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Abstract

:

Simple Summary


Hepatocellular carcinoma (HCC) is the most common primary liver cancer arising from the liver cells, hepatocytes. Chronic liver inflammation plays a key role in the development of HCC. HCC is a highly fatal disease where race/ethnicity plays a vital role in determining incidence, mortality and survival rates. There is a knowledge gap in our understanding of the molecular mechanism underlying the HCC racial disparity between African-American (AA)/Black and White patients. Global gene expression analysis between AA/Black and White HCC patients identified the activation of a key inflammatory pathway in AA/Black tumors. Ginger extract (GE) is known for its anti-inflammatory properties. GE inhibited proliferation of HCC cells, and our data suggest that HCC cell lines from AA/Black patients responded better to GE compared to those from White and Asian patients. These findings suggest that AA/Black HCC patients might benefit from holistic dietary approach which includes ginger.




Abstract


African-American (AA)/Black hepatocellular carcinoma (HCC) patients have increased incidence and decreased survival rates compared to non-Hispanic (White) patients, the underlying molecular mechanism of which is not clear. Analysis of existing RNA-sequencing (RNA-seq) data in The Cancer Genome Atlas (TCGA) and in-house RNA-sequencing of 14 White and 18 AA/Black HCC patients revealed statistically significant activation of type I interferon (IFN-I) signaling pathway in AA/Black patients. A four-gene signature of IFN-stimulated genes (ISGs) showed increased expression in AA/Black HCC tumors versus White. HCC is a disease of chronic inflammation, and IFN-Is function as pro-inflammatory cytokines. We tested efficacy of ginger extract (GE), a dietary compound known for anti-inflammatory properties, on HCC cell lines derived from White (HepG2), AA/Black (Hep3B and O/20) and Asian (HuH-7) patients. GE exhibited a significantly lower IC50 on Hep3B and O/20 cells than on HepG2 and HuH-7 cells. The GE treatment inhibited the activation of downstream mediators of IFN-I signaling pathways and expression of ISGs in all four HCC cells. Our data suggest that ginger can potentially attenuate IFN-I-mediated signaling pathways in HCC, and cells from AA/Black HCC patients may be more sensitive to ginger. AA/Black HCC patients might benefit from a holistic diet containing ginger.
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1. Introduction


Hepatocellular carcinoma (HCC) is the most common primary liver cancer. Most HCC cases are diagnosed at advanced stages where the prognosis is dismal owing to the inherent resistance of HCC cells to conventional chemo- and radiotherapy and limited surgical and nonsurgical interventions due to underlying liver disease (such as cirrhosis) [1,2]. The most effective US Food and Drug Administration (FDA)-approved treatment for advanced nonresectable HCC is a combination of anti-PD-L1 (atezolizumab) and anti-VEGF (bevacizumab) antibodies, providing an overall response rate of 27% [3,4]. This bleak scenario mandates an analysis of underlying molecular mechanisms of HCC so that novel, targeted treatment approaches can be developed and evaluated.



For HCC, race/ethnicity plays an important role in determining incidence, mortality and survival rates. There is a statistically significant difference in incidence, mortality and 5-year survival rates between non-Hispanic Whites (White) and African Americans (AA)/Blacks for liver and intrahepatic bile duct cancer patients (Table 1) [5].



In a recent study of 1117 patients (35.9% White, 34.3% AA/Black, 29.7% Hispanic), AA/Black patients were 25% less likely to be diagnosed with early stage HCC and had a median shorter survival (10.6 vs. 16.3 months) compared to White patients [6]. AA/Black HCC patients had a significantly higher mortality than White patients (hazard ratio, 1.12; 95% CI, 1.10–1.14) even after adjustment for Barcelona Clinic Liver Cancer (BCLC) stage, Child–Pugh class, type of medical insurance and receival of treatment for HCC. Most reports have focused on socioeconomic status and a lack of access to timely care as the root cause for the discrepancy in outcomes between AA/Blacks and Whites [7,8,9,10]. However, in many cases these results are conflicting even when analyzing similar databases. Recent data suggest that race/ethnicity determines response to treatment for HCC [11], and genetic differences altered response to interferon in patients with chronic hepatitis C virus (HCV) [12]. Studies examining metabolite profiles in HCC patients support the hypothesis that underlying genetic differences contribute to outcomes from HCC [13]. Thus, underlying molecular mechanisms contribute to poorer outcomes in AA/Black patients and may be targeted to develop effective treatment.



Due to the severe toxicity of the currently available cancer treatments, there is also a demand for the development of alternative therapies with high efficacy and low side effects to treat liver cancer. Recent data indicate that over 60% of Gen Xers/Millennials are taking a more holistic approach to their diet to prevent chronic diseases, including cancer [14]. Ginger (Zingiber officinale Roscoe, Zingiberacae) is one of the most commonly used herbal spices that has shown several medicinal properties. The biologically active phenolic compounds in ginger, including gingerol, paradol and shogaol, have been demonstrated to possess antioxidant, anticancer, anti-inflammatory and hepatoprotective effects [15,16,17,18]. In our previous studies, we have demonstrated that ginger extract exerts potent antioxidant effects and inhibits lipid accumulation and triglyceride content in liver cancer cells [19].



In the present study, we compared gene expression profiles of AA/Black and White HCC patients and identified a significant activation of type I interferon (IFN-I) signaling pathways in AA/Black patients. IFN-Is function as pro-inflammatory and immunosuppressive cytokines. We hypothesized that because of its anti-inflammatory properties, ginger might be more effective in AA/Black HCC patients. We investigated the effects of ginger extract on proliferation and IFN-I signaling pathways in HCC cells derived from White (HepG2), Black (Hep3B and O/20) and Asian (HuH-7) patients. Our finding might pave the way for inclusion of ginger extract in the therapeutic strategy of AA/Black HCC patients.




2. Materials and Methods


2.1. Cell Lines and Chemicals


HepG2 and Hep3B cells were obtained from American Type Culture Collection, HuH-7 cells were obtained from Japanese Collection of Research Bioresources Cell Bank, and O/20 cells were developed in-house and cultured as described [20]. Dimethyl sulfoxide, methanol (HPLC grade), isopropanol, N,N,N0,N0- Tetramethyl ethylenediamine, glycine, sodium lauryl sulfate, ammonium persulfate and MTT were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tris-HCl and acrylamide/bis-acrylamide (30%/0.8% w/v) were obtained from BioRad, Hercules, CA, USA, and 1-Step™ Ultra TMB-Blotting Solution was from ThermoFisher scientific, Waltham, MA, USA.




2.2. Analysis of TCGA RNA-sequencing (RNA-seq) Data


Level-3 gene expression data for 423 liver hepatocellular carcinoma (LIHC) samples summarized as RSEM values were obtained from Broad Firehose using the TCGA2STAT R package v. 1.2, along with the 18 clinical annotations, available for 377 samples. These clinical annotations were used to subset the samples by race. Differentially expressed genes were identified using the limma v. 3.32.6 R package [21,22]. P-values were corrected for multiple testing using the False Discovery Rate (FDR) method [23].




2.3. RNA Sequencing (RNA-seq) of Tumor Samples


Human HCC tumor samples were archived by Tissue and Data Acquisition and Analysis Core (TDAAC) of Massey Cancer Center, Virginia Commonwealth University. Patient information is provided in Table 2.



Total RNA from tumor tissues was isolated with MagMax-96 for Microarrays Total RNA Isolation Kit (ThermoFisher) according to the manufacturer’s recommendations. RNA integrity (RIN) and yield were assessed on an Agilent 2100 Bioanalyzer, and samples with RIN ≥ 7 were selected. Prior to the RNA-seq, ribosomal RNA was depleted from the samples using the RiboMinus™ Human/Mouse Transcriptome Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA). RNA-seq library was prepared using Illumina TruSeq stranded mRNA sample preparation kit and all samples were sequenced on the Illumina Hi-Seq 2500 according to Illumina’s sequencing-by-synthesis protocol. One sample was sequenced across three different flow cells to estimate the technical variability of sequencing runs. We obtained ~30 million 50 bp single-end reads per sample. Quality control at each processing step was performed using the FastQC tool (quality base calls, CG content distribution, duplicate levels, complexity level) [24]. Sequencing adapters were removed using Trimmomatic [25]. Reads were aligned to the latest assembly of the human genome (GRCh38/hg38) using the subread v.1.6.2 aligner [26]. Post-processing quality assessment of RNA-seq samples showed an overall good quality of genomic alignment in samples from both AA/Black and White groups (Figure 1A). Gene-level count summaries for each sample were obtained using the featureCounts v.1.6.2 software [27]. Principal Component Analysis showed a relatively uniform mixture of races across samples projected on the first two principal components (Figure 1B). RNA-seq counts were quantile-normalized by library size [28], and genes differentially expressed between AA/Black and White groups were detected using the edgeR v.3.18.1 R package [29]. We did not control age and gender to keep the analysis compatible with TCGA that did not provide age and had insufficient samples for controlling for gender. p-values for differentially expressed genes were corrected using a False Discovery Rate (FDR) multiple testing correction method [23]. GEO Series accession number of this dataset is GSE223795 (reviewer’s access token afwlsokcbdinlkl).




2.4. Total RNA Extraction, cDNA Preparation and Quantitative Real Time PCR of Tumor Samples


Total RNA was extracted from HCC tumor tissues using the QIAGEN miRNAeasy Mini Kit (QIAGEN, Valencia, CA, USA). The cDNA preparation was performed using an ABI cDNA synthesis kit (Applied Biosystems, Foster City, CA, USA). Real-time polymerase chain reaction (RT-PCR) was performed using an ABI ViiA7 fast real-time PCR system and Taqman gene expression assays according to the manufacturer’s protocol (Applied Biosystems, Foster City, CA, USA).




2.5. RNA in situ Hybridization (RNAscope) Assay


Fluorescent RNAscope was performed on FFPE sections with the Leica Biosystems’ BOND RX instrument following Advanced Cell Diagnostic (ACD) protocol using RNAscope LS reagent kit_Red (ACD). A 20ZZ probe targeting 2-824 of NM_002038.3 was purchased from ACD to specifically detect human IFI6 mRNA by Fast Red chromogen staining. The slides were imaged using the Phenoimager HT automated imaging system (Akoya Biosciences, Marlborough, MA, USA). H-scoring (% positive cells × Intensity) was used to quantify individual markers within each region of interest.




2.6. Immunohistochemistry


IHC was performed on formalin-fixed paraffin-embedded (FFPE) sections as described [30] using the following primary antibodies: OAS1 (HPA003657, Sigma, rabbit, 1:100) and MX1 (HPA0309170, Sigma, rabbit, 1:100). Images were taken using Olympus BX41 microscope. H-scoring (% positive cells × Intensity) was used to quantify individual markers within each region of interest.




2.7. Ethanolic Extraction of Ginger


The Ginger sample was obtained from Randolph Farm, Virginia State University (VSU). Ginger samples were cleaned with distilled water and diced into small pieces and then freeze-dried under low pressure (200 mTorr) in a freeze drier (SP Scientific, Gardiner, NY, USA). Dried samples were milled using a Scienceware Bel ArtMicro-Mill (Pequannock, NJ, USA) and then passed through a 400 μm mesh. The powder was extracted with 80% ethanol (50 mg/mL) for 18 h at ambient temperature with 250 rpm on a Scilogex SK-O330-PRO orbital shaker (Scilogex, CT, USA) followed by centrifugation at 2500× g 20 °C for 40 min. The ethanolic extract was evaporated in a nitrogen evaporator (Organomation Associates, Inc., Berlin, MA, USA) followed by freeze-drying overnight to remove the traces of ethanol/water residues. The dried residues were dissolved in DMSO. All extracts were kept under nitrogen and stored at −20 °C until further analysis.




2.8. Measurement of Cell Proliferation by MTT Assay


Cells were seeded at a density of 1 × 104 cells/well in 96-well plates and incubated for 24 h. Cells were treated with GE at different concentrations and incubated for another 24 h. The next day, GE containing medium was replaced with 0.5 mg/mL MTT-culture medium [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (bromide)] (Sigma, St. Louis, MO, USA) for 4 h. Then, MTT-containing media were removed and DMSO (100 µL/well) was used to dissolve blue formazan crystals. The viable cells converted MTT to formazan, which generated a blue-purple color after dissolving in 100 μL of DMSO. The developed color was measured at 570 nm using a 96-wells plate reader (Molecular Devices, San Jose, CA, USA).




2.9. Western Blot Analysis


Cells were seeded (2 × 105) in a six well plate for 24 h and were treated with GE at 150 and 200 (µg/mL) for 24 h followed by washing with pre-cooled PBS. Ice cold RIPA buffer with protease/phosphatase was added for the cell lysis. The lysates were collected and centrifuged at 13,000× g for 30 min at 4 °C. The total protein concentration in cell lysates was measured by the Bradford method. The cell extracts were separated by SDS polyacrylamide gels (8–10%), and then, the protein was transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membrane was blocked with 5% skim milk, incubated with indicated primary and appropriate secondary antibodies (anti-rabbit IgG-HRP conjugates), and protein bands were detected using 1-Step Ultra TMB-Blotting Solution (Thermo Scientific). STAT1 (D1K9Y) Rabbit mAb, Phospho-STAT1 (Tyr701) (58D6) Rabbit mAb, STAT2 (D9J7L) Rabbit mAb, Phospho-STAT2 (Tyr690) (D3P2P) Rabbit mAb, JAK1 (6G4) Rabbit mAb, Phospho-JAK1(Tyr1034/1035) (D7N4Z) Rabbit mAb, TYK2 (D4I5T) Rabbit mAb, Phospho-TYK2 (Tyr1054/1055) (D7T8A) Rabbit mAb, β-Actin (13E5) Rabbit mAb and Anti-rabbit HRP-linked antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Densitometric analysis was performed by Image J software version 1.44.




2.10. Measurement of ISG Expression by Real-Time Polymerase Chain Reaction (RT-PCR)


Cells were seeded in a 6-well plate at a density of 2 × 105 for 24 h. The next day, cells were treated with GE (150 and 200 µg/mL) or vehicle control (DMSO) for 24 h. The expression of four ISGs (MX1, OAS1, IFI6 and ISG15) was determined using a quantitative RT-PCR. Briefly, total RNA was extracted from all the above-mentioned treated cells using the RNeasy mini kit (Qiagen, Germantown, MD, USA). The concentration of the RNA was determined by NanoDrop 2000 (ThermoFisher, Washington, DC, USA). First-strand cDNA was synthesized from total RNA using the RT2 Easy first strand kit (Qiagen, Germantown, MD, USA). ISG mRNA expression levels were analyzed via real-time PCR (QuantStudio 3, Applied Biosystems instrument, Waltham, MA, USA) under the following reaction conditions: initial denaturation at 95 °C for 5 m, followed by 40 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, and lastly elongation at 72 °C for 30 s. The relative gene expression was quantified using the 2−ΔΔCt method. All the targeted gene levels were normalized against GAPDH. The sequence of the forward (F) and reverse (R) primers are MX1-F: 5′-AGGACCATCGGAATCTTGAC-3′, MX1-R: 5′-TCAGGTGGAACACGAGGTTC-3′; OAS1-F: 5′-AGATCAATGAGCCCTGCATAAACC-3′, OAS1-R: 5′-ATTGACAGTGCTGTTAACATCATC-3′; IFI6-F: 5′-TGATGAGCTGGTCTGCGATCCT-3′, IFI6-R: 5′-GTAGCCCATCAGGGCACCAATA-3′; ISG15-F: 5′-GGACAAATGCGACGAACCTCT-3′, ISG15-R: 5′-GCCCGCTCACTTGCTGCTT-3′; GAPDH-F: 5′-TGAGTACGTCGTGGAGTCCA-3′, GAPDH-R: 5′-TAGACTCCACGACATACTCA-3′.




2.11. Statistical Analysis


All values are expressed as mean ± standard deviation. A comparison of the results was performed using one-way ANOVA and Tukey’s multiple comparison tests (GraphPad Prism software 9.5.1, La Jolla, CA, USA). Statistically significant differences between groups were defined as p-values less than 0.05.





3. Results


3.1. Analysis of TCGA Database


To understand the potential molecular mechanisms responsible for decreased survival in AA/Black patients with HCC, gene expression profiles between HCC samples from White and AA/Black patients in TCGA database were compared. Only 17 samples from AA/Black patients were obtained compared to 184 samples from White patients, indicating that the TCGA database is a biased database for performing disparity-related studies. Given the small number of AA/Black samples, we were underpowered in the detection of differentially expressed genes. Therefore, we chose to utilize the unadjusted p-value cutoff of 0.01, at the expense of potential noise that may diminish the significance of functional enrichment analysis. We identified 278 differentially expressed genes, 205 of them were upregulated and 73 were downregulated in AA/Black patients (Table S1). These differentially expressed genes (DEGs) were subjected to ingenuity pathway analysis (IPA) to identify which canonical pathways are differentially modulated in AA/Black patients. A z-score of >2 indicates pathway activation. The IFN-I signaling pathway was identified to be the most significantly enriched pathway in AA/Black HCC patients (Figure 2A). In this dataset, the examination of expression levels of ISGs confirmed their upregulation in AA/Black patients compared to White patients (Figure 2B).




3.2. In-House RNA-seq and Analysis of White vs. AA/Black HCC Samples


The RNA-seq analysis of archived HCC tumors from 14 White and 18 AA/Black patients detected 283 DEGs, with 186 being downregulated and 97 were upregulated in AA/Black vs. White patients (Table S2). Since our preliminary results were run on a relatively small cohort of highly variable human gene expression data, thus being underpowered, we used the unadjusted p-value cutoff of 0.01. The IPA analysis of DEGs identified that the only canonical pathway significantly activated in AA/Black HCC patients is the IFN-I signaling pathway, correlating with the TCGA analysis (Figure 2C). Similar to the TCGA analysis, the ISGs were upregulated in these cohorts as well (Figure 2D).




3.3. Validation in Patient Samples


The findings obtained from archived HCC samples were validated in fresh HCC samples obtained by TDAAC. We selected four ISGs, OAS1, ISG15, MX1 and IFI6, for further validation by Taqman Q-RT-PCR in the HCC tumor tissues. These four ISGs were selected because they showed strong statistically significant increased levels in AA/Black HCC patients compared to White HCC patients in both TCGA analysis and our own RNA-seq analysis. Since these four ISGs exert strong antiviral properties and are induced by HCV infection, we focused our analysis only on HCV-negative HCC patients. In two HCV-negative White HCC tumors the levels of the four ISGs were very low (Figure 3A). In three HCV-negative AA/Black HCC tumors, their expression levels were significantly and robustly higher. In an HCV-positive AA/Black HCC tumor, their expression was further higher (Figure 3A). These findings indicate that these four ISGs might have an important role in regulating hepatocarcinogenesis in AA/Black HCC patients independent of their HCV status.



The findings from Q-RT-PCR were validated by additional methods. Because of the lack of a suitable commercially available antibody for IFI6, we performed RNAScope RNA in situ hybridization (ISH). IFI6 mRNA expression was negligible in the HCV-negative White HCC patients (Figure 3B). In the HCV-positive White HCC patients, IFI6 mRNA expression was detectable. However, in the HCV-negative AA/Black HCC patients, IFI6 mRNA levels were higher than those in HCV-positive White HCC patients, and in the HCV-positive AA/Black HCC patients, it was further augmented (Figure 3B,C).



We checked OAS1 and MX1 expression levels in the FFPE sections of the HCV-negative and HCV-positive White and AA/Black HCC samples by immunohistochemistry. HCC-negative White samples did not stain for OAS1 and MX1, while HCC-negative AA/Black samples showed uniform staining for OAS1 and MX1 (Figure 4A–C). HCV-positive White samples stained for OAS1 and MX1 at an intensity similar to that of the HCV-negative AA/Black samples. HCV-positive AA/Black sample showed strong and intense staining for OAS1 and MX1 (Figure 4A–C). Interestingly, in AA/Black samples, in addition to the tumor cells, MX1 staining was observed in tumor microenvironment cells, mostly Kupffer cells (arrows in Figure 4B), indicating potential involvement of MX1 in regulating Kupffer cell function, hence inflammation.




3.4. Effect of Ginger Extract (GE) on the Viability of HCC Cell Lines


We next checked the effects of GE on HCC cells because of ginger’s anti-inflammatory properties. Treatment with GE (25, 50, 75, 100, 200, 300 and 400 µg/mL) potentiated antiproliferative effect in a dose-dependent manner. HCC cell lines derived from White (HepG2) and Asian (HuH-7) patients exhibited a similar IC50 of 177 ± 5 µg/mL and 172 ± 5 µg/mL, respectively (Figure 5A,B). AA/Black patient-derived HCC cells, Hep3B and O/20, were more sensitive to GE treatment and exhibited an IC50 of 156 ± µg/mL and 160 ± µg/mL, respectively (Figure 5C,D). The morphology of the cells was significantly deformed in GE-treated cells compared to the untreated cells (Figure 5E). Control cells were more regular and densely packed in comparison to the GE-treated cells. Particularly, at higher concentrations of GE, most of the cells shrank, and only few live cells remained attached.




3.5. Effect of GE Treatment on JAK/STAT Signaling Pathway


In the canonical IFN-I signaling pathway, the activation of JAK1 and TYK2 leads to the phosphorylation of STAT1 and STAT2. We evaluated the effect of GE on these downstream effector molecules. Total unphosphorylated TYK2, JAK1, STAT1 and STAT2 were expressed in all four HCC cell lines (Figure 6). The untreated cells showed detectable presence of tyrosine phosphorylated TYK2, JAK1, STAT1 and STAT2, which was variably reduced on GE treatment at 150 µg/mL and in most cases completely inhibited with GE treatment at 200 µg/mL (Figure 6).




3.6. Expression Level of ISGs after GE Treatment


We evaluated the effect of GE treatment on the mRNA expression levels of four ISGs, MX1, ISG15, IFI6 and OAS1 (Figure 7). All four ISGs could be detected in all four HCC cell lines under untreated condition, and GE treatment significantly inhibited their expression at a variable level in all four cell lines (Figure 7). MX1 was significantly inhibited, by 80–90% (p < 0.001), in HepG2 cells at both 150 and 200 μg/mL dose, while it was inhibited by only 50% in HuH-7 cells at 200 μg/mL. MX1 inhibition at 150 and 200 μg/mL was 50% and 70%, respectively, for Hep3B cells and 20% and 80%, respectively, for O/20 cells. In HepG2 cells, ISG15 was not affected by 150 μg/mL GE but significantly inhibited by 80–90% (p < 0.001) at 200 μg/mL. In HuH-7 cells, an inhibition of 40–50% (p < 0.001) and 90% (p < 0.001) was observed at 150 and 200 μg/mL of GE, respectively. ISG15 inhibition at 150 and 200 μg/mL was 30% and 70%, respectively, for Hep3B cells and 80% and 95%, respectively, for O/20 cells. IFI6 inhibition at 150 and 200 μg/mL was 20% and 90%, respectively, for HepG2 cells, 40% and 60%, respectively, for HuH-7 cells, 50% and 70% for Hep3B cells, respectively, and 85% to 95%, respectively, for O/20 cells. Among the four ISGs, OAS1 showed the least change upon GE treatment. At 150 μg/mL, HepG2, HuH-7, Hep3B and O/20 cells showed 20%, 0%, 30% and 20% inhibition in OAS1, respectively, while at 200 μg/mL, the inhibitions were 50%, 70%, 60% and 20%, respectively. Increasing GE concentration did not affect OAS1 inhibition in O/20 cells.





4. Discussion


There are a single IFNβ gene and 13 IFNα genes in the human IFN-I family [31]. IFN-Is bind to IFNαR1 and IFNαR2 dimeric receptors resulting in the activation of TYK2 and JAK1 which in turn phosphorylate and activate STAT1 and STAT2. IFN-stimulated gene factor 3 (ISGF3) complex is formed by STAT1, STAT2 and IFN regulatory factor 9 (IRF9). The promoters of IFN-stimulated genes (ISGs) contain IFN-stimulated response element (ISRE) sequences to which ISGF3 binds and regulates transcription. IFN-Is are induced by viral infection and various cellular stresses and function in the innate immune response providing a strong antiviral response. In the context of tumors, IFN-Is are generated both by tumor cells and tumor microenvironment cells and exert both pro- and antitumor effects [32].



Chronic inflammation, caused by hepatitis B or hepatitis C virus infection, chronic alcoholism or nonalcoholic fatty liver disease (NAFLD), is a major causative event in the pathogenesis of HCC [33]. For both chronic virus infection and cancer, IFN-Is are being identified as central drivers of chronic inflammation and immunosuppression [31]. IFN-Is activate dendritic cells (DCs) to cross-prime tumor-specific T cells and thus exhibit a beneficial effect in cancer [34,35]. IFN-Is also directly inhibit cancer cells, including HCC cells, by restricting proliferation and inducing apoptosis and senescence [32,36]. However, IFN-Is can also have a negative impact on cancer by promoting negative feedback and immunosuppression. Both in the context of virus infection and cancer, sustained IFN-I signature is associated with chronic inflammation along with increases in immune checkpoint molecules, such as PD-1, PD-L1, IL-10 and IDO1 (indoleamine 2,3 dioxygenase 1), resulting in immunosuppression [37,38,39,40,41,42,43,44]. The PD-1/PDL-1 pathway antagonizes the activation signaling pathway, thereby mediating T-cell exhaustion [45,46,47,48], and IFN-Is directly promote PD-1 transcription and diminish the duration of T-cell-mediated immunity [43]. In the case of virus infection, including HCV infection, there is initial robust IFN-I production followed by a decrease to levels observed in uninfected conditions. However, the detection of IFN-I-dependent ISG signature indicates that there is continuous production of IFN-Is [49,50]. The mechanism by which the almost undetectable IFN-Is continue to robustly impact ISG expression remains to be determined. It might be possible that IFN-Is are produced at points of cell–cell interaction. Additionally, transcriptional and/or epigenetic reprogramming might facilitate increased sensitivity to IFNR activation in the presence of small amounts of IFN-Is. In the RNA-seq analysis, we did not observe any difference in IFN-I levels between Black and White HCC patients. The observation that IFN-I signature is increased in Black HCC patients vs. White HCC patients irrespective of their HCV status generated the following hypotheses: (1) High ISG levels might be due to the unmeasurable levels of IFN-Is as seen in chronic virus infection. (2) Persistent high ISG levels might cause sustained and increased inflammation thereby leading to HCC. (3) High ISG levels might induce immunosuppression by increasing immune checkpoint molecules, such as PD-1, PD-L1, IL-10 and IDO, thus favoring HCC.



We focused on a four-gene ISG signature involving OAS1, ISG15, MX1 and IFI6, because they showed strong statistically significant increased levels in AA/Black HCC patients compared to White HCC patients. 2′,5′-Oligoadenylate synthetase (OAS1) generates 2′,5′-oligoadenylate (2–5 A) from ATP in response to stimulation by dsRNA activators [51]. The 2–5 A binds to the latent form of RNase L which then dimerizes to form a potent endoribonuclease that degrades single-stranded viral or cellular RNAs. A complete innate antiviral response requires the OAS/RNase L pathway. However, there is an extreme paucity of information on the role of OAS1 in regulating a cancer phenotype. Downregulation of OAS1 in human breast cancer cell line MDA-MB-231T resulted in decreased in vitro motility [52]. Polymorphisms in OAS1 have been shown to be associated with advanced prostate cancer although the molecular mechanism has not been elucidated [53,54]. ISG15 is a small ubiquitin-like modifier which gets bound to intracellular target proteins by sequential action of three enzymes, a process known as ISGylation which is similar to ubiquitination [55]. ISGylation of intracellular proteins protects them from degradation via the ubiquitin/26S proteasome pathway [56]. ISG15 regulates antiviral properties of type I IFNs and thus plays an important role in innate immunity [57]. However, ISG15 is overexpressed in many cancers, and in HCC, ISG15 has been implicated to promote tumorigenesis and metastasis by stabilizing the antiapoptotic protein Survivin [58]. IFI6 belongs to the FAM14 protein family and is localized in the mitochondria, where it functions to preserve mitochondrial membrane potential and thus implicated to antagonize TRAIL-, IFN- and chemotherapeutic-induced intrinsic apoptosis [59,60,61,62,63,64]. IFI6 has also been shown to mediate mutated N-Ras-induced transformation and melanoma growth, and the knockdown of IFI6 resulted in DNA replication stress due to dysregulated DNA replication via E2F2, resulting in senescence or apoptosis [64]. The regulatory role of IFI6 in HCC has not been studied yet. Mx proteins are members of the family of large GTPases, which include dynamins [65]. MX1 plays an important role in the cellular antiviral response. As yet, little is known about the regulatory role of MX1 in cancer. Thus, there is a major gap in the knowledge and understanding of the role of these four ISGs, which opens up new avenues of research.



Based on the bioinformatics data, we checked downstream key regulators of IFN-I signaling pathways in HCC lines derived from White, Asian and AA/Black patients and investigated the effect of ginger extract on these cell lines. We observed that ginger treatment remarkably reduced cell viability and increased cell death in a dose-dependent manner. Consistent to our hypothesis, our findings revealed that HCC cell lines derived from AA/Black patients (Hep3B and O/20) were more sensitive to GE treatment compared to White (HepG2) or Asian (HuH-7) HCC cell lines. Further, in all four HCC cell lines, we observed basal activation of IFN-I signaling mediators with constitutive activation of ISG expression, and GE treatment inhibited both the activation of molecules in the JAK/STAT pathway as well as ISG mRNA expression, albeit at a variable level. The variable effects of GE on different HCC lines may be due to the relative role of different genes in IFN-I signaling in cell survival and apoptosis. Furthermore, the effect of GE on IFN-I signaling in HCC lines may be time, intensity and/or context-dependent. Based on our current findings, we could not make a definitive conclusion that IFN-I inhibition was more pronounced in AA/Black HCC cell lines compared to that in the White or Asian cell line. We need to include more cell lines in our study, which is complicated by the lack of commercially available HCC cell lines from White and AA/Black backgrounds. We are expending efforts to generate such cell lines which will be valuable tools in interrogating molecular mechanisms of racial disparity in HCC and developing treatment strategies.




5. Conclusions


In summary, we identified the activation of IFN-I signaling in AA/Black HCC patients, using bioinformatics tools, and consistently with our hypotheses experimentally validated that these pathways may be differentially sensitive to treatment between AA/Black and White or Asian HCC patients. Considering the role of pro-inflammatory and immunosuppressive functions of IFN-Is, AA/Black HCC patients might benefit from combination of dietary anti-inflammatory agents and chemo/immunotherapy.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/cancers15174283/s1. Table S1: Differentially expressed genes between 17 AA/Black and 184 White HCC samples from TCGA; Table S2: Differentially expressed genes between 18 AA/Black and 14 White HCC samples collected in-house. File S1: Full pictures of the Western blots and the densitometry scans.





Author Contributions


Conceptualization, S.C.R., S.K., R.A.S. and D.S.; methodology, S.C.R., S.K., R.G.M., E.D., Z.L., H.L., M.G.D., R.A.S. and D.S.; software, Z.L., M.G.D. and D.S.; resources, M.O.F., R.A.S. and D.S.; writing—original draft preparation, S.C.R. and S.K.; writing—review and editing, Z.L., M.G.D., R.A.S. and D.S.; supervision, R.A.S. and D.S.; project administration, R.A.S. and D.S.; funding acquisition, D.S. All authors have read and agreed to the published version of the manuscript.




Funding


The present study was supported in part by The National Cancer Institute (NCI) Grants P20CA264067 (D.S.), R01CA230561 (D.S.), R01CA240004 (D.S.) and R01CA244993 (D.S.), The National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) Grants R01DK107451 (D.S.) and P20CA264068 (M.O.F.) and The United States Department of Agriculture (USDA) Grant 2021-38821-34601 (R.A.S.). Services in support of this project were provided by the VCU Massey Cancer Center Tissue and Data Acquisition and Analysis Core (TDAAC) in part with funding from NIH-NCI Cancer Center Support Grant P30CA016059. Data were generated at the Genome Sequencing Facility at UT Health San Antonio which is supported by NIH-NCI Grant P30 CA054174, NIH Shared Instrument Grant 1S10OD021805-01 and CPRIT Core Facility Award (RP160732).




Institutional Review Board Statement


Tumor tissues were obtained from Tissue and Data Acquisition and Analysis Core (TDAAC) facility of Virginia Commonwealth University which collects residual tumor tissues and blood under an Institutional Review Board (IRB)-approved protocol (VCU IRB #HM2471; approval date 16 May 2023).




Informed Consent Statement


Informed consent was obtained from all subjects involved in this study by TDAAC, VCU.




Data Availability Statement


GEO Series accession number of this dataset is GSE223795 (reviewer’s access token afwlsokcbdinlkl).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Llovet, J.M.; Bruix, J. Molecular targeted therapies in hepatocellular carcinoma. Hepatology 2008, 48, 1312–1327. [Google Scholar] [CrossRef] [PubMed]

	



Llovet, J.M.; Burroughs, A.; Bruix, J. Hepatocellular carcinoma. Lancet 2003, 362, 1907–1917. [Google Scholar] [CrossRef]

	



Lee, M.S.; Ryoo, B.Y.; Hsu, C.H.; Numata, K.; Stein, S.; Verret, W.; Hack, S.P.; Spahn, J.; Liu, B.; Abdullah, H.; et al. Atezolizumab with or without bevacizumab in unresectable hepatocellular carcinoma (GO30140): An open-label, multicentre, phase 1b study. Lancet Oncol. 2020, 21, 808–820. [Google Scholar] [CrossRef] [PubMed]

	



Casak, S.J.; Donoghue, M.; Fashoyin-Aje, L.; Jiang, X.; Rodriguez, L.; Shen, Y.L.; Xu, Y.; Jiang, X.; Liu, J.; Zhao, H.; et al. FDA Approval Summary: Atezolizumab Plus Bevacizumab for the Treatment of Patients with Advanced Unresectable or Metastatic Hepatocellular Carcinoma. Clin. Cancer Res. 2021, 27, 1836–1841. [Google Scholar] [CrossRef]

	



Islami, F.; Miller, K.D.; Siegel, R.L.; Fedewa, S.A.; Ward, E.M.; Jemal, A. Disparities in liver cancer occurrence in the United States by race/ethnicity and state. CA A Cancer J. Clin. 2017, 67, 273–289. [Google Scholar] [CrossRef]

	



Rich, N.E.; Hester, C.; Odewole, M.; Murphy, C.C.; Parikh, N.D.; Marrero, J.A.; Yopp, A.C.; Singal, A.G. Racial and Ethnic Differences in Presentation and Outcomes of Hepatocellular Carcinoma. Clin. Gastroenterol. Hepatol. 2018, 17, 551–559. [Google Scholar] [CrossRef]

	



Harrison, L.E.; Reichman, T.; Koneru, B.; Fisher, A.; Wilson, D.; Dela Torre, A.; Samanta, A.; Korogodsky, M. Racial discrepancies in the outcome of patients with hepatocellular carcinoma. Arch. Surg. 2004, 139, 992–996. [Google Scholar] [CrossRef]

	



Li, J.; Hansen, B.E.; Peppelenbosch, M.P.; De Man, R.A.; Pan, Q.; Sprengers, D. Factors associated with ethnical disparity in overall survival for patients with hepatocellular carcinoma. Oncotarget 2017, 8, 15193–15204. [Google Scholar] [CrossRef]

	



Robbins, A.S.; Cox, D.D.; Johnson, L.B.; Ward, E.M. Persistent disparities in liver transplantation for patients with hepatocellular carcinoma in the United States, 1998 through 2007. Cancer 2011, 117, 4531–4539. [Google Scholar] [CrossRef]

	



Siegel, A.B.; McBride, R.B.; El-Serag, H.B.; Hershman, D.L.; Brown, R.S., Jr.; Renz, J.F.; Emond, J.; Neugut, A.I. Racial disparities in utilization of liver transplantation for hepatocellular carcinoma in the United States, 1998-2002. Am. J. Gastroenterol. 2008, 103, 120–127. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, T.M.; Liu, L.I.; Abraham, I.E.; Uy, A.B.; Dudek, A.Z. Efficacy and Safety of Sorafenib in a Racially Diverse Patient Population with Advanced Hepatocellular Carcinoma. Anticancer Res. 2018, 38, 4027–4034. [Google Scholar] [CrossRef] [PubMed]

	



Ge, D.; Fellay, J.; Thompson, A.J.; Simon, J.S.; Shianna, K.V.; Urban, T.J.; Heinzen, E.L.; Qiu, P.; Bertelsen, A.H.; Muir, A.J.; et al. Genetic variation in IL28B predicts hepatitis C treatment-induced viral clearance. Nature 2009, 461, 399–401. [Google Scholar] [CrossRef]

	



Di Poto, C.; He, S.; Varghese, R.S.; Zhao, Y.; Ferrarini, A.; Su, S.; Karabala, A.; Redi, M.; Mamo, H.; Rangnekar, A.S.; et al. Identification of race-associated metabolite biomarkers for hepatocellular carcinoma in patients with liver cirrhosis and hepatitis C virus infection. PLoS ONE 2018, 13, e0192748. [Google Scholar] [CrossRef] [PubMed]

	



Available online: https://foodinsight.org/wp-content/uploads/2019/10/Gen-X-Special-Report_AICR-IFIC-.pdf (accessed on 1 January 2020).

	



Panji, M.; Behmard, V.; Zare, Z.; Malekpour, M.; Nejadbiglari, H.; Yavari, S.; Nayerpour Dizaj, T.; Safaeian, A.; Bakhshi, A.; Abazari, O.; et al. Synergistic effects of green tea extract and paclitaxel in the induction of mitochondrial apoptosis in ovarian cancer cell lines. Gene 2021, 787, 145638. [Google Scholar] [CrossRef]

	



Kamat, A.M.; Tharakan, S.T.; Sung, B.; Aggarwal, B.B. Curcumin potentiates the antitumor effects of Bacillus Calmette-Guerin against bladder cancer through the downregulation of NF-kappaB and upregulation of TRAIL receptors. Cancer Res. 2009, 69, 8958–8966. [Google Scholar] [CrossRef]

	



Zadorozhna, M.; Mangieri, D. Mechanisms of Chemopreventive and Therapeutic Proprieties of Ginger Extracts in Cancer. Int. J. Mol. Sci. 2021, 22, 6599. [Google Scholar] [CrossRef]

	



Hamza, A.A.; Heeba, G.H.; Hamza, S.; Abdalla, A.; Amin, A. Standardized extract of ginger ameliorates liver cancer by reducing proliferation and inducing apoptosis through inhibition oxidative stress/ inflammation pathway. Biomed. Pharmacother. 2021, 134, 111102. [Google Scholar] [CrossRef]

	



Li, H.; Rafie, R.; Xu, Z.; Siddiqui, R.A. Phytochemical profile and anti-oxidation activity changes during ginger (Zingiber officinale) harvest: Baby ginger attenuates lipid accumulation and ameliorates glucose uptake in HepG2 cells. Food Sci. Nutr. 2022, 10, 133–144. [Google Scholar] [CrossRef] [PubMed]

	



Srivastava, J.; Robertson, C.L.; Rajasekaran, D.; Gredler, R.; Siddiq, A.; Emdad, L.; Mukhopadhyay, N.D.; Ghosh, S.; Hylemon, P.B.; Gil, G.; et al. AEG-1 Regulates Retinoid X Receptor and Inhibits Retinoid Signaling. Cancer Res. 2014, 74, 4364–4377. [Google Scholar] [CrossRef]

	



Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [Google Scholar] [CrossRef]

	



Smyth, G.K. Linear models and empirical bayes methods for assessing differential expression in microarray experiments. Stat. Appl. Genet. Mol. Biol. 2004, 3, Article3. [Google Scholar] [CrossRef] [PubMed]

	



Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. Royal Stat. Soc. 1995, 57, 289–300. [Google Scholar] [CrossRef]

	



Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 15 May 2022).

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Smyth, G.K.; Shi, W. The Subread aligner: Fast, accurate and scalable read mapping by seed-and-vote. Nucleic Acids Res. 2013, 41, e108. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 2014, 30, 923–930. [Google Scholar] [CrossRef]

	



Bullard, J.H.; Purdom, E.; Hansen, K.D.; Dudoit, S. Evaluation of statistical methods for normalization and differential expression in mRNA-Seq experiments. BMC Bioinform. 2010, 11, 94. [Google Scholar] [CrossRef]

	



Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 2010, 26, 139–140. [Google Scholar] [CrossRef]

	



Robertson, C.L.; Srivastava, J.; Siddiq, A.; Gredler, R.; Emdad, L.; Rajasekaran, D.; Akiel, M.; Shen, X.N.; Guo, C.; Giashuddin, S.; et al. Genetic deletion of AEG-1 prevents hepatocarcinogenesis. Cancer Res. 2014, 74, 6184–6193. [Google Scholar] [CrossRef]

	



Snell, L.M.; McGaha, T.L.; Brooks, D.G. Type I Interferon in Chronic Virus Infection and Cancer. Trends Immunol. 2017, 38, 542–557. [Google Scholar] [CrossRef]

	



Parker, B.S.; Rautela, J.; Hertzog, P.J. Antitumour actions of interferons: Implications for cancer therapy. Nat. Rev. 2016, 16, 131–144. [Google Scholar] [CrossRef]

	



El-Serag, H.B. Hepatocellular carcinoma. N. Engl. J. Med. 2011, 365, 1118–1127. [Google Scholar] [CrossRef] [PubMed]

	



Diamond, M.S.; Kinder, M.; Matsushita, H.; Mashayekhi, M.; Dunn, G.P.; Archambault, J.M.; Lee, H.; Arthur, C.D.; White, J.M.; Kalinke, U.; et al. Type I interferon is selectively required by dendritic cells for immune rejection of tumors. J. Exp. Med. 2011, 208, 1989–2003. [Google Scholar] [CrossRef] [PubMed]

	



Fuertes, M.B.; Kacha, A.K.; Kline, J.; Woo, S.R.; Kranz, D.M.; Murphy, K.M.; Gajewski, T.F. Host type I IFN signals are required for antitumor CD8+ T cell responses through CD8α+ dendritic cells. J. Exp. Med. 2011, 208, 2005–2016. [Google Scholar] [CrossRef] [PubMed]

	



Obora, A.; Shiratori, Y.; Okuno, M.; Adachi, S.; Takano, Y.; Matsushima-Nishiwaki, R.; Yasuda, I.; Yamada, Y.; Akita, K.; Sano, T.; et al. Synergistic induction of apoptosis by acyclic retinoid and interferon-beta in human hepatocellular carcinoma cells. Hepatology 2002, 36, 1115–1124. [Google Scholar] [CrossRef]

	



Harris, L.D.; Tabb, B.; Sodora, D.L.; Paiardini, M.; Klatt, N.R.; Douek, D.C.; Silvestri, G.; Muller-Trutwin, M.; Vasile-Pandrea, I.; Apetrei, C.; et al. Downregulation of robust acute type I interferon responses distinguishes nonpathogenic simian immunodeficiency virus (SIV) infection of natural hosts from pathogenic SIV infection of rhesus macaques. J. Virol. 2010, 84, 7886–7891. [Google Scholar] [CrossRef]

	



Jacquelin, B.; Mayau, V.; Targat, B.; Liovat, A.S.; Kunkel, D.; Petitjean, G.; Dillies, M.A.; Roques, P.; Butor, C.; Silvestri, G.; et al. Nonpathogenic SIV infection of African green monkeys induces a strong but rapidly controlled type I IFN response. J. Clin. Investig. 2009, 119, 3544–3555. [Google Scholar] [CrossRef]

	



Cunningham, C.R.; Champhekar, A.; Tullius, M.V.; Dillon, B.J.; Zhen, A.; de la Fuente, J.R.; Herskovitz, J.; Elsaesser, H.; Snell, L.M.; Wilson, E.B.; et al. Type I and Type II Interferon Coordinately Regulate Suppressive Dendritic Cell Fate and Function during Viral Persistence. PLoS Pathog. 2016, 12, e1005356. [Google Scholar] [CrossRef]

	



Mueller, S.N.; Matloubian, M.; Clemens, D.M.; Sharpe, A.H.; Freeman, G.J.; Gangappa, S.; Larsen, C.P.; Ahmed, R. Viral targeting of fibroblastic reticular cells contributes to immunosuppression and persistence during chronic infection. Proc. Natl. Acad. Sci. USA 2007, 104, 15430–15435. [Google Scholar] [CrossRef]

	



Munn, D.H.; Mellor, A.L. IDO in the Tumor Microenvironment: Inflammation, Counter-Regulation, and Tolerance. Trends Immunol. 2016, 37, 193–207. [Google Scholar] [CrossRef]

	



Spranger, S.; Spaapen, R.M.; Zha, Y.; Williams, J.; Meng, Y.; Ha, T.T.; Gajewski, T.F. Up-regulation of PD-L1, IDO, and Tregs in the melanoma tumor microenvironment is driven by CD8+ T cells. Sci. Transl. Med. 2013, 5, 200ra116. [Google Scholar] [CrossRef]

	



Terawaki, S.; Chikuma, S.; Shibayama, S.; Hayashi, T.; Yoshida, T.; Okazaki, T.; Honjo, T. IFN-alpha directly promotes programmed cell death-1 transcription and limits the duration of T cell-mediated immunity. J. Immunol. 2011, 186, 2772–2779. [Google Scholar] [CrossRef] [PubMed]

	



Benci, J.L.; Xu, B.; Qiu, Y.; Wu, T.J.; Dada, H.; Twyman-Saint Victor, C.; Cucolo, L.; Lee, D.S.M.; Pauken, K.E.; Huang, A.C.; et al. Tumor Interferon Signaling Regulates a Multigenic Resistance Program to Immune Checkpoint Blockade. Cell 2016, 167, 1540–1554. [Google Scholar] [CrossRef] [PubMed]

	



Parry, R.V.; Chemnitz, J.M.; Frauwirth, K.A.; Lanfranco, A.R.; Braunstein, I.; Kobayashi, S.V.; Linsley, P.S.; Thompson, C.B.; Riley, J.L. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms. Mol. Cell Biol. 2005, 25, 9543–9553. [Google Scholar] [CrossRef] [PubMed]

	



Riley, J.L. PD-1 signaling in primary T cells. Immunol. Rev. 2009, 229, 114–125. [Google Scholar] [CrossRef] [PubMed]

	



Quigley, M.; Pereyra, F.; Nilsson, B.; Porichis, F.; Fonseca, C.; Eichbaum, Q.; Julg, B.; Jesneck, J.L.; Brosnahan, K.; Imam, S.; et al. Transcriptional analysis of HIV-specific CD8+ T cells shows that PD-1 inhibits T cell function by upregulating BATF. Nat. Med. 2010, 16, 1147–1151. [Google Scholar] [CrossRef]

	



Wei, F.; Zhong, S.; Ma, Z.; Kong, H.; Medvec, A.; Ahmed, R.; Freeman, G.J.; Krogsgaard, M.; Riley, J.L. Strength of PD-1 signaling differentially affects T-cell effector functions. Proc. Natl. Acad. Sci. USA 2013, 110, E2480–E2489. [Google Scholar] [CrossRef]

	



Wilson, E.B.; Yamada, D.H.; Elsaesser, H.; Herskovitz, J.; Deng, J.; Cheng, G.; Aronow, B.J.; Karp, C.L.; Brooks, D.G. Blockade of chronic type I interferon signaling to control persistent LCMV infection. Science 2013, 340, 202–207. [Google Scholar] [CrossRef]

	



Helbig, K.J.; Lau, D.T.; Semendric, L.; Harley, H.A.; Beard, M.R. Analysis of ISG expression in chronic hepatitis C identifies viperin as a potential antiviral effector. Hepatology 2005, 42, 702–710. [Google Scholar] [CrossRef]

	



Hornung, V.; Hartmann, R.; Ablasser, A.; Hopfner, K.P. OAS proteins and cGAS: Unifying concepts in sensing and responding to cytosolic nucleic acids. Nat. Rev. Immunol. 2014, 14, 521–528. [Google Scholar] [CrossRef]

	



Marino, N.; Collins, J.W.; Shen, C.; Caplen, N.J.; Merchant, A.S.; Gokmen-Polar, Y.; Goswami, C.P.; Hoshino, T.; Qian, Y.; Sledge, G.W., Jr.; et al. Identification and validation of genes with expression patterns inverse to multiple metastasis suppressor genes in breast cancer cell lines. Clin. Exp. Metastasis 2014, 31, 771–786. [Google Scholar] [CrossRef]

	



Kazma, R.; Mefford, J.A.; Cheng, I.; Plummer, S.J.; Levin, A.M.; Rybicki, B.A.; Casey, G.; Witte, J.S. Association of the innate immunity and inflammation pathway with advanced prostate cancer risk. PLoS ONE 2012, 7, e51680. [Google Scholar] [CrossRef]

	



Mandal, S.; Abebe, F.; Chaudhary, J. 2′-5′ oligoadenylate synthetase 1 polymorphism is associated with prostate cancer. Cancer 2011, 117, 5509–5518. [Google Scholar] [CrossRef]

	



Villarroya-Beltri, C.; Guerra, S.; Sanchez-Madrid, F. ISGylation—A key to lock the cell gates for preventing the spread of threats. J. Cell Sci. 2017, 130, 2961–2969. [Google Scholar] [CrossRef] [PubMed]

	



Desai, S.D.; Haas, A.L.; Wood, L.M.; Tsai, Y.C.; Pestka, S.; Rubin, E.H.; Saleem, A.; Nur, E.K.A.; Liu, L.F. Elevated expression of ISG15 in tumor cells interferes with the ubiquitin/26S proteasome pathway. Cancer Res. 2006, 66, 921–928. [Google Scholar] [CrossRef] [PubMed]

	



Lenschow, D.J.; Lai, C.; Frias-Staheli, N.; Giannakopoulos, N.V.; Lutz, A.; Wolff, T.; Osiak, A.; Levine, B.; Schmidt, R.E.; Garcia-Sastre, A.; et al. IFN-stimulated gene 15 functions as a critical antiviral molecule against influenza, herpes, and Sindbis viruses. Proc. Natl. Acad. Sci. USA 2007, 104, 1371–1376. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Wang, J.; Zhang, H.; Zhu, M.; Chen, F.; Hu, Y.; Liu, H.; Zhu, H. Interferon-stimulated gene 15 (ISG15) is a trigger for tumorigenesis and metastasis of hepatocellular carcinoma. Oncotarget 2014, 5, 8429–8441. [Google Scholar] [CrossRef] [PubMed]

	



Cheriyath, V.; Glaser, K.B.; Waring, J.F.; Baz, R.; Hussein, M.A.; Borden, E.C. G1P3, an IFN-induced survival factor, antagonizes TRAIL-induced apoptosis in human myeloma cells. J. Clin. Investig. 2007, 117, 3107–3117. [Google Scholar] [CrossRef]

	



Cheriyath, V.; Kaur, J.; Davenport, A.; Khalel, A.; Chowdhury, N.; Gaddipati, L. G1P3 (IFI6), a mitochondrial localised antiapoptotic protein, promotes metastatic potential of breast cancer cells through mtROS. Br. J. Cancer 2018, 119, 52–64. [Google Scholar] [CrossRef]

	



Cheriyath, V.; Kuhns, M.A.; Jacobs, B.S.; Evangelista, P.; Elson, P.; Downs-Kelly, E.; Tubbs, R.; Borden, E.C. G1P3, an interferon- and estrogen-induced survival protein contributes to hyperplasia, tamoxifen resistance and poor outcomes in breast cancer. Oncogene 2012, 31, 2222–2236. [Google Scholar] [CrossRef]

	



Cheriyath, V.; Leaman, D.W.; Borden, E.C. Emerging roles of FAM14 family members (G1P3/ISG 6-16 and ISG12/IFI27) in innate immunity and cancer. J. Interferon Cytokine Res. 2011, 31, 173–181. [Google Scholar] [CrossRef]

	



Parker, N.; Porter, A.C. Identification of a novel gene family that includes the interferon-inducible human genes 6-16 and ISG12. BMC Genom. 2004, 5, 8. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, R.; Forloni, M.; Bisserier, M.; Dogra, S.K.; Yang, Q.; Wajapeyee, N. Interferon alpha-inducible protein 6 regulates NRASQ61K-induced melanomagenesis and growth. Elife 2016, 5, e16432. [Google Scholar] [CrossRef] [PubMed]

	



Verhelst, J.; Hulpiau, P.; Saelens, X. Mx proteins: Antiviral gatekeepers that restrain the uninvited. Microbiol. Mol. Biol. Rev. 2013, 77, 551–566. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 15 04283 g001] 





Figure 1. Quality assessment of RNA-seq samples. (A) Quality metrics of RNA-seq samples show approximately similar sequencing depth and the proportion of aligned reads. (B) Principal component analysis of samples, colored by race. 
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Figure 2. IFN-I signaling is activated in AA/Black HCC patients compared to White HCC patients. (A) Canonical pathways modulated in AA/Black HCC patients in TCGA database. PRPP: phosphoribosyl pyrophosphate; NSCLC: non-small cell lung cancer; SCLC: small cell lung cancer; DHA: docosahexaenoic acid. (B) Bar plots of expression of selected genes in White and AA/Black HCC tumor samples in TCGA. Standard error bars are shown. (C) Canonical pathways modulated in AA/Black HCC patients in VCU samples. AHR: arylhydrocarbon receptor. (D) Bar plots of expression of selected genes in White and AA/Black HCC tumor samples obtained in VCU. Standard error bars are shown. TPM: transcripts per million. 
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Figure 3. ISGs are overexpressed in AA/Black HCC patients. (A) Taqman qRT-PCR of the indicated genes in tumor samples from two White patients (W1 and W2) and four AA/Black patients (B1–B4) normalized by GAPDH levels. The levels in B1 were considered as 1. Data represent mean ± SEM; * p < 0.01 vs. W1 or W2. (B) Representative images of RNA in situ hybridization for IFI6 in the indicated samples. (C) Quantification of RNA in situ hybridization for IFI6. Data represent mean ± SEM; * p < 0.01 vs. corresponding HCV-ve; ^ p < 0.01 vs. HCV+ve White; # p < 0.01 vs. HCV+ve White. 
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Figure 4. OAS1 and MX1 are overexpressed in AA/Black HCC patients. Representative images of immunohistochemistry for OAS1 (A) and MX1 (B) in the indicated samples. Arrows indicate Kupffer cells. Scale bar: 20 μm. (C) Quantification of IHC for OAS1 and MX1. Data represent mean ± SEM; * p < 0.01 vs. corresponding HCV-ve; # p < 0.01 vs. HCV+ve White. 
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Figure 5. GE inhibits proliferation of HCC cells. A dose response effect of GE on (A) HepG2, (B) HuH-7, (C) Hep3B and (D) O/20 cell proliferation was determined using an MTT assay as described in the text. Each data point represents the means of 3 independent experiments with bars showing the standard deviation. The IC50 values were calculated and compared using one-way ANOVA. (E) Effect of GE on cell morphology. The images were taken at a magnification 100×. Images are representative of three independent experiments. Scale bar: 10 μm. 
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Figure 6. GE inhibits JAK/STAT signaling pathway in HCC cells. (A) HepG2, HuH-7, Hep3B and O/20 cells were treated with GE at 150 and 200 µg/mL. The cell lysates were immunoblotted with phospho- and unphospho-TYK2, JAK1, STAT2 and STAT1 antibodies. β-Actin was used as a loading control. Representative images are shown. Full pictures of the Western blots and the densitometry scans are presented in File S1. (B) Graphical representation of quantification of the Western blot analysis. Data are expressed as mean ± SEM; * p < 0.05 versus control for each gene in each cell line. 
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[image: Cancers 15 04283 g006]







[image: Cancers 15 04283 g007] 





Figure 7. GE inhibits expression of ISGs in HCC cell lines. Expression level of MX1, ISG15, IFI6 and OAS1 after GE treatment at 150 and 200 µg/mL were determined in (A) HepG2, (B) HuH-7, (C) Hep3B and (D) O/20 cell lines. Data are expressed as mean ± SEM. Relative fold change differences were analyzed using two-way ANOVA Tukey’s multiple comparison test; * p < 0.05, ** p < 0.01, *** p < 0.001, Control group vs. GE (150 µg/mL); # p < 0.01, ## p < 0.001, Control group vs. GE (200 µg/mL). 
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Table 1. Incidence, mortality and 5-year survival rates for liver and intrahepatic bile duct cancer.






Table 1. Incidence, mortality and 5-year survival rates for liver and intrahepatic bile duct cancer.





	

	
Incidence Rate per 100,000, 2009 to 2013

	
Death Rate per 100,000, 2010 to 2014

	
5-Year Survival (%), 2006 to 2012




	
Race/Ethnicity

	
All

	
Male

	
Female

	
All

	
Male

	
Female

	
All

	
Male

	
Female






	
White

	
6.3

	
9.7

	
3.3

	
5.5

	
8.0

	
3.3

	
20.1

	
20.2

	
19.8




	
AA/Black

	
10.2 *

	
16.8 *

	
5.0 *

	
8.4 *

	
13.3 *

	
4.6 *

	
16.3 *

	
15.5 *

	
18.8








* p < 0.05. Sources: Incidence: North American Association of Central Cancer Registries, 2016. Survival: Surveillance, Epidemiology, and End Results (SEER) Program, SEER 18 registries, 2016. Mortality: National Center for Health Statistics, Centers for Disease Control and Prevention, 2016.













 





Table 2. HCC patient information.






Table 2. HCC patient information.





	RNA Alias
	Race
	Gender
	Age at Dx
	HCV
	HBV





	VLI1
	Caucasian
	Male
	70
	No
	No



	VLI5
	Caucasian
	Male
	78
	No
	No



	VLI14
	Caucasian
	Male
	74
	No
	No



	VLI15
	Caucasian
	Male
	39
	No
	No



	VLI22
	Caucasian
	Male
	19
	No
	No



	VLI28
	Caucasian
	Male
	75
	No
	No



	VLI26
	Caucasian
	Female
	83
	No
	No



	VLI27
	Caucasian
	Female
	80
	No
	No



	VLI3
	Caucasian
	Male
	54
	Yes *
	No



	VLI11
	Caucasian
	Male
	58
	Yes *
	No



	VLI21
	Caucasian
	Male
	68
	Yes *
	No



	VLI30
	Caucasian
	Male
	65
	Yes
	No



	VLI31
	Caucasian
	Male
	51
	Yes *
	No



	VLI18
	Caucasian
	Female
	61
	Yes *
	No



	VLI8
	African American
	Male
	73
	No
	No



	VLI25
	African American
	Female
	62
	No
	No



	VLI4
	African American
	Male
	56
	Yes
	No



	VLI6
	African American
	Male
	61
	Yes
	No



	VLI13
	African American
	Male
	60
	Yes *
	No



	VLI16
	African American
	Male
	64
	Yes *
	No



	VLI20
	African American
	Male
	52
	Yes *
	No



	VLI23
	African American
	Male
	65
	Yes *
	No



	VLI24
	African American
	Male
	64
	Yes *
	No



	VLI29
	African American
	Male
	57
	Yes
	No



	VLI32
	African American
	Male
	60
	Yes
	No



	VLI33
	African American
	Male
	66
	Yes *
	No



	VLI7
	African American
	Female
	58
	Yes
	No



	VLI9
	African American
	Female
	65
	Yes *
	No



	VLI12
	African American
	Female
	62
	Yes *
	No



	VLI19
	African American
	Female
	51
	Yes *
	No



	VLI34
	African American
	Female
	69
	Yes *
	No



	VLI35
	African American
	Female
	74
	Yes
	No







The asterisk indicates active HCV infection at the time of HCC diagnosis. All other HCV-positive patients had a history of HCV infection, but HCV was not detected at the time of HCC diagnosis.
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