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Hepatitis B virus (HBV) infection remains a major health problem worldwide, and the current antiviral therapy, including nucleoside analogs, cannot achieve life-long cure, and clarification of antiviral host immunity is necessary for eradication. Here, we found that a clathrin-binding membrane protein epsin3 (EPN3) negatively regulates the expression of HBV RNA. EPN3 expression was induced by transfection of an HBV replicon plasmid, and reduced HBV-RNA level in hepatic cell lines and murine livers hydrodynamically injected with the HBV replicon plasmid. Viral RNA reduction by EPN3 was dependent on transcription, and independent from epsilon structure of viral RNA. Viral RNA reduction by overexpression of p53 or IFN-α treatment, was attenuated by knockdown of EPN3, suggesting its role downstream of IFN-α and p53. Taken together, this study demonstrates the anti-HBV role of EPN3. The mechanism how it decreases HBV transcription is discussed.
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Introduction

Hepatitis B is an infectious disease that remains as a major health problem worldwide (1, 2). Persistent infection with hepatitis B virus (HBV), an enveloped DNA virus, increases the risk of fibrosis, cirrhosis, and hepatocellular carcinoma (3–5). HBV RNAs, including pre-genomic (pg) RNA are transcribed from covalently closed circular DNA (cccDNA) in the nucleus. Two epsilon RNA structures are present in the 5′- and 3′- end of pgRNA, and the 5′-epsilon structure is especially important as a packaging signal (6). Epsilon and Pol protein are essential for pgRNA encapsidation, then pgRNA is reverse-transcribed to relaxed circular (RC)-DNA in the nucleocapsids. Nucleoside/nucleotide analogs (NA) such as lamivudine, adefovir, entecavir, telbivudine, and tenofovir are primarily used for HBV treatment (7, 8). Although NA has a healing effect on HBV patients, HBV DNA levels rebound upon discontinuation, forcing patients to life-long administration. This justifies alternative use of interferons, with some advantages such as long treatment duration, absence of drug resistance, delayed response, and higher hepatitis B surface antigen loss (9). Nonetheless, its use is limited due to its side effects deriving from its broad physiological effect. Thus, discriminating the antiviral activity of IFN-α from its side effects is necessary, to discover effective antiviral therapies with less side effects.

Epsins are evolutionarily conserved membrane protein family, which plays an important role in endocytosis and signal transduction of podocytes (10). The epsin family comprises of three members, Epsin1, Epsin2, and Epsin3 (EPN3), which share the N-terminal ENTH domain, 2 ubiquitin interacting motifs, clathrin binding motif, DPW and NPF motifs (11). EPN3 is reportedly involved in clathrin-mediated cell surface receptor internalization, and is demonstrated to mediate p53 signaling, inducing apoptosis in HCT116 cells (11), and senescence in U2OS cells (12). Moreover, Epsins are proposed to play tumorigenic roles such as angiogenesis, tumor cell migration, invasion, and epithelial-mesenchymal transformation (EMT) (13, 14). Nonetheless, its role in viral infection has not been investigated. Here, we investigated the role of EPN3 in HBV replication.



Materials and methods


Cell culture, plasmids, and transfection

Huh7 and HepG2 cells were cultured in Dulbecco's modified Eagle medium (DMEM; Biological Industries) supplemented with 10% fetal bovine serum (FBS; gibco) and 1% penicillin/streptomycin at 37°C in 5% CO2 atmosphere. The total amount of plasmids per sample was unified by supplementing empty plasmids. For transfection of plasmids and siRNAs, lipofectamine 2000 (Invitrogen) was utilized, according to the manufacturer's instruction. Interferon-alpha (IFN-α) and actinomycin D (ActD) were obtained from MedChemExpress and Sigma-Aldrich, respectively. siRNAs were purchased from RiboBio Company. The expression vectors used in this study are listed in Supplementary Table 1.



RNA-seq

8 x 105 of Huh7 cells were seeded on a 10 cm dish one day before transfection, and the next day, the HBV replicon plasmid (pPB) (15) or an empty vector (pcDNA3.1) was transfected in duplicate. The total RNA was isolated using Trizol Reagent (Invitrogen Life Technologies), and the sequencing libraries were generated utilizing TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA), according to the manufacturer's protocols. Briefly, 3 μg of total RNA was subjected to poly-T oligo-attached magnetic beads to purify mRNA, enzymatically fragmented and reverse-transcribed. After second strand cDNA synthesis, blunting the overhangs, and adenylation of 3'-ends, Illumina PE adapter oligonucleotides were ligated and the fragments around 450 bp were selected using AMPure XP system (Beckman Coulter, Beverly, CA, USA). The selected fragments were further enriched by Illumina PCR Primer Cocktail, and validated by the Agilent high sensitivity DNA assay on a Bioanalyzer 2100 system (Agilent). The library was run on a Hiseq 2500 platform (Illumina) at 150 x 2 PE, by Shanghai Personal Biotechnology Cp. Ltd., and FASTQ files containing 97,297,560~136,396,736 reads per sample were obtained.



RNA-seq data analyses

The FASTQ data was first subjected to Cutadapt (16) to obtain reads with high quality, and mapped to hg38 (ENSEMBLE) by HISAT2 (17). The mapped reads for each sample ranged from 86,503,474 to 110,678,626, accounting for 96.54%-97.21% of the initially obtained reads. The FPKM values were obtained by HTSeq (18), and genes affected by more than 2-fold with p-values <0.05 were extracted with DESeq (19). For the heatmap, genes were clustered based on the Euclidean distance and Complete Linkage method (20, 21).



Luciferase assay

Luciferase analysis was performed as previously described in Que et al. (22). Briefly, the nano-luciferase (NL) activities of HBV-NL transfectants were determined using Nano-Glo Luciferase Kit (Promega) and PowerScan HT (BioTek). The NL gene was inserted into the core region of the HBV genome in the HBV-NL chimeric construct, and the NL activity represents pgRNA expression in the transfected hepatocyte cell line (22, 23). Samples were duplicated or triplicated within each biological replicate.



Quantitative PCR

Cytoplasmic HBV DNA was purified as described in Gunther et al. (24) and Kitamura et al. (25), with minor modifications. Briefly, the cells were lysed with PBS containing 0.5% NP-40 and protease inhibitor cocktail (1x cOmplete, Roche), and the cytoplasmic supernatants were treated with DNase I, to remove the naked DNA. The capsids were lysed with 1% SDS, 10 mM EDTA, and 500 ug/mL proteinase K (Sigma-Aldrich), and the encapsidated DNA was extracted by phenol–chloroform extraction, followed by isopropanol precipitation. Secreted HBV DNA was also precipitated by PEG8000, followed by DNase I digestion and lysis in the buffer containing SDS, Tris-HCl (pH 8.0), EDTA, and proteinase K, for 4 h at 55°C.

Total RNA was extracted by TRIsure and treated with DNase I (Takara) to eliminate the transfected plasmids and genomic DNA. The DNase-treated RNA was reverse-transcribed with Reverse Transcription Kit (Vazyme) following the manufacturer's instruction. Quantitative PCR (qPCR) analysis was performed with ChamQ Universal SYBR qPCR Master Mix (Vazyme) on Real-Time PCR systems (ABI 7500). The HBV DNA copy numbers were absolutely quantified using the standard curve based on the pPB plasmid. The results were normalized by internal control β-actin, and the samples were triplicated within each biological replicate. The primer sequences are listed in Supplementary Table 2.



Western blot

Western blot was performed as described previously (25, 26). Signals were visualized and captured by Odyssey or DNR Bio-imaging instrument. The antibodies used in this study are mouse anti-GAPDH (SolelyBio, TA08), mouse anti-ACTIN (Fude Biological, FD0060), rabbit anti-FLAG (Mannan Binding Lectin, PM020), rabbit anti-GFP (Cell Signaling Technology, 2956S), rabbit anti-EPN3 (CUSABIO, CSB-PA030170), rabbit anti-p53 (Immunoway, YT3528), anti-rabbit IgG-HRP (EnoGene, E1WP318/abcam, ab216777), and anti-mouse IgG-HRP (EnoGene, E1WP319/Thermo, A11375).



Enzyme-linked immunosorbent assay (ELISA)

The supernatants were collected 72 h after transfection, and Hepatitis B surface antigen (HBsAg) level was determined as described in Jiang et al. (27), utilizing Human HBsAg ELISA KIT) (Lvye biotechnology) and TECAN infinite M200PRO, following the manufacturer's instruction.



In vivo hydrodynamic-based plasmid delivery system

We followed the method described in Liu et al. (28). In brief, female C57BL/6 mice (6–10 weeks old, Changsheng biotechnology) were injected with pPB and the EPN3 expression vector, reconstituted in PBS, equivalent volume of 10% of the body weight, through the tail vein. The injection procedure was completed within 8 s, at the constant rate. All animal procedures were conducted in accordance with the Guidelines on the Care and Use of Laboratory Animals issued by Shenyang Medical College. The protocol was approved by the ethical committee of Shenyang Medical College (Approval No. SYYXY2021042801).



Statistical analysis

GraphPad Prism (GraphPad Software) was used for statistical analysis. Student's t-test was used to compare the differences between two groups. P-values <0.05 were considered statistically significant. For all the graphs in this study, error bars indicate the standard deviation of the duplicated or triplicated samples.



Database

Gene expression profiles of CHB patients (GSE83148) (29–31) and HBV-infected human-liver chimeric mice (GSE52752), were downloaded from the Gene Expression Omnibus (GEO) public database. The expression level of EPN3 was extracted by GEO2R.




Results


EPN3 negatively regulates HBV RNA

To screen differential genes induced by HBV replication, Huh7 cells were transfected with an HBV replicon plasmid, pPB (15), followed by RNA-seq (Figures 1A,B). The analysis identified 148 host genes significantly expressed (p < 0.05), 13 and 29 of which were up-regulated or down-regulated more than 2-fold, respectively. To further verify their functional importance on viral replication, Huh7 cells were transfected with siRNAs targeting top 5 up-regulated (EPN3, SEMA5B, UBD, KLRF1, TAS2R38) and top 2 down-regulated genes (SLC25A22, LPA), along with pPB. The result revealed that the HBV-RNA level was significantly higher in the siEPN3 transfectant, compared to the siRNA Negative control (siNC) transfectant (Figure 2A). Other siRNAs did not affect viral RNA. The results were further validated by two individual siRNAs (Figure 2B), and the cellular and supernatant DNA were consistently upregulated (Figure 2C). In addition, making use of the HBV pgRNA reporter system (pCMV1.2xHBV/NL) (22, 23) where the nano-luciferase (NL) reflects the pgRNA level, we found that siEPN3 consistently increased the NL activity compared to the siNC (Figure 2D).


[image: Figure 1]
FIGURE 1
 RNA-seq of pPB-transfected Huh7 cells. Huh7 cells were transfected with an HBV-replicon plasmid (pPB), or the empty vector. Three days after transfection, cells were harvested for RNA sequencing. The differentially expressed genes are indicated as a volcano plot (A) and a heatmap (B).
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FIGURE 2
 EPN3 negatively regulates the expression of HBV RNA. (A–C) Huh7 cells were transfected with pPB and the indicated siRNAs or the negative control (siNC), and 3 days later, the cells and supernatants were harvested. (A,B bottom, C top) HBV RNA and EPN3 mRNA were quantified by RT-qPCR analysis. (B, top) The total cellular lysates were subjected to western blot analysis. (C, middle and bottom) The cellular (middle) and secreted (bottom) HBV DNA levels were quantified by qPCR analysis. The level of siNC in the control sample is defined as value 1. (D) Cells were transfected with the pgRNA reporter (pCMV1.2xHBV/NL) and the helper plasmid (pcDNA-CP), and siEPN3. Three days later, cells were harvested and subjected to luciferase assay. The NL activity of siNC in the control sample is defined as value 100. (E-I) Cells were transfected with pPB and the FLAG-EPN3 expression vector, and harvested 72 h after transfection. (E) EPN3 overexpression was validated by Western blot. (F–H) The levels of cellular HBV RNA (F), cellular HBV DNA (G), and supernatant HBV DNA (H) were determined by RT-qPCR and DNA-qPCR. (I) The levels of supernatant HBsAg were measured by ELISA. The level of the empty vector is defined as value 1. (J) Cells were transfected with the EPN3, pgRNA reporter, and helper plasmids, and subjected to luciferase activity. The NL activity of the empty vector transfectant is defined as value 100. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are representative of two to three independent experiments.


Further, Huh7 cells were co-transfected with a FLAG-tagged EPN3 expression vector and pPB (Figure 2E). We found that the cellular HBV RNA, the cellular and the supernatant viral DNA, and the supernatant HBsAg were decreased in the EPN3, but not EPN1 or EPN2 transfectant, compared to the empty vector (Figures 2F–I and Supplementary Figures 1, 2). The consistent result was obtained when we utilized another hepatic cell line, HepG2 cells (Supplementary Figure 3). In addition, EPN3 consistently reduced luciferase activity in the pCMV1.2xHBV/NL transfectant (Figure 2J).

And in vivo, by mining the microarray data of chronic hepatitis B (CHB) liver (GSE83148) (29–31) and HBV-infected human-liver chimeric mice (GSE52752), we found that EPN3 was highly expressed in the HBV-infected liver, compared to the uninfected controls (Supplementary Figure 4). And when HBV was overexpressed in murine liver making use of hydrodynamic injection (32), we found that hepatic viral RNA, DNA, and serum HBsAg were reduced compared to those injected with the empty vector (Figure 3). Overall, these results suggest that EPN3 negatively regulates HBV-RNA.


[image: Figure 3]
FIGURE 3
 EPN3-mediated HBV RNA reduction in hydrodynamic-based mouse HBV model. C57BL/6 mice were hydrodynamically administrated with pPB and the FLAG-EPN3 or the empty vector (n = 3, each for the empty vector and EPN3). (A) Western blot analysis of the transfected liver. (B) HBV RNA levels were determined by RT-qPCR. (C) qPCR analyses of cytoplasmic HBV DNA. (D) The levels of HBsAg were measured in serum by ELISA. The level of the empty vector sample is defined as value 1. *P < 0.05, **P < 0.01.




EPN3 reduces HBV RNA in a transcription-coupled manner

We further attempted to clarify the molecular mechanism by which EPN3 negatively regulates the expression of HBV RNA. We treated Huh7 cells co-transfected with pPB and the EPN3 expression vector, with a transcriptional inhibitor, actinomycin D (ActD). We found that ActD decreased viral RNA in the empty vector transfected, but not the pEPN3 transfectant (Figure 4). The result suggested that EPN3 reduced the viral RNA, dependent on its transcription, as we previously demonstrated for a host cytidine deaminase, Activation-Induced cytidine Deaminase (AID) (22, 26).


[image: Figure 4]
FIGURE 4
 EPN3-mediated HBV downregulation depends on transcription. (A) Huh7 cells were transfected with pPB and the EPN3 expression vector. 54 h later, 100 ng/ml actinomycin D (ActD) was added for 18 h to block transcription. Total RNA was extracted to measure by RT-qPCR. The level of the empty vector without ActD treatment sample is defined as value 1. (B) Huh7 cells were transfected with EPN3, pCMV1.2xHBV/NL and pcDNA-CP. ActD was added 18 h before harvest, followed by luciferase assay. The NL activity of the empty vector without ActD treatment sample is defined as value 100. *P < 0.05, ****P < 0.0001. Data are representative of two to three independent experiments.


Further, we verified the necessity of epsilon stem-loop structure for EPN3-mediated reduction of HBV RNA, which was important and essential for HBV replication and AID-mediated reduction of HBV RNA (22). We utilized mutant pCMV1.2xHBV/NL vectors, whose 5′- and/or 3′-epsilon structures were lacking. When the Huh7 cells were co-transfected with the mutant pCMV1.2xHBV/NL vectors and an AID expression vector, the NL activity was reduced in the transfectants lacking either 5′- or 3′-epsilon, but not both (Figure 5). In sharp contrast, EPN3 suppressed even the one deficient for both 5′- and 3′-epsilon, suggesting its distinct antiviral mechanisms from AID's.
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FIGURE 5
 EPN3 does not require epsilon structures for its anti-HBV effect. Huh7 cells were transfected with the wildtype or mutated pCMV1.2xHBV/NL (WT: wild type, 5′-epsilon, 3′-epsilon, or no epsilon), along with pcDNA-CP and either empty, AID, or EPN3 expression vector. Three days after transfection, cells were harvested and luciferase activity was determined. The NL activity of the empty vector transfectants defined as value 100. *P < 0.05, **P < 0.01. Data are representative of two to three independent experiments.




EPN3 suppresses HBV replication, downstream of p53 and IFN-α

We further attempted to identify the pathophysiological context where EPN3 exerts its anti-HBV effect. We demonstrated that p53 reduced HBV (33), and Mori et al. reported that p53 up-regulated EPN3 in HCT116 cells (11). This led us to hypothesize that EPN3 is a downstream effector of p53-mediated anti-HBV pathway. Indeed, when we overexpressed HBV and GFP-p53, we found increased EPN3 expression and reciprocal HBV reduction, compared to the GFP transfectant (Figure 6A). In addition, when GFP-p53 and siEPN3 were co-transfected, the reduction of HBV RNA by GFP-p53 was attenuated by siEPN3 (Figure 6B), suggesting that EPN3 mediates anti-HBV activity of p53. IFN-α is one of the first-line anti-HBV drugs against chronic hepatitis B, inhibiting HBV replication (9, 33). We further investigated the role of EPN3 in the IFN-α-treated cells. When the Huh7 cells were treated with IFN-α, the expression of p53 and EPN3 was induced (Figure 6C top and middle and Supplementary Figure 5), while the HBV RNA was reciprocally reduced (Figure 6C bottom). Moreover, when the HBV replicon plasmid and the siEPN3 were co-transfected with Huh7 cells in the presence of IFN-α (Figure 6D), siEPN3 attenuated the reduction of viral RNA by IFN-α. Collectively, these results suggest that EPN3 negatively regulates the expression of HBV RNA, downstream of IFN-α/p53 pathway.
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FIGURE 6
 EPN3 suppresses HBV replication downstream of IFN-α and p53. (A) Huh7 cells were transfected with pPB and the p53 expression vector. Three days after transfection, cells were harvested and subjected to western blot (top) and RT-qPCR analysis (middle), and the culture supernatant was to ELISA (bottom). The level of the empty vector transfectant is defined as value 1. (B) Cells were transfected with pPB, the p53 expression vector, and siEPN3. Three days after transfection, cells were harvested for western blot (top) and RT-qPCR analysis (bottom). The level of siNC in the empty vector sample is defined as value 1. (C) The cells were transfected with pPB, and 6 h later, treated with IFN-α for 3 days. The expression level of EPN3 was determined using Western blot (top) and RT-qPCR analysis (middle). HBV RNA levels were determined by RT-qPCR (bottom). The level of untreated cells is defined as value 1. (D) Cells were transfected with pPB and siEPN3, and 6 h later, treated with 1,000 U/ml IFN-α for additional 3 days. The amount of EPN3 was determined using Western blot (top). HBV RNA levels were determined by RT-qPCR (bottom). The HBV level of the siNC transfectant, without IFN-α treatment is defined as value 1. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are representative of two to three independent experiments.





Discussion

In this study, we investigated the role of a vesicle protein EPN3, in HBV infection. EPN3 RNA is upregulated by HBV (Figure 1 and Supplementary Figure 4), and knockdown of EPN3 increased HBV RNA in pPB-transfected Huh7 cells (Figures 2A–D), and its overexpression decreased, in the hepatic cell lines and mice (Figures 2E–J, 3 and Supplementary Figures 1–3). The EPN3-mediated viral reduction was dependent on transcription, but not the epsilon structure of viral RNA (Figures 4, 5). And the EPN3-mediated anti-HBV effect was exerted downstream of IFN-α and p53 (Figure 6). This study demonstrates the role of EPN3, as an antiviral effector of IFN-α and p53.

We previously reported that AID recruits RNA degradation complex (RNA Exosome) to the epsilon structure of HBV RNA, which is degraded in a transcription-coupled manner (26). In addition, Mao et al. reported that zinc finger antiviral protein (ZAP), which promotes viral RNA decay, targets the terminal redundant region and epsilon structure (22, 34). In sharp contrast, EPN3 did not require the epsilon structure for its antiviral activity (Figure 5), suggesting a distinct mechanism from AID and ZAP. The exact molecular mechanism by which EPN3 negatively regulates viral RNA remains to be determined, including whether it affects viral promoter activity or viral RNA stability.

Epsins are ubiquitin-binding endocytic proteins, and modulates many signaling pathways including Notch, Rho, and VEGFR (35). Their expression is associated with low relapse-free survival in ER-negative breast cancer (36), and EPN3 reportedly induced cell migration and invasion (37). In association with p53, Mori et al. reported that EPN3 is a key mediator of apoptosis downstream of p53 (11). Compared to their roles in tumorigenesis, those in viral infection have not been investigated. Indeed, this study demonstrates the antiviral role of Epsins, downstream of IFN-α and p53 (Figure 6) and its exact mechanism remains to be determined. Of note, EPN3 reportedly increased E-cadherin endocytosis, and induced EMT expressed in the clathrin-coated vesicles and shuttled to the nucleus in keratinocytes (38). Given that the finding can be extended to hepatocytes, it is intriguing to speculate that EPN3 regulates the amount of host factors in the nucleus, important for the HBV core promoter activity and/or viral RNA stabilization.

This study has several limitations; Firstly, the exact molecular mechanism how EPN3 negatively regulates the expression of HBV RNA remains to be determined, especially whether it affects core promoter activity or RNA stability; Secondly, upregulation of EPN3 protein in vivo, by HBV infection remains to be verified. In addition, contribution of IFN-α-p53-EPN3 pathway to HBV elimination should be determined utilizing animal models, such as human liver chimeric mice.

In conclusion, we identified a novel host factor, EPN3, negatively regulating the expression of HBV RNA downstream of IFN-α-p53 pathway. Further studies are warranted to clarify the detailed molecular mechanism, and distinguish the anti-viral effect of IFN-α from unwanted side effects, and pave the way for more effective therapies with little side effects.



Data availability statement

 The data presented in the study are deposited in the BioProject database of the National Center for Biotechnology Information (Accession number PRJNA856828).



Ethics statement

The animal study was reviewed and approved by the Ethical Committee of Shenyang Medical College (Approval No. SYYXY2021042801).



Author contributions

GL: study conception and design. XL, CD, XX, FC, YinZ, and YupZ: data acquisition. XL, WZ, XF, YunZ, YS, BY, YB, BW, and YL: data analysis and interpretation. GL, XL, MM, and KW: manuscript preparation. GL: study supervision. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by grants from the National Natural Science Foundation of China (81702856).



Acknowledgments

We thank Dr. Hee-Young Kim at the Ajou University School of Medicine (South Korea) for providing HBV replicon plasmid (pPB).



Conflict of interest

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



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.944489/full#supplementary-material



References

 1. Datta S. An overview of molecular epidemiology of hepatitis B virus (HBV) in India. Virol J. (2008) 5:156. doi: 10.1186/1743-422X-5-156

 2. Xie W, Wang B, Wang X, Hou D, Su H, Huang H. Nine hub genes related to the prognosis of HBV-positive hepatocellular carcinoma identified by protein interaction analysis. Ann Transl Med. (2020) 8:478. doi: 10.21037/atm.2020.03.94

 3. Yoo J, Hann HW, Coben R, Conn M, DiMarino AJ. Update treatment for HBV infection and persistent risk for hepatocellular carcinoma: prospect for an HBV cure. Diseases. (2018) 6:27. doi: 10.3390/diseases6020027

 4. Li W, Cui X, Huo Q, Qi Y, Sun Y, Tan M, et al. Profile of HBV integration in the plasma DNA of hepatocellular carcinoma patients. Curr Genomics. (2019) 20:61–8. doi: 10.2174/1389202919666181002144336

 5. Wei F, Kang D, Cherukupalli S, Zalloum WA, Zhang T, Liu X, et al. Discovery and optimizing polycyclic pyridone compounds as anti-HBV agents. Expert Opin Ther Patents. (2020) 30:715–21. doi: 10.1080/13543776.2020.1801641

 6. Nassal M. Hepatitis B viruses: reverse transcription a different way. Virus Res. (2008) 134:235–49. doi: 10.1016/j.virusres.2007.12.024

 7. De Nicolo A, Simiele M, Pensi D, Boglione L, Allegra S, Di Perri G, et al. UPLC-MS/MS method for the simultaneous quantification of anti-HBV nucleos(t)ides analogs: entecavir, lamivudine, telbivudine and tenofovir in plasma of HBV infected patients. J Pharm Biomed Anal. (2015) 114:127–32. doi: 10.1016/j.jpba.2015.05.016

 8. Soriano V, Barreiro P, Benitez L, Pena J, de Mendoza MC. New antivirals for the treatment of chronic hepatitis B. Expert Opin Investig Drugs. (2017) 26:843–51. doi: 10.1080/13543784.2017.1333105

 9. Charatcharoenwitthaya P, Kaewdech A, Piratvisuth T. Controversies in treating chronic HBV: the role of PEG-interferon-alfa. Clin Liver Dis. (2021) 25:741–62. doi: 10.1016/j.cld.2021.06.004

 10. Wang Y, Pedigo CE, Inoue K, Tian X, Cross E, Ebenezer K, et al. Murine epsins play an integral role in podocyte function. J Am Soc Nephrol. (2020) 31:2870–86. doi: 10.1681/ASN.2020050691

 11. Mori J, Tanikawa C, Ohnishi N, Funauchi Y, Toyoshima O, Ueda K, et al. EPSIN 3, a novel p53 target, regulates the apoptotic pathway and gastric carcinogenesis. Neoplasia. (2017) 19:185–95. doi: 10.1016/j.neo.2016.12.010

 12. Nagano T, Nakano M, Nakashima A, Onishi K, Yamao S, Enari M, et al. Identification of cellular senescence-specific genes by comparative transcriptomics. Sci Rep. (2016) 6:31758. doi: 10.1038/srep31758

 13. Song K, Wu H, Rahman HN, Dong Y, Wen A, Brophy ML, et al. Endothelial epsins as regulators and potential therapeutic targets of tumor angiogenesis. Cell Mol Life Sci. (2017) 74:393–98. doi: 10.1007/s00018-016-2347-2

 14. Schiano Lomoriello I, Giangreco G, Iavarone C, Tordonato C, Caldieri G, Serio G, et al. A self-sustaining endocytic-based loop promotes breast cancer plasticity leading to aggressiveness and pro-metastatic behavior. Nat Commun. (2020) 11:3020. doi: 10.1038/s41467-020-16836-y

 15. Kim HY, Park GS, Kim EG, Kang SH, Shin HJ, Park S, et al. Oligomer synthesis by priming deficient polymerase in hepatitis B virus core particle. Virology. (2004) 322:22–30. doi: 10.1016/j.virol.2004.01.009

 16. Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. Embnet J. (2011) 17:10. doi: 10.14806/ej.17.1.200

 17. Siren J, Valimaki N, Makinen V. Indexing graphs for path queries with applications in genome research. IEEE/ACM Trans Comput Biol Bioinform. (2014) 11:375–88. doi: 10.1109/TCBB.2013.2297101

 18. Anders S, Pyl PT, Huber W. HTSeq–a Python framework to work with high-throughput sequencing data. Bioinformatics. (2015) 31:166–9. doi: 10.1093/bioinformatics/btu638

 19. Anders S, Huber W. Differential expression analysis for sequence count data. Genome Biol. (2010) 11:R106. doi: 10.1186/gb-2010-11-10-r106

 20. McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis of multifactor RNA-Seq experiments with respect to biological variation. Nucleic Acids Res. (2012) 40:4288–97. doi: 10.1093/nar/gks042

 21. Chen Y, Lun AT, Smyth GK. From reads to genes to pathways: differential expression analysis of RNA-Seq experiments using Rsubread and the edgeR quasi-likelihood pipeline. F1000Res. (2016) 5:1438. doi: 10.12688/f1000research.8987.1

 22. Que L, Liu G, Kitamura K, Wakae K, Li Y, Nishitsuji H, et al. Molecular characterization of AID-mediated reduction of hepatitis B virus transcripts. Virology. (2017) 510:281–8. doi: 10.1016/j.virol.2017.07.035

 23. Nishitsuji H, Ujino S, Shimizu Y, Harada K, Zhang J, Sugiyama M, et al. Novel reporter system to monitor early stages of the hepatitis B virus life cycle. Cancer Sci. (2015) 106:1616–24. doi: 10.1111/cas.12799

 24. Gunther S, Li BC, Miska S, Kruger DH, Meisel H, Will H. A novel method for efficient amplification of whole hepatitis B virus genomes permits rapid functional analysis and reveals deletion mutants in immunosuppressed patients. J Virol. (1995) 69:5437–44. doi: 10.1128/jvi.69.9.5437-5444.1995

 25. Kitamura K, Wang Z, Chowdhury S, Simadu M, Koura M, Muramatsu M. Uracil DNA glycosylase counteracts APOBEC3G-induced hypermutation of hepatitis B viral genomes: excision repair of covalently closed circular DNA. PLoS Pathog. (2013) 9:e1003361. doi: 10.1371/journal.ppat.1003361

 26. Liang G, Liu G, Kitamura K, Wang Z, Chowdhury S, Monjurul AM, et al. TGF-beta suppression of HBV RNA through AID-dependent recruitment of an RNA exosome complex. PLoS Pathog. (2015) 11:e1004780. doi: 10.1371/journal.ppat.1004780

 27. Jiang W, Wang L, Zhang Y, Li H. Circ-ATP5H induces hepatitis B virus replication and expression by regulating miR-138-5p/TNFAIP3 axis. Cancer Manag Res. (2020) 12:11031–40. doi: 10.2147/CMAR.S272983

 28. Liu F, Song Y, Liu D. Hydrodynamics-based transfection in animals by systemic administration of plasmid DNA. Gene Ther. (1999) 6:1258–66. doi: 10.1038/sj.gt.3300947

 29. Zhou W, Ma Y, Zhang J, Hu J, Zhang M, Wang Y, et al. Predictive model for inflammation grades of chronic hepatitis B: large-scale analysis of clinical parameters and gene expressions. Liver Int. (2017) 37:1632–41. doi: 10.1111/liv.13427

 30. Chen YY, Lin Y, Han PY, Jiang S, Che L, He CY, et al. HBx combined with AFB1 triggers hepatic steatosis via COX-2-mediated necrosome formation and mitochondrial dynamics disorder. J Cell Mol Med. (2019) 23:5920–33. doi: 10.1111/jcmm.14388

 31. Li Y, Que L, Fukano K, Koura M, Kitamura K, Zheng X, et al. MCPIP1 reduces HBV-RNA by targeting its epsilon structure. Sci Rep. (2020) 10:20763. doi: 10.1038/s41598-020-77166-z

 32. Liu FJ, Liu L, He F, Wang S, Zhou TY, Liu C, et al. Establishment and primary application of a mouse model with hepatitis B virus replication. World J Gastroenterol. (2007) 13:5324–30. doi: 10.3748/wjg.v13.i40.5324

 33. Liu G, Ma X, Wang Z, Wakae K, Yuan Y, He Z, et al. Adenosine deaminase acting on RNA-1 (ADAR1) inhibits hepatitis B virus (HBV) replication by enhancing microRNA-122 processing. J Biol Chem. (2019) 294:14043–54. doi: 10.1074/jbc.RA119.007970

 34. Mao R, Nie H, Cai D, Zhang J, Liu H, Yan R, et al. Inhibition of hepatitis B virus replication by the host zinc finger antiviral protein. PLoS Pathog. (2013) 9:e1003494. doi: 10.1371/journal.ppat.1003494

 35. Calaf GM, Crispin LA, Roy D, Aguayo F, Munoz JP, Bleak TC. Gene signatures induced by ionizing radiation as prognostic tools in an in vitro experimental breast cancer model. Cancers. (2021) 13:4571. doi: 10.3390/cancers13184571

 36. Song K, Cai X, Dong Y, Wu H, Wei Y, Shankavaram UT, et al. Epsins 1 and 2 promote NEMO linear ubiquitination via LUBAC to drive breast cancer development. J Clin Invest. (2021) 131:e129374. doi: 10.1172/JCI129374

 37. Wang Y, Song W, Kan P, Huang C, Ma Z, Wu Q, et al. Overexpression of Epsin 3 enhances migration and invasion of glioma cells by inducing epithelialmesenchymal transition. Oncol Rep. (2018) 40:3049–59. doi: 10.3892/or.2018.6691

 38. Spradling KD, McDaniel AE, Lohi J, Pilcher BK. Epsin 3 is a novel extracellular matrix-induced transcript specific to wounded epithelia. J Biol Chem. (2001) 276:29257–67. doi: 10.1074/jbc.M101663200



OPS/images/fmed-09-944489-g005.gif
Relative NL activity(%)

W ooty vector
O
-





OPS/images/fmed-09-944489-g006.gif





OPS/images/fmed-09-944489-g003.gif
e
——— |

BV RNAoH)

HBY ONAold)

=
li






OPS/images/fmed-09-944489-g004.gif
n
3

ey

FF 3 g
e w sy <






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Interferon-alpha responsible EPN3 regulates hepatitis B virus replication



		Introduction



		Materials and methods



		Cell culture, plasmids, and transfection



		RNA-seq



		RNA-seq data analyses



		Luciferase assay



		Quantitative PCR



		Western blot



		Enzyme-linked immunosorbent assay (ELISA)



		In vivo hydrodynamic-based plasmid delivery system



		Statistical analysis



		Database







		Results



		EPN3 negatively regulates HBV RNA



		EPN3 reduces HBV RNA in a transcription-coupled manner



		EPN3 suppresses HBV replication, downstream of p53 and IFN-α







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Interferon-alpha responsible
EPN3 regulates hepatitis B virus
replication





OPS/images/fmed-09-944489-g001.gif





OPS/images/fmed-09-944489-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Medicine





