA polymerase, and 1.4 μl double distilled H2O (Ex Taq Kit, Takara Bio Inc., Dalian, China). The reaction was performed for 15 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s in S100PCR (Bio-Rad, Hercules, CA, United States).

The second round of nested real-time PCR was performed with the second pair of primers targeting fragments inside the production from the first reaction (pHCV2-F: 5′-GAAAGCGYCTAGCCATGGCGTTAG-3′; pHCV2-R: 5′-ACGGTCTACGAGACCTCCCGGGGC-3′). A probe labeled with the fluorophore FAM and the quencher TAMRA (5′-CACCCTATCAGGCAGTACCACAAGGCC-3′) was applied. The second amplification was performed in a reaction volume of 30 μl consisting of 1.4 μl production from the first reaction, 3 μl 10 × buffer (Mg2+ free), 3.6 μl MgCl2 (25 mM), 3 μl dNTP mixture (2.5 mM each), 0.375 μl 10pM pHCV1-F, 0.375 μl 10pM pHCV1-R, 0.125 μl 10pM probe, 0.3 U Taq DNA polymerase, and 17.825 μl double distilled H2O. The reaction was performed from predenatured at 95°C for 600 s, followed by 35 cycles at 95°C for 15 s, 60°C for 60 s in Roche LightCycler96 (Roche diagnostic, GmbH).

Through nested real-time PCR, the Cq value of HCV RNA was obtained. A standard curve was needed to calculate the viral load. In this study, we applied a serum sample with a known viral load (106 copies/ml) to establish the standard curve. The viral RNA in the serum sample was extracted and reverse-transcribed into cDNA according to the procedures mentioned above. Notably, 10-fold serial dilutions (102–106 copies/ml) of the cDNA were used as templates in nested real-time PCR. Then, a standard curve was established to quantify HCV RNA (y = −3.265x + 31.32, R2 = 0.993).

Then, tissue cells were counted through quantitative real-time PCR of cellular β-actin and estimation of 6.667 pg of β-actin cDNA/cells in our previous study (Liang et al., 2016). The real-time PCR of cellular β-actin was performed in the same reaction system and conditions as the second round of amplification in nested real-time PCR with different primer pairs and probe (β-actin-F: 5′-ACTGTGCCCATCTACGAGG-3′; β-actin-R: 5′-CAGGCAGC TCGTAGCTCTT-3′; β-actin probe: FAM-5′-CGGGAAAT CGTGCGTGAC-3′-TAMRA). Subsequently, the Cq values obtained were converted into a quantitative amount of β-actin cDNA with previously verified standard curve (y = −3.16x + 40.16, R2 = 0.995). Then, the viral load in hepatocytes were calculated through the equation “HCV/hepatocytes (copies/cell) = HCV viral load (copies/ml)/β-actin (pg/ml) × 6.667 (pg/cell).”



Establishment of HCV-Replicating Cell Lines and Detection of Cell-Cultured Viral Particles

HCV strained JFH-1 was cloned from a Japanese patient with fulminant hepatitis. The full genomic replicon was constructed using neomycin-resistant genes, namely, EMCV IRES and JFH-1 cDNA. Replicon RNA was synthesized in vitro first and was then transfected into Huh7 cells. These cells were cultured along with G418. The independent colonies screened out were HCV-replicating cell lines. The culture supernatant contained infectious cell-cultured viral particles (HCVcc), which is eligible to infect Huh7.5.1 cells (Zhong et al., 2005; Date et al., 2007). Then, culture supernatant containing HCVcc 1 μg was added into every 2-ml medium in 6-well culture plates with Huh7.5.1 cells. After 3 days, cells were collected for viral detection or other experiments. HCV RNA in cultural supernatant and cells was detected in the same way as that in serum and tissues mentioned before.



Detection of Suppressor of Cytokine Signaling-1 mRNA and Protein Expression in Cells

We used real-time PCR to detect mRNA level of SOCS-1. Collected cells were lysed and mRNA was extracted. A DNase treatment was performed to clear the genomic DNA. Then, they were reversely transcribed into cDNA with an RNA reverse transcription kit (PrimeScript™ RT reagent 21 Kit with gDNA Eraser, Takara Bio Inc., Dalian, China). A pair of primer locating on SOCS-1 gene (SOCS-1-F: 5′-CACGCACTTCCGC ACATTCC-3′; SOCS-1-R: 5′TCCAGCAGCTCGAAGAGGCA-3′), and another pair of primer locating GAPDH gene (GAPDH-F: 5′-ACCCACTCCTCCACCTTTGA-3′, GAPDH-R: 5′-CTGTTGCTGTAGCCAAATTCGT-3′) were used to amplify SOCS-1 cDNA and internal reference, respectively. The amplification was implemented with Fast Start Universal SYBR Green Master in LightCycler 96 (Roche diagnostic, GmbH). The Minimum Information for Publication of Quantitative Real-Time PCR Experiment (MIQE) guidelines were followed in all gene expression analyzes. Melting curve analyzes were conducted to check the specificity of the qPCR products. Non-template controls were included in each experiment to detect contaminations. A known concentration sample was included in each experiment to detect and correct potential inter-assay variations. All reactions were performed three times.

We used Western blot to detect SOCS-1 expression in cells. Cells were lysed for total proteins. After quantitation, total proteins were separated by electrophoresis in an SDS polyacrylamide gel and transferred to a PVDF membrane. With the same multifunctional primary antibody as before and HRP-linked goat against rabbit secondary antibody (ZSGBBIO, Beijing, China), SOCS-1 was marked and visualized using a chemiluminescent substrate (ThermoFisher, Waltham, MA, United States) and ChemiDoc_MP imaging system (Bio-Rad, Hercules, CA, United States). The band intensity of SOCS-1 expression was semiquantified in the same imaging system. Immunocytochemistry (ICC) was applied when detecting SOCS-1 expression. Also, the primary antibody of SOCS-1 and its working concentration were the same as those in IHC in tissues.



Detection of CpG Island Methylation of the Suppressor of Cytokine Signaling-1 Gene in Host Cells

Methylation-specific PCR (MSP) was used to detect the methylation status of the CpG island of the host SOCS-1 gene. Cells or tissues were lysed in Trizol LS reagents (Invitrogen, Life Technologies, Carlsbad, CA, United States) and genomic DNA was extracted according to users’ instructions. Two pairs of primers specifically targeting methylated or unmethylated CpG island of host SOCS-1 gene were designed according to previous studies (Methylation primer pair: M-SOCS-1-F: 5′-GAGTATTCGCGTGTATTTTTAGG-3′, M-SOCS-1-R: 5′-CGACACAACTCCTACAACGACCG-3′; Un-methylation primer pair: U-SOCS-1-F: 5′-TGAGTATTTGTG TGTATTTTTAGG-3′, U-SOCS-1-R: 5′-CAACACAACTCCT ACAACAACCA-3′) (Ko et al., 2008). Each sample was detected for methylated and unmethylated CpG island, respectively, with the same amount of template. The reaction was performed using Fast Start Universal SYBR Green Master in LightCycler 96 (Roche diagnostic, GmbH). It started with pre-incubation at 95°C for 600 s, followed by 35 cycles at 95°C for 10 s, 60°C for 10 s, and 72°C for 40 s. After melting and cooling, the Cq values of methylated and unmethylated CpG island were obtained to calculate the relative methylation level of the CpG island of the host SOCS-1 gene.



Demethylation of the Suppressor of Cytokine Signaling-1 Gene in the Host Gene

The DNA methylation inhibitor 5-aza-2-deoxycytidine (DAC) (Sigma, St. Louis, MO, United States), clinically called Decitabine, was applied to demethylate SOCS-1 gene in host cells at a concentration of 1.0 μM and for 4 days of treatment according to the previous report (Galm et al., 2003). The expression of SOCS-1 in cells was detected through both Western blot and immunocytochemistry.



Statistical Analysis

Each experiment was repeated three times. All the data from three independent experiments were included for the final statistical analysis. Data were reported as the mean ± standard deviation for normal and median (interquartile range) for non-normal continuous variables. Measurement data were first analyzed for normality before being analyzed with a Student’s t-test. Non-parametric alternatives (Mann–Whitney U) were used for non-normal distributions. A Wilcoxon paired test was performed to detect the relationship between viral load and SOCS-1 expression in tissues. Multiple linear regression was used to model the effect of possible factors on the expression of SOCS-1, and statistical power was calculated. All CIs and resulting p-values were two-sided. Values were supposed to be statistically significant at p < 0.05. The analysis was processed using SPSS 18.00.



Ethics Statements

These tissue samples and serum samples were obtained for medical or forensic purpose other than our study originally. Samples of HCC tissues were obtained according to surgical resection of tumors. Normal tissues were originally prepared for medicolegal expertise. Serum samples were obtained from CHC patients. Also, they were extra samples originally used for diagnosis of HCV infection. Written informed consent was signed by patients or their legally designated relatives, and additional approvals were obtained for further use of the samples for investigation purpose. All the procedures were approved and supervised by the Ethics Committee of West China Hospital, Sichuan University.




RESULTS


Expression of Suppressor of Cytokine Signaling-1 in HCV-HCC Tissues

We retrieved data of 11 patients with positive serum anti-HCV or HCV RNA and diagnosis of “HCC” recorded in the pathologic specimen bank. Among them, full sets of tissues (HCC, adjacent, and distal) were obtained from seven patients and HCC tissues only were obtained from four patients. However, negative HCV core protein was found in one HCC tissue through IHC. Therefore, the enrolled tissues included 10 HCV-HCC tissues, seven adjacent tissues, and seven distal tissues. Correspondingly, 16 normal liver tissue sections were obtained as control.

After SOCS-1 was stained (Figure 1A) and scored in tissues, it turned out that the median (interquartile range) expression score in HCV-HCC tissues was 0.5 (1) (Figure 1B). The median score in the normal tissue was 1.5 (1), whereas the median scores in the adjacent and distal tissues were 4 (3) and 4 (2), respectively (Figure 1B). The HCV-HCC tissues exhibited a lower expression of SOCS-1 than normal tissues (p = 0.0308). But the adjacent and distal tissues showed higher expression of SOCS-1 (p = 0.0430 and 0.0130, respectively; Figure 1B). The polarized alternation of SOCS-1 in HCV-HCC tissues and adjacent/distal tissues appeared to be different from our prior expectation about the impact of the virus on SOCS-1. However, we observed that the inflammatory infiltration was different between HCC tissues and the adjacent/distal tissues. As high histological inflammation can increase SOCS-1 expression by inducing infiltration of inflammatory cells, the interaction between HCV and SOCS-1 may be strongly influenced by histological inflammation.
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FIGURE 1. Immunohistochemical staining of suppressor of cytokine signaling 1 (SOCS-1) in different kinds of liver tissues. (A) Representative images of stained SOCS-1 in normal liver tissue, HCV–HCC tissues, HCV–HCC adjacent tissue, and HCV–HCC distal tissue (scale bar = 50 μm in 400× images, 200 μm in 100× images). (B) Axiotis scores of SOCS-1 expression in liver tissues. The enrolled tissues included 10 HCV-HCC tissues, seven adjacent tissues, and seven distal tissues. Also, 16 normal liver tissue sections were obtained as control (Mann–Whitney U test).




Correlation Between Viral Load and Suppressor of Cytokine Signaling-1 Expression in Tissues

Next, we analyzed the correlation between virus and SOCS-1 expression in tissues with the same histological inflammation to eliminate inflammatory effects on SOCS-1 expression. However, the Knodell score was not applicable in cancer tissues because their histological structure was not well preserved. This analysis could only be implemented in adjacent and distal tissues. After HE staining (Figure 2A), the seven adjacent tissues and seven distal tissues exhibited different Knodell scores ranging from 3 to 18. The Knodell score and HCV viral load in the seven adjacent tissues and seven distal tissues were quantified, and the distribution is shown in Figures 2B,C. The lowest Knodell scores in adjacent and distal tissues were 7 and 3, respectively, whereas the highest score was 18 in both groups (Figures 2B,C). From Figures 2B,C, it seems that Knodell score is positively correlated with HCV viral load in adjacent and distal tissues.


[image: image]

FIGURE 2. Histological inflammation in non-HCC liver tissues with HCV infection (including adjacent and distal tissues). (A) Representative image of HE-stained non-HCC liver tissue with HCV infection (scale bar = 200 μm). (B) The correlation between HCV viral load and Knodell scores in adjacent tissues of HCV-HCC. (C) The correlation between HCV viral load and Knodell scores in distal tissues of HCV-HCC. (D) Knodell scores in non-HCC tissues with different viral loads. Knodell score in tissues with a high viral load was higher compared to tissues with a low viral load. (E) Sketch map: Histological inflammation would induce expression of SOCS-1. HCV infection-induced inflammation may interfere with the correlation between HCV and SOCS-1 expression (Mann–Whitney U test).


Then, samples were divided into three groups based on the viral load, and we observed that the median Knodell scores in group “HCV RNA < 2 log10 copies/cell,” “2 ≤ HCV RNA < 3 log10 copies/cell,” and “HCV RNA > 3 log10 copies/cell” were 6 (3), 10 (0.5), and 16 (6.25), respectively, with a significant difference. It was obvious that a higher viral load was correlated with a higher Knodell score (Figure 2D). As high histological inflammation can increase SOCS-1 expression, this interference factor, histological inflammation, should be considered in the analysis of the direct correlation between HCV and SOCS-1 (Figure 2E).

Therefore, we paired the 14 adjacent and distal tissues according to their Knodell scores and divided those with similar Knodell scores into two groups based on the viral load. With the Wilcoxon paired test, we showed that the SOCS-1 expression in the high viral load group was much lower than the other groups (Figures 3A,B). The result suggested that HCV infection has a direct inhibitory effect on SOCS-1 expression.
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FIGURE 3. Tissues with a high viral load exhibit a lower level of SOCS-1 expression when they have similar histological inflammation. (A) Representative images of SOCS-1 expression in adjacent and distal tissues with different viral loads. “04, 01, and 02” represent patients’ numbers. “A” represents adjacent tissues. “F” represents distal tissues (scale bar = 50 μm in 400× images, 200 μm in 100× images). (B) Axiotis score of SOCS-1 expression in adjacent and distal tissues with different viral loads (Wilcoxon paired test).


In addition, we also analyzed the effects of several possible factors on the expression of SOCS-1 in non-HCC tissues, such as age, gender, histological inflammation, location (adjacent and distal tissues), and HCV viral load in tissues. Multiple linear regression analysis showed that the patients’ age had a significant impact on the expression of SOCS-1 in non-HCC liver tissues (p < 0.05; Table 1). The patients’ gender, histological inflammation, location, and HCV viral load had no significant impact on the expression of SOCS-1 (p > 0.05).


TABLE 1. Regression analysis of the effects on SOCS-1 expression in non-HCC tissue sections.
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Effect of HCV on Suppressor of Cytokine Signaling-1 Expression in HCV-Replicating Cell Lines

HCV replicon JFH-1 and HCV replicon cell Huh7.5.1 were generated to investigate the possible inhibitory effect from HCV to SOCS-1 expression. As a classic HCV replication system, HCV replicon was widely used in the study on HCV life cycle and pathogenesis. Moreover, the interference factor, infiltration of inflammatory cells, is absent in the cell culture system. These characteristics make it a better model to explore the effect of HCV on SOCS-1.

Each 100 μl cultural supernatant containing the cell cultural HCV particles (HCVcc) around 7 log10 copies/ml was added into the 2-ml culture medium in each well of the six-well plates. After 3 days, the viral load in the cultural supernatant was detected, and the viral load in host cells on day 3 was identified. The median viral load in host cells was 2.25 ± 0.39 log10 copies.

Then, SOCS-1 expression in HCV-replicating cell lines was analyzed. Compared with the original cell line Huh7.5.1, the SOCS-1 expression was reduced by nearly 80% in HCV-replicating cell lines (Huh7.5.1 cells with HCVcc-JFH1) (Figures 4A,B). The decrease of SOCS-1 expression in HCV-replicating cell lines confirmed the negative regulatory effect from HCV to SOCS-1 in vitro. Furthermore, when we studied the transcription of SOCS-1, we found that in HCV-replicating cell lines, it was downregulated as well (Figure 4C).
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FIGURE 4. Suppressor of cytokine signaling 1 protein and mRNA expression in Huh7.5.1 cells treated with regular cultural supernatant from other Huh7.5.1 cells (Mock) and treated with cultural supernatant containing HCVcc generated from HCV replicon JFH-1 (HCV-replicon). (A) Western blot image of SOCS-1 in cells with and without HCVcc infection. (B) SOCS-1 protein level in cells with and without HCVcc infection. (C) SOCS-1 mRNA level in cells with and without HCVcc infection (Student’s t-test).




HCV-Regulating Suppressor of Cytokine Signaling-1 Expression in HCV-Replicating Cell Lines

The hypermethylation of the CpG island of host SOCS-1 gene was one of the reported mechanisms to downregulate SOCS-1 expression. As SOCS-1 is decreased at both mRNA and protein levels, we intended to understand the effect of DNA methylation on SOCS-1 downregulation. We applied MSP to detect and quantify the methylation status of CpG island of host gene, and a positive methylated SCOS-1 CpG island was identified in all 10 HCV-HCC tissues and most of the non-HCC tissues with HCV infection. In two non-HCC tissues, there seemed to be no band of SOCS-1 CpG methylation, but we still detected slightly positive SOCS-1 CpG methylation through real-time PCR (Figure 5A).
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FIGURE 5. The methylation of the CpG island in the SOCS-1 gene promoter affects SOCS-1 expression in tissues and cell lines. (A) The methylation of the CpG island in SOCS-1 gene promoter in HCV-HCC tissues and related tissues. (B) The statistical diagram of the methylation of the CpG island in SOCS-1 gene promoter in three kinds of tissues. (C) The correlation between SOCS-1 gene methylation and HCV viral load in non-HCC liver tissues. (D) The Western blot of SOCS-1 expression in HCVcc-infected Huh7.5.1 cells treated by DAC. (E) The ICC image of SOCS-1 expression in HCVcc-infected Huh7.5.1 cells treated by DAC (Mann–Whitney U test).


The unmethylated CpG island of SOCS-1 was also quantified to calculate the percentage of methylated SOCS-1 CpG island through a formula “Relative quantification of methylated CpG island/(relative quantification of methylated CpG island + relative quantification of unmethylated CpG island).” When the methylation level of host genes in cancer tissues was analyzed, it is slightly but significantly higher than that in the non-cancer tissues (adjacent and distal tissues) (42.0 vs. 41.4% and 41.3%) (Figure 5B). Although a lot of other interference factors such as histological inflammation, fibrocytes, adipocytes, vascular endothelial cells, and other cells were involved, the differences seemed to be limited. It is still suggested that the lower expression of SOCS-1 in HCV-HCC tissues may result in part due to the hypermethylation of the CpG island in SOCS-1 gene.

To understand whether HCV influenced the CpG methylation, we analyzed the correlation between the methylation level of SOCS-1 and HCV viral load in the non-caner tissues. Interestingly, a moderately positive correlation was found in these tissues (r2 = 0.7309, p < 0.0001; Figure 5C). Although along with interference factors such as inflammatory cell infiltration and fibrocytes, pure genomic DNA of hepatocytes could not be detected. This result still strongly implied an underlying effect of HCV on gene methylation.

Moreover, when we treated the HCV infected cells with 5-aza-2-deoxycytidine (DAC), a DNA methylation inhibitor, the restored expression of SOCS-1 was successfully detected through both Western blot and ICC (Figures 5D,E).




DISCUSSION

The development of HCC requires activation of oncogenes, suppression of antitumor factors, and alternation of the cellular microenvironment (Hanahan and Weinberg, 2011). Subsequently, cellular genomic DNA becomes unstable and the cell becomes immortal. HCV exactly regulated various oncogenes and antitumor factors as a tumor-promoting virus (Hibner and Gregoire, 2015). SOCS-1 was one of these antitumor factors. Tadamitsu et al. knocked it out of HCC cells and showed that deficiency of SOCS-1 resulted in further malignant transformation of these cells, including paramorphia and overproliferation (Kishimoto and Kikutani, 2001).

pDC-mediated antigen presentation activates endogenous IFN synthesis and the JAK/STAT pathway and accelerates expression of antiviral proteins. As a member of ISGs, SOCS-1 expression was increased along with other antiviral proteins. It acted as a negative regulatory factor to suppress the activation of JAK/STAT pathways (Levy and Darnell, 2002; Steen and Gamero, 2013). To some degree, this mechanism decreases tumor-promoting inflammation and helps the maintenance of the internal environment. However, JAK/STAT was not the only pathway through which the virus controlled SOCS-1 expression. In a study concerning respiratory syncytial virus (RSV), the virus could directly induce overexpression of SOCS-1 to weaken the innate immunity (Xu et al., 2014). HCV may also regulate SOCS-1 expression through other ways. Miyoshi et al. established expression of HCV core protein in transgenic mice and HepG2 cells. They found an inhibitory effect from HCV core protein on SOCS-1 expression (Miyoshi et al., 2005). The only drawback was that the core protein-expressing models lacked the completed structure of viral particles. Also, it could not fully clarify the impact of viruses on host cytokines in these models. So, we applied HCV-infected liver tissues for the investigation, and we used a more classic and more convincing model, the replicon model, to learn the actual effect of the virus on SOCS-1. In tissues, we applied the HAI score and Wilcoxon paired test to balance the influence of histological inflammation and found a negative correlation between viral load and SOCS-1 expression. Besides, multiple linear regression analysis showed that the patients’ age had a significant impact on the expression of SOCS-1 in non-HCC liver tissues. The patients’ gender, histological inflammation, location, and HCV viral load had no significant impact on the expression of SOCS-1. It is consistent with the fact that there is interaction between the virus, inflammation, tumorigenesis, and SOCS-1 expression. Only age is the independent impact factor on SOCS-1 expression, leading us to further exploration on aging-related signaling. In HCV replicon models, an environment without exogenous interferon or endogenous interferon from immune cells, we validated the negative regulatory effect of HCV on SOCS-1. Our findings provide consistent and strong evidence that HCV can downregulate the expression of SOCS-1 directly. Whether it is inhibited by HCV core protein as reported by Miyoshi still needs further confirmation by subsequent studies.

The level of cytokines was regulated at different levels. Epigenetic modification at the gene level, transcriptional activation and inhibition at the mRNA level, posttranscriptional stage, and translation and degradation at protein level are all common regulable ways. As for SOCS-1, the cause of its low expression lies in the abnormal methylation of CpG island next to the promoter of its coding gene, namely, DNA methylation-induced gene silencing. Yoshikawa et al. reported such abnormal methylation in HCC cell lines. They also conducted a small analysis with limited clinical samples to confirm the finding (Yoshikawa et al., 2001). The result showed that 65% of the enrolled liver tissues from HCC patients with various causes had aberrant promoter methylation. However, it could only suggest a correlation between HCC and aberrant promoter methylation but insufficient to connect HCV infection to it. Similarly, Eric et al. conducted another study to detect the promoter methylation status of tumor-related cytokines in HCV-HCC tissues. They enrolled 43 cancer tissues and 45 non-cancer tissues, and 10 normal liver tissues as control. In the end, aberrant promoter methylation was found in 91% of the tissues, regardless of cancer or non-cancer tissues. Interestingly, no promoter methylation of SOCS-1 was found in normal liver tissues. It suggested that HCV infection was a critical factor in inducing methylation of SOCS-1 (Formeister et al., 2010). This study provides hints to connect HCV infection to SOCS-1, but more valid evidence should be provided. Therefore, we did further investigation in our study. We collected identified HCV-infected tissues and excluded cancer tissue to implement the analysis. A positive correlation between HCV viral load and the methylation degree of promoters was identified. Together with the restored SOCS-1 expression from DAC treatment in HCV-infected cells, our finding successfully proved that HCV infection is correlated with DNA hypermethylation, which is involved in the downregulation of SOCS-1 expression.

There are some potential limitations to this study. First, the level of SOCS-1 in liver tissues was detected on protein expression by IHC. Even though the mRNA level in cell models was determined to partly support the findings on gene methylation and reveal the possible change in mRNA level in tissues, further study on post-transcriptionally regulatory or translational/posttranslational signaling pathways is still needed. Besides, results from MSP analyzes revealed that the lower expression of SOCS-1 in HCV-HCC tissues may result from the hypermethylation of CpG islands in the SOCS-1 gene. Although the differences among the three groups are slight but significant (Figure 5B), the sample sizes are still need to be expanded. Previous studies have also indicated that CpG island methylation in various carcinomas such as hepatocellular carcinoma, multiple myeloma, acute myeloid lymphoma, and colorectal cancer is responsible for silencing the SOCS-1 gene (Chen et al., 2003; Galm et al., 2003; Nagai et al., 2003; Tischoff et al., 2007; Kang et al., 2016). As we found the different alternations on mRNA and protein level, there might be a new field of posttranscriptional or translational/posttranslational regulation to be explored. Many researches have demonstrated that downregulation of SOCS-1 could also come from posttranscriptional stages. For example, Song et al. (2021) demonstrated that the core miRNA biogenesis and targeting machinery were essential for the IFNγ-activated JAK-STAT signaling and antigen presentation in cancer cells, largely by controlling miR-155-targeted silencing of SOCS-1. In smoke inhalation-induced lung injury, miRNA-155 was involved in the inflammatory response by inhibiting the expression of SOCS-1 (Zhang et al., 2020). Wang et al. (2018) also illustrated that HBeAg augmented the expression of miR-155 to promote inflammatory cytokine production by inhibiting the expression of SOCS-1. Besides, it is reported that miR-19s and miR-30a can also negatively regulate SOCS-1 (Marioni et al., 2016; Yuan et al., 2019). It illustrates that post-transcription is also an important mechanism in the downregulation of SOCS-1. In addition, Gregorieff et al. (2000) reported that the expression of SOCS-1 can be repressed at the level of translation initiation mediated by the 5′ untranslated region of SOCS-1. However, the translational or posttranslational regulation of SOCS-1 in cancers has rarely been reported. Therefore, more studies are needed to detect whether epigenetic regulation is the most important regulatory pathway of HCV on SOCS-1 and uncover the deeper mechanisms.



CONCLUSION

In spite of inflammatory cell infiltration, HCV-HCC tissues still had low expression of SOCS-1. The downregulation may result from HCV infection. Higher HCV viral load may lead to lower expression of SOCS-1 in hepatocytes. The follow-up study proved that the downregulatory effect was at an epigenetic level, in which HCV infection could induce gene methylation in the CpG island of SOCS-1 gene promoters to suppress its expression. The relationship between HCV and SOCS-1 gene methylation may be a possible factor contributing to HCC genesis after HCV elimination and is worth for further investigation.
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