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Difluoromethylornithine, a Decarboxylase 1 Inhibitor, Suppresses Hepatitis B Virus Replication by Reducing HBc Protein Levels
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Current treatments of hepatitis B virus (HBV) are limited to Interferon-alpha or the nucleos(t)ide analogs antiviral therapies, and it is crucial to develop and define new antiviral drugs to cure HBV. In this study, we explored the anti-HBV effect of difluoromethylornithine (DFMO), an irreversibly inhibitor of decarboxylase 1(ODC1) on HBV replication. Firstly, we found that polyamines contributed to HBV DNA replication via increasing levels of the HBV core protein (HBc) and capsids. In contrast, depletion of polyamines either by silencing the expression of ODC1 or DFMO treatment, resulted in decreasing viral DNA replication and levels of HBc protein and capsids. Furthermore, we found that DFMO decreased the stability of the HBc protein without affecting mRNA transcription and protein translation. Taken together, our findings demonstrate that DFMO inhibits HBV replication by reducing HBc stability and this may provide a new approach for HBV therapeutics.
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INTRODUCTION

Despite employing an effective vaccine against Hepatitis B virus (HBV) infection, HBV remains a major serious health problem worldwide (Lampertico et al., 2017). There are about 257 million people chronically infected worldwide and over 887,000 death every year according to a WHO report (Revill et al., 2019). Chronic hepatitis B infection (CHB) often causes cirrhosis and liver cancer (Schweitzer et al., 2015). Currently, there are two approved antiviral treatments for CHB, including interferon-alpha and nucleotide analogs (NAs) (Block et al., 2015). However, due to the side effects of interferon-alpha or drug resistance for NAs (Zoulim and Locarnini, 2009), the current therapeutic efficacy is limited. Therefore, developing new drugs that directly target either virus or host factors for an efficient CHB treatment is viral and urgent (Mitra et al., 2018).

HBV is a small enveloped virus that encodes four overlapping open-reading frames (ORFs) including the HBV polymerase, the HBV core protein (HBc), envelope proteins, and the HBV X protein (HBx) (Seeger and Mason, 2015). Increasing evidence has indicated that HBc displays multiple complex functions during HBV replication (Diab et al., 2018), including capsid formation (Zlotnick et al., 2015) and epigenetic regulation of the cccDNA minichromosomal (Pollicino et al., 2006). Thus, HBc has been considered to be an attractive and promising target for anti-HBV therapy (Block et al., 2015; Durantel and Zoulim, 2016), and drugs targeting HBc are currently under development (Stray and Zlotnick, 2006; Yang et al., 2016; Ko et al., 2019).

Polyamines (including putrescine, spermidine and spermine) are small and positively charged molecules, which are involved in several cellular processes in mammalian cells, such as gene transcription, mRNA translation, cell growth and apoptosis (Igarashi and Kashiwagi, 2015; Miller-Fleming et al., 2015). Polyamines are implicated in more aspects of the replication cycle of several viruses, such as the herpes simplex viruses (HSV), where polyamines facilitate viral DNA packaging (Gibson and Roizman, 1971) or chikungunya virus (CHIKV) and Zika virus (ZIKV), where polyamines are necessary for translation of the viral mRNAs (Mounce et al., 2016b). In addition, Ornithine decarboxylase (ODC1), spermidine synthase (SRM) and spermine synthase (SMS) are rate-limiting enzymes in intracellular polyamine biosynthetic pathway (Raul, 2007; Figure 1A). As an irreversibly inhibitor of ODC1, difluoromethylornithine (DFMO) has been recently demonstrated to inhibit replication of diverse viruses such as Human Cytomegalovirus (HCMV) (Gibson et al., 1984) by reducing the levels of polyamines. DFMO can also inhibit replication of several RNA virus, such as the Dengue virus (DENV), the ZIKV, the CHIKV (Mounce et al., 2016a). These findings have strengthened the importance of the polyamines toward viral replication and highlighted the potential function of DFMO as a promising broad-spectrum antiviral drug. However, whether polyamines are involved in HBV life cycle or DFMO can inhibit HBV replication are remain unclear. In this study, we revealed that polyamines were required for HBV replication, and DFMO could restrict the viral DNA replication via reducing the HBc protein levels. These results highlight the potential role of DFMO as a promising therapeutic target for anti-HBV treatment.
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FIGURE 1. ODC1 and SRM in polyamine metabolism pathway are upregulated in HBV replicating hepatoma cells. (A) Schematic representation of polyamine metabolic pathway including enzymes and inhibitors. As shown in the image, DFMO could block ODC1 activity, which converts ornithine into the putrescine. Putrescine is converted into spermidine via spermidine synthase (SRM), the spermidine is then converted into spermine via spermine synthase (SMS). (B) Real-time RT-PCR (left panel) and Western blotting (right panel) analysis of ODC1, SRM and SMS expression levels in the HepAD38 cells after removing tetracycline for different time points. (C) Real-time RT-PCR (left panel) and Western blotting (right panel) analysis of ODC1, SRM and SMS expression levels in the HepG2-NTCP infected with HBV particles with different time points. The levels of ODC1 and SRM proteins were normalized to the levels of GAPDH and analyzed by the Image J software. Statistical significance was determined by one-way ANOVA with the Tukey post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant). Data have been represented as the mean ± SD of three independent experiments.




MATERIALS AND METHODS


Cell Culture and Transfection

HepAD38, HepG2, HepG2-NTCP and HepG2.2.15 cells were cultured in the Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Biological Industries, Israel),100 U/mL penicillin (Gibco, Life Technologies, Carlsbad, CA, USA) and 100 g/mL streptomycin (Gibco, Life Technologies, Carlsbad, CA,USA). To maintain the stably transfected HBV genome, HepG2.2.15 cells were grown with 200 ug/mL G418. As for the HepAD38 cells, 1 μg/mL tetracycline was added to suppress HBV transcription.

The expression vector for 3xFlag-HBc was cloned with a N-terminal 3xFlag-tag in pEZ-M12 vector by Genecopoeia Company. The expression vectors for 3xFlag-HBx and 3xFlag-HBs are plasmids expressing the HBx and HBV surface antigen (HBs), respectively. Small interfering RNAs (siRNAs) were purchased from Shanghai Jima Company and the siRNA sequences targeting human ODC1, SRM, elF5A1 and elF5A2 have been showed in Supplement Table 1. Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) was used for the transfection of plasmids or siRNAs according to the manufacturer's instructions.



Chemical Reagents

DFMO was purchased from selleckchem company. Exogenous polyamines, spermidine and spermine were purchased from Sigma company. Cycloheximide (CHX) and carbobenzoxy-Leu-Leu-leucinal (MG132) were purchased from AbMole. All drugs were stored at −20°C until further use.



RNA Purification and Real-Time RT-PCR

For RNA purification, cells were washed with PBS and total RNA was extracted by TriZol (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. Purified RNA was transcribed into cDNA with Primescript RT reagent Kit with gDNA Eraser (Takara,Tokyo, Japan). Real-time RT-PCR was performed to determine the levels of target gene. Expression levels of GAPDH mRNA were used as an internal control, and the 2−ΔΔCt method was used for the final evaluation. Primers have been shown in Supplement Table 1.



Western Blotting

The methods for protein measurement in cell lysates and Western blotting were performed as described previously (Chen et al., 2018). The antibodies for immunoblots used in this study are follows: anti-HBc (B0586, Dako, Denmark), anti-flag (MA-1-91878, Thermo, USA), anti-ODC1(sc-398116, Santa Cruz, USA), anti-SRM (bs-17653R, Bioss, China), anti-elF5A (ET1610-49, Hangzhou Hua An Biotechnology, China), anti-HBs (NB100-62652, Novus, USA), anti-GAPDH (100242-MM05, Sino Biological, China). Quantifications of the immunoblot band intensities were analyzed by the Image J software.



Enzyme-Linked Immunosorbent Assay (ELISA)

Hepatitis B surface antigen (HBsAg) in cell supernatant was detected using an ELISA assay kit (KHB, Shang Hai, China) according to the manufacturer's protocol.



Virus Production and HBV Infection

For production of the HBV virions, supernatants of HepAD38 cells were filtered, precipitated with 10% PEG8000, and centrifuged as described previously (Chen et al., 2018). For HBV infection, the HepG2-NTCP cells were infected with HBV viral particles at 1,000 genome equivalents (GE) per cell in the presence of PEG8000. After removing virus from the infected cells, they were maintained in the Williams' E media before harvest.



Extraction and Quantitative Analysis of HBV DNA by Southern Blotting and Real-Time PCR

The method for the extraction and detection of intracellular HBV core-associated DNA was conducted as described previously (Chen et al., 2018). Briefly, the intracellular HBV core-associated DNA was extracted through a sucrose density gradient and purified by phenol/chloroform, then the extracted viral DNA was electrophoresed on 1.0% agarose gels and transferred into nylon membranes (Roche, Basel, Switzerland). After immobilization on the membranes, the viral DNA was detected by using the DIG high prime DNA labeling and detection starter kit (Roche Diagnostics). For the assessment of the HBV core-associated DNA levels by real-time PCR was conducted as previously described (Hu et al., 2018).



Native Gel Analysis of HBV Capsids

The method for the detection HBV core particles was conducted as described previously (Hu et al., 2018). Briefly, cell lysates were loaded on native 1% agarose gels, and the viral particles transferred onto a nitrocellulose (NC) membrane were probed with an anti-HBV core antibody (B0586, Dako, Denmark).



Drug Viability Assay

The cytotoxic effects of drugs employed in this research on human hepatoma cells were detected by using the Celltiter 96 aqueous non-radioactive cell proliferation assay (Promega, Madison, WI, USA). For that, cells were seeded into 96-well plates and maintained with drugs for 3 days, followed by measuring the absorbance at 490 nm according to the manufacturer's instruction.



Statistical Analysis

Statistics evaluations were performed using the GraphPad Prism8.0 (GraphPad Software, San Diego, CA, USA). Unpaired t-test or ANOVA by one way with Tukey post-hoc test was used to determine significant differences. Differences were considered as statistically significant as p < 0.05.




RESULTS


ODC1 and SRM in Polyamine Metabolism Pathway Are Up-Regulated in HBV Replicating Hepatoma Cells

ODC1, SRM and SMS are rate-limiting enzymes involved in intracellular polyamine biosynthetic pathway (Figure 1A), therefore, we initially investigated the expression of these three enzymes in the presence of HBV. In HBV-stable expressing cells HepAD38, the HBV replication was inducted by removing the tetracycline. The expression of ODC1 and SRM, but not for SMS, was gradually increased both at mRNA and the protein levels with HBc expression (Figure 1B). Furthermore, we examined the expression of ODC1, SRM and SMS in HepG2-NTCP cells that support HBV infection. We also found that the expression of ODC1 and SRM increased both at mRNA and the protein levels by an HBV infection (Figure 1C). These results suggested that ODC1 and SRM that regulate the levels of cellular polyamines were upregulated in HBV replication and infection cell models.



Silencing the Expression of ODC1 and SRM Decrease Levels of the HBV Core-Associated DNA and the HBc Protein

Next, we continued to test the potential function of ODC1 or SRM in regulating HBV replication. For that, the expression of ODC1 or SRM were knockdown by using specific siRNAs in HepAD38 (Figure 2A) and HBV markers, including HBsAg in the supernatant, the core-associated DNA levels or the HBc expression levels were then measured by ELISA, real-time PCR or Western blotting, respectively. As shown in Figures 2B–D, silencing of ODC1 or SRM in HepAD38 cells resulted in decreased viral DNA levels, as well as in the levels of the HBc protein and capsids, while it had no noticeable effect on the HBsAg levels in the supernatant. These findings suggest that ODC1 or SRM that regulating polyamine levels may be involved in HBV replication.
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FIGURE 2. Silencing the expression of ODC1 and SRM restricted the HBV replication and reduced the HBc protein levels. (A) HepAD38 cells were transfected siRNA targeting ODC1 or SRM, and the knockdown efficiency was confirmed by using real-time RT-PCR. (B) The HBsAg levels in the supernatants were determined by ELISA methods. (C) The intracellular HBV DNA was extracted and measured by real-time PCR. (D) The protein levels of HBc, SRM and ODC1 were measured by Western blotting using relevant antibodies, as described in Figure 1. For viral capsid measurement, HBV particles were analyzed using a Native gel assay. Statistical significance was determined by one-way ANOVA with Tukey post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant). Data have been represented as the mean ± SD of three independent experiments.




DFMO Inhibits HBV Core-Associated DNA Replication by Reducing HBc Protein Levels

To confirm the critical role of ODC1 in regulating HBV replication in hepatoma cells, we used DFMO, a specific inhibitor against ODC1. DFMO treatment had no impact on HBV-stably expressing cells HepAD38 or HepG2.2.15 cell viability even at high concentration of 200 μM (Figure 3A). The HepAD38 cells were firstly treated with DFMO under subtoxic concentration, and the HBV markers were then measured. As shown in Figure 3B, DFMO treatment reduced 34% of the viral DNA levels and 84% of the HBc protein levels at concentration of 100 μM. Similarly, the levels of viral capsids were also reduced significantly by DFMO treatment (Figure 3B). However, DFMO treatment had no effect on the levels of HBsAg in the supernatant or the HBV 3.5kb RNA levels (Figures 3C,D). Similar results were observed in HepG2.2.15 cells (Figures 3E,F). These results indicate that DFMO inhibits HBV core-associated DNA synthesis mostly by reducing HBc protein levels.


[image: Figure 3]
FIGURE 3. DFMO decreases the HBV core-associated DNA and the HBc protein levels. (A) Determination of cytotoxicity of HepAD38 and HepG2.2.15 cells treated DFMO measured by the MTS assay. (B) HepAD38 cells were treated with DFMO (50 μM, 100 μM), and the HBV core-associated DNA was extracted 3 days later and measured by Southern blot (upper panel). The levels of HBc and HBs were measured by Western blotting, and capsids levels were determined using a Native gel assay (lower panel) as described above. (C) The levels of HBsAg in supernatant were measured by ELISA assay as described above. (D) HBV 3.5kb RNA levels were measured by real-time RT-PCR. (E) and (F) HepG2.2.15 cells treated with DFMO (50, 100 μM) for 3 days, then the levels of intracellular HBV DNA or HBsAg levels in the supernatant were detected by real-time PCR (E) or ELISA assay (F). (G) DFMO decreased the infection capacity of the HBV particles. HepAD38 cells in the absence of tetracycline were treated with DSMO or DFMO with indicated concentration for 3 days, and the HBV viral particles were then collected and added to the HepG2-NTCP cells. Five days later, the cytoplasmic viral DNA were extracted and measured by real-time PCR. RC, relaxed circular; DL, double stranded linear; SS, single stranded. Experiments were performed in triplicate, and data are represented as means ± SD. Statistical significance was determined by one-way ANOVA with the Tukey post-hoc test (*p < 0.05; ns, not significant).


Next, to determine whether the decrease of HBc and HBV DNA levels had a potential impact on the infectiveness of this virus, HepAD38 cells were treated with DFMO for 3 days, followed by a collection of the HBV particles in the supernatants for an HepG2-NTCP cells infection. The cytoplasmic viral DNA was extracted and investigated by real-time PCR analysis. As shown in Figure 3G, the levels of viral DNA were decreased by 31% in the DFMO treatment group, suggesting that DFMO treatment reduced the infection capacity of viral particles. As DFMO target HBc, and nucleotide analogs such as LAM, and target HBV polymerase, we tested whether DFMO in combination with LAM led to the increased inhibition of the HBV DNA replication. Both LAM and DFMO reduced the HBV DNA levels. However, no significant combinatorial effect was observed (Supplement Figure 1).



Polyamines Facilitate Viral Replication and HBc Protein Levels

Considering that silencing of ODC1 or inhibition of polyamine biosynthesis by DFMO can deplete preexisting polyamines pools in cells (Gupta et al., 2016; Mounce et al., 2016b), we tested whether adding the exogenous polyamines could also affect HBV replication. First, HepAD38 cells were directly treated with polyamines for 3 days, and the intracellular viral DNA was extracted and measured by real-time PCR. As shown in Figures 4A–C, polyamines, without the DFMO pretreatment, had a minor effect of stimulating the viral DNA replication and the HBc protein levels, as well as moderate capsids levels, while no noticeable effect on HBsAg levels in the supernatant was observed. However, the addition of exogenous polyamines to the DFMO-pretreated HepAD38 cells significantly rescued the HBc protein and capsids levels (Figure 4D), suggesting HBV replication may requires threshold levels of polyamines.


[image: Figure 4]
FIGURE 4. Polyamines enhances the HBc protein levels. (A–C) HepAD38 cells were treated with polyamines mixture for 3 days, then the levels of intracellular HBV DNA, HBsAg in supernatant, HBc or capsids were measured using real-time PCR (A),(B) ELISA assay or (C) Western blotting. (D) HepAD38 cells were pretreated with DFMO (100 μM) for 3 days, then divide in four groups: the control (lane 1), DFMO-treated group (lane 2), group replenished with a polyamine mixture (lane 3 and 4) for another 3 days, followed with Western blotting or Native gels to measure the levels of HBc or viral capsids as described above. (E) Determination of cytotoxicity of HepAD38 treated spermidine or spermine measured by using the MTS assay. (F) HepAD38 cells were pretreated for 3 days with DFMO (100 μM) to deplete the levels of polyamines, followed by an addition of DFMO (100 μM), exogenous spermidine (10 μM) or spermine (10 μM) for another 3 days, then the levels of HBc protein or capsids were determined as described above. Statistical significance was determined by one-way ANOVA with the Tukey post-hoc test (*p < 0.05, ns, not significant). Mean ± SD values from three independent experiments have been shown.


Since spermine and spermidine are essential polyamines in mammals (Yuan et al., 2001; Moinard et al., 2005), then we investigated the potential function of spermine or spermidine toward an HBV replication. As expected, replenishment of spermidine or spermine at a subtoxic concentration to DFMO-pretreated HepAD38 cells rescued the HBc protein and capsids levels (Figures 4D,E), suggesting that polyamines stimulate viral replication by increasing HBc protein levels. Based on the data presented in Figures 2, 3, we conclude that polyamines were involved in HBV replication.



DFMO Reduces of HBc Protein Levels Independent of Transcription and Translation Regulation

As DFMO reduced, and polyamines increased the HBc protein levels Figures 3, 4, we investigated the underline mechanism of DFMO-mediated inhibition of the HBc protein levels. HepG2 cells were transfected with Flag-tagged HBc, HBx and HBs expression plasmids, and the cells were treated with 50 μM DFMO for 3 days. We observed that only HBc, but not for HBx or HBs protein levels were significantly reduced by DFMO treatment (Figure 5A), supporting our suggestion that DFMO inhibits viral replication mainly by targeting the HBc protein. In addition, DFMO treatment led to decreased protein levels of HBc without affecting its mRNA levels in HepG2 cells (Figure 5B), suggesting that DFMO inhibits HBc expression at the post-transcriptional level. Similar results were observed by replenishment spermidine or spermine to DFMO-pretreated HepG2 cells (Figure 5C).
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FIGURE 5. DFMO-mediated reduction of the HBc protein levels was independent of the transcription and translation pattern. (A) HepG2 cells were transfected with Flag-tagged HBs, Flag-tagged HBc, and Flag-tagged HBx plasmids, and treated with 50 μM DFMO for 3 days. Total proteins were extracted and subjected to Western Blotting. (B) HepG2 cells were transfected with Flag-tagged HBc plasmid, followed by DFMO treatment of different concentration for 3 days. The levels of HBc mRNA and protein were detected by using real-time RT-PCR (left panel) and Western blotting (right panel), respectively. (C) HepG2 cells were pretreated with 50 μM DFMO, then transfected with Flag-tagged HBc plasmid, followed by a replenishment using a polyamines mixture (5x), spermidine (10 μM) or spermine (10 μM) for another 3 days as described in Figure 4. The levels of HBc mRNA or proteins were determined by using real-time RT-PCR (left panel) or Western blotting (right panel). (D) HepAD38 cells were transfected siRNA targeting elF5A1 or elF5A2 and the levels of intracellular HBV DNA or HBc protein were determined by real-time PCR or Western blotting. Statistical significance was determined by using one-way ANOVA with the Tukey post-hoc test (*p < 0.05, ns, not significant). Mean ± SD values from three independent experiments have been shown.


It had been reported that spermidine is necessary for the hypusination of the eukaryotic initiation factor 5A(eIF5A) (Jao and Chen, 2006; Park, 2006). Hypusinated eIF5A is a translation factor that is currently regarded to be important for peptide chain elongation and broadly participates in the replication of multiple viruses, such as HIV, EBOV and HSV-1 (Malim et al., 1990; Olsen et al., 2016; Mounce et al., 2017). In mammalian cells, there are two isoforms of eIF5A, eIF5A1 and eIF5A2, which share 84% homology and both harbor the hypusine modification (Caraglia et al., 2013). We examined whether eIF5A was necessary for the HBc protein translation. However, silencing the expression of eIF5A1 or eIF5A2 had no noticeable effect on HBc protein levels or viral DNA replication (Figure 5D), which indicated that DFMO inhibited HBc protein levels independent of hypusination modification of eIF5A by spermidine.



DFMO Treatment Decreases the HBc Protein Stability

Finally, we investigated whether DFMO treatment affected the HBc protein stability. HepAD38 cells were pretreated with DFMO for 3 days, and after the removal of tetracycline from the medium to initiate HBV replication, cycloheximide (CHX) was added to the cells in order to block protein synthesis. As shown in Figure 6A, DFMO treatment significantly reduced the half-life of HBc protein in HepAD38 cells. Similar results were obtained in the HepG2 cells transfected with Flag-tagged HBc expression plasmid (Figure 6B). These findings suggested that DFMO inhibited the HBc protein levels by reducing its stability.
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FIGURE 6. DFMO decreased the HBc protein stability. (A) HepAD38 cells were treated with 100 μM DFMO in the absence of tetracycline for 3 days, and cultured then with 100 μg/mL CHX for indicated time periods. The steady-state levels of HBc were determined by Western blotting (left panel). Quantification of the HBc protein by ImageJ has been shown in the right panel. (B) HepG2 cells were treated with 50 μM DFMO for 3 days, then transfected with Flag-tagged HBc, followed with 100 μg/mL CHX treatment as described in A. (C) HepAD38 cells were treated with 100 μM DFMO for 3 days in the absence of tetracycline for 3 days, followed by a treatment with 10 μM MG132. The levels of HBc were measured by Western blotting analysis. (D) HepG2 cells treated with 50 μM DFMO, transfected with Flag-tagged HBc, cultured with MG132 as described in (C). The levels of HBc were measured by Western blotting analysis. Statistical significance was determined by one-way ANOVA with the Tukey post-hoc test (*p < 0.05, ns, not significant). Mean ± SD values from three independent experiments have been shown.


Next, we used a proteasome inhibitor MG132 to determine whether DFMO-mediated HBc degradation was dependent on the proteasome pathway. Indeed, the effects of DFMO treatment on downregulating the levels of HBc protein were abolished by MG132 treatment both in the HepAD38 and HepG2 cells (Figures 6C,D), indicating that DFMO inhibited the HBc protein levels via promoting its ubiquitination.




DISCUSSION

It is known that viruses can utilize host cell resources for their own replication. Understanding this process in more detail can provide strategies for the development of antiviral treatment. Polyamines play various roles within the mammalian cells, including gene transcription and mRNA translation (Childs et al., 2003; Pegg, 2009; Igarashi and Kashiwagi, 2015; Kashiwagi et al., 2018). The intracellular levels of polyamines are regulated by several rate-limiting enzymes such as ODC1, SRM and SMS. Recent reports have indicated that viral infection can affect polyamine synthesis, for instance via influencing the expression of the enzymes involved in regulation of the polyamine biosynthetic pathway and polyamine levels, and, as a consequence, contribute to their own replication during viral life cycle (Mounce et al., 2017). For example, the levels of ODC1 have been reported to increase in adenovirus-infected cells (Liu et al., 1985). Similarly, HCMV infection also stimulates the activity of ODC1 (Isom, 1979) and an increment of the spermine and spermidine levels (Clarke and Tyms, 1991). In contrast, the expression of ODC1, as well as the levels of spermine and spermidine have been reported to be reduced in cells harboring a full-length HCV replicon (Smirnova et al., 2017). In our study, we found that the expression of ODC1 and SRM were both upregulated in the HBV replication cells and cell models of infection (Figure 1). Furthermore, silencing the expression of ODC1 or SRM (Figure 2), as well as inhibition of polyamine biosynthesis with DFMO treatment (Figure 3), affected the replication of the viral intracellular DNA, the levels of the HBc protein and capsids, suggesting that HBV infection could utilize polyamine synthesis to regulate its replication. For the further mechanistic clarification of the polyamine metabolism, the cells pretreated with DFMO were replenished with exogenous polyamines, including the spermine or spermidine, which significantly rescued the HBc protein and capsids levels (Figure 4). This observation strengthens the important role of polyamines in promoting HBV replication during the HBV life cycle. However, supplementing cells directly with polyamines had slight effect on the replication of the viral DNA and the HBc protein levels and moderate influence on the capsids levels (Figure 4), suggesting that HBV replication required a threshold levels of polyamines. Similar results were observed for polyamines in CHIKV replication (Mounce et al., 2016b).

As a new emerging anti-viral drugs, DFMO inhibits replication of several viruses via complex pathways: for DNA virus, such as HCMV, DFMO represses the production of viruses by interfering with the viral assembly (Tyms and Williamson, 1982; Gibson et al., 1984); while for RNA viruses, such as CHIKV and ZIKV, DFMO exhibits broad spectrum of antiviral functions by depleting the polyamines pools (Mounce et al., 2016a). In addition, hypusination of eIF5A, a unique posttranslational modification of an aminobutyl moiety from the spermidine at the Lys50 site via deoxyhypusine synthase (DHPS), is necessary for viral protein translation (Olsen and Connor, 2017). As a result, reducing the levels of spermidine by DFMO treatment can also inhibits the expression of EBOV minigenome (Olsen et al., 2016, 2018). In our research, we revealed that DFMO reduces the HBc protein levels by promoting its ubiquitination (Figure 6), as a consequence, inhibiting HBV capsids levels and DNA replication (Figure 3). This finding provides a new insight into DFMO function against viral replication. It has been reported that HBc protein can be modified by ubiquitination, and lysine K7 and K96 were potential target sites for ubiquitination (Rost et al., 2006; Lubyova et al., 2017). In addition, Np95/ICBP90-like RING finger protein (NIRF), a novel E3 ubiquitin ligase, which could promote HBc protein degradation via binding to HBc (Qian et al., 2012). In our study, we found DFMO inhibited the HBc protein levels via promoting its ubiquitination. As DFMO is an inhibitor of ODC1, which would affect the cellular polyamines levels, it is possible that ODC1/polyamines may regulating the ubiquitination of HBc by affect the expression of E3 ubiquitin ligase such as NIRF. Further work for identification of DFMO role in the ubiquitination of HBc protein will help to clarify this mechanism. Of note, the concentration of DFMO for inhibition of HBV replication applied in our study was relatively high (100 μM), meanwhile, the concentration of 500 μM was used in other studies for testing a DFMO-mediated viral RNA replication (Mounce et al., 2016a). As the human ODC1 has a rapid turnover (t1/2 <1 h) (Heby et al., 2003), it is necessary to apply high doses of the treatment in these studies.

In summary, our findings demonstrate that DFMO restricts the HBV replication via targeting the HBc stability, which highlights the importance of DFMO and reveal a new mechanism against viral replication. Given that DFMO is the Food and Drug Administration (FDA)-approved drug used to treat female facial hirsutism (Wolf et al., 2007), human African trypanosomiasis (Pepin et al., 1987), and some cancers (Casero and Woster, 2009). More importantly, DFMO is safe to use and is well tolerated in humans (Creaven et al., 1993), which highlights the its potential values as an anti-HBV therapy.
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Figure S1. DFMO does not show combinational effect of inhibiting HBV DNA replication with LAM. HepAD38 cells were treated with DFMO (100 μM) or/and LAM (0.5 μM) for 3 days, and HBV core-associated DNA was extracted and measured by real-time PCR.



REFERENCES

 Block, T. M., Rawat, S., and Brosgart, C. L. (2015). Chronic hepatitis B: a wave of new therapies on the horizon. Antiviral Res. 121, 69–81. doi: 10.1016/j.antiviral.2015.06.014

 Caraglia, M., Park, M. H., Wolff, E. C., Marra, M., and Abbruzzese, A. (2013). eIF5A isoforms and cancer: two brothers for two functions? Amino Acids 44, 103–109. doi: 10.1007/s00726-011-1182-x

 Casero, R. A. Jr., and Woster, P. M. (2009). Recent advances in the development of polyamine analogues as antitumor agents. J. Med. Chem. 52, 4551–4573. doi: 10.1021/jm900187v

 Chen, Y., Hu, J., Cai, X., Huang, Y., Zhou, X., Tu, Z., et al. (2018). APOBEC3B edits HBV DNA and inhibits HBV replication during reverse transcription. Antiviral Res. 149, 16–25. doi: 10.1016/j.antiviral.2017.11.006

 Childs, A. C., Mehta, D. J., and Gerner, E. W. (2003). Polyamine-dependent gene expression. Cell Mol. Life Sci. 60, 1394–1406. doi: 10.1007/s00018-003-2332-4

 Clarke, J. R., and Tyms, A. S. (1991). Polyamine biosynthesis in cells infected with different clinical isolates of human cytomegalovirus. J. Med. Virol. 34, 212–216. doi: 10.1002/jmv.1890340403

 Creaven, P. J., Pendyala, L., and Petrelli, N. J. (1993). Evaluation of alpha-difluoromethylornithine as a potential chemopreventive agent: tolerance to daily oral administration in humans. Cancer Epidemiol. Biomarkers Prev. 2, 243–247. 

 Diab, A., Foca, A., Zoulim, F., Durantel, D., and Andrisani, O. (2018). The diverse functions of the hepatitis B core/capsid protein (HBc) in the viral life cycle: implications for the development of HBc-targeting antivirals. Antiviral Res. 149, 211–220. doi: 10.1016/j.antiviral.2017.11.015

 Durantel, D., and Zoulim, F. (2016). New antiviral targets for innovative treatment concepts for hepatitis B virus and hepatitis delta virus. J. Hepatol. 64, S117–S131. doi: 10.1016/j.jhep.2016.02.016

 Gibson, W., and Roizman, B. (1971). Compartmentalization of spermine and spermidine in the herpes simplex virion. Proc. Natl. Acad. Sci. U.S.A. 68, 2818–2821. doi: 10.1073/pnas.68.11.2818

 Gibson, W., Van Breemen, R., Fields, A., Lafemina, R., and Irmiere, A. (1984). D,L-alpha-difluoromethylornithine inhibits human cytomegalovirus replication. J. Virol. 50, 145–154. 

 Gupta, E. D., Pachauri, M., Ghosh, P. C., and Rajam, M. V. (2016). Targeting polyamine biosynthetic pathway through RNAi causes the abrogation of MCF 7 breast cancer cell line. Tumour Biol. 37, 1159–1171. doi: 10.1007/s13277-015-3912-2

 Heby, O., Roberts, S. C., and Ullman, B. (2003). Polyamine biosynthetic enzymes as drug targets in parasitic protozoa. Biochem. Soc. Trans. 31, 415–419. doi: 10.1042/bst0310415

 Hu, J., Qiao, M., Chen, Y., Tang, H., Zhang, W., Tang, D., et al. (2018). Cyclin E2-CDK2 mediates SAMHD1 phosphorylation to abrogate its restriction of HBV replication in hepatoma cells. FEBS Lett. 592, 1893–1904. doi: 10.1002/1873-3468.13105

 Igarashi, K., and Kashiwagi, K. (2015). Modulation of protein synthesis by polyamines. IUBMB Life 67, 160–169. doi: 10.1002/iub.1363

 Isom, H. C. (1979). Stimulation of ornithine decarboxylase by human cytomegalovirus. J. Gen. Virol. 42, 265–278. doi: 10.1099/0022-1317-42-2-265

 Jao, D. L., and Chen, K. Y. (2006). Tandem affinity purification revealed the hypusine-dependent binding of eukaryotic initiation factor 5A to the translating 80S ribosomal complex. J. Cell Biochem. 97, 583–598. doi: 10.1002/jcb.20658

 Kashiwagi, K., Terui, Y., and Igarashi, K. (2018). Modulation of protein synthesis by polyamines in mammalian cells. Methods Mol. Biol. 1694, 325–336. doi: 10.1007/978-1-4939-7398-9_27

 Ko, C., Bester, R., Zhou, X., Xu, Z., Blossey, C., Sacherl, J., et al. (2019). A new role for capsid assembly modulators to target mature hepatitis B virus capsids and prevent virus infection. Antimicrob. Agents Chemother. 64:aac.01440-19. doi: 10.1128/aac.01440-19

 Lampertico, P., Agarwal, K., Berg, T., Buti, M., Janssen, H., Papatheodoridis, G., et al. (2017). EASL 2017 clinical practice guidelines on the management of hepatitis B virus infection. J. Hepatol. 67, 370–398. doi: 10.1016/j.jhep.2017.03.021

 Liu, H. T., Baserga, R., and Mercer, W. E. (1985). Adenovirus type 2 activates cell cycle-dependent genes that are a subset of those activated by serum. Mol. Cell Biol. 5, 2936–2942. doi: 10.1128/mcb.5.11.2936

 Lubyova, B., Hodek, J., Zabransky, A., Prouzova, H., Hubalek, M., Hirsch, I., et al. (2017). PRMT5: a novel regulator of hepatitis B virus replication and an arginine methylase of HBV core. PLoS ONE 12:e0186982. doi: 10.1371/journal.pone.0186982

 Malim, M. H., Tiley, L. S., Mccarn, D. F., Rusche, J. R., Hauber, J., and Cullen, B. R. (1990). HIV-1 structural gene expression requires binding of the rev trans-activator to its RNA target sequence. Cell 60, 675–683. doi: 10.1016/0092-8674(90)90670-a

 Miller-Fleming, L., Olin-Sandoval, V., Campbell, K., and Ralser, M. (2015). Remaining mysteries of molecular biology: the role of polyamines in the cell. J. Mol. Biol. 427, 3389–3406. doi: 10.1016/j.jmb.2015.06.020

 Mitra, B., Thapa, R. J., Guo, H., and Block, T. M. (2018). Host functions used by hepatitis B virus to complete its life cycle: implications for developing host-targeting agents to treat chronic hepatitis B. Antiviral. Res. 158, 185–198. doi: 10.1016/j.antiviral.2018.08.014

 Moinard, C., Cynober, L., and de Bandt, J. P. (2005). Polyamines: metabolism and implications in human diseases. Clin. Nutr. 24, 184–197. doi: 10.1016/j.clnu.2004.11.001

 Mounce, B. C., Cesaro, T., Moratorio, G., Hooikaas, P. J., Yakovleva, A., Werneke, S. W., et al. (2016a). Inhibition of polyamine biosynthesis is a broad-spectrum strategy against RNA viruses. J. Virol. 90, 9683–9692. doi: 10.1128/jvi.01347-16

 Mounce, B. C., Olsen, M. E., and Vignuzzi, M. (2017). Polyamines and their role in virus infection. Microbiol. Mol. Biol. Rev. 81:00029-17. doi: 10.1128/mmbr.00029-17

 Mounce, B. C., Poirier, E. Z., Passoni, G., Simon-Loriere, E., Cesaro, T., Prot, M., et al. (2016b). Interferon-induced spermidine-spermine acetyltransferase and polyamine depletion restrict zika and chikungunya viruses. Cell Host Microbe. 20, 167–177. doi: 10.1016/j.chom.2016.06.011

 Olsen, M. E., and Connor, J. H. (2017). Hypusination of eIF5A as a target for antiviral therapy. DNA Cell Biol. 36, 198–201. doi: 10.1089/dna.2016.3611

 Olsen, M. E., Cressey, T. N., Muhlberger, E., and Connor, J. H. (2018). Differential Mechanisms for the involvement of polyamines and hypusinated eIF5A in ebola virus gene expression. J. Virol. 92:01260-18. doi: 10.1128/jvi.01260-18

 Olsen, M. E., Filone, C. M., Rozelle, D., Mire, C. E., Agans, K. N., Hensley, L., et al. (2016). Polyamines and hypusination are required for ebolavirus gene expression and replication. mBio 7:00882-16. doi: 10.1128/mBio.00882-16

 Park, M. H. (2006). The post-translational synthesis of a polyamine-derived amino acid, hypusine, in the eukaryotic translation initiation factor 5A (eIF5A). J. Biochem. 139, 161–169. doi: 10.1093/jb/mvj034

 Pegg, A. E. (2009). Mammalian polyamine metabolism and function. IUBMB Life 61, 880–894. doi: 10.1002/iub.230

 Pepin, J., Milord, F., Guern, C., and Schechter, P. J. (1987). Difluoromethylornithine for arseno-resistant Trypanosoma brucei gambiense sleeping sickness. Lancet 2, 1431–1433. doi: 10.1016/s0140-6736(87)91131-7

 Pollicino, T., Belloni, L., Raffa, G., Pediconi, N., Squadrito, G., Raimondo, G., et al. (2006). Hepatitis B virus replication is regulated by the acetylation status of hepatitis B virus cccDNA-bound H3 and H4 histones. Gastroenterology 130, 823–837. doi: 10.1053/j.gastro.2006.01.001

 Qian, G., Jin, F., Chang, L., Yang, Y., Peng, H., and Duan, C. (2012). NIRF, a novel ubiquitin ligase, interacts with hepatitis B virus core protein and promotes its degradation. Biotechnol. Lett. 34, 29–36. doi: 10.1007/s10529-011-0751-0

 Raul, F. (2007). Revival of 2-(difluoromethyl)ornithine (DFMO), an inhibitor of polyamine biosynthesis, as a cancer chemopreventive agent. Biochem. Soc. Trans. 35, 353–355. doi: 10.1042/bst0350353

 Revill, P. A., Chisari, F. V., Block, J. M., Dandri, M., Gehring, A. J., Guo, H., et al. (2019). A global scientific strategy to cure hepatitis B. Lancet Gastroenterol. Hepatol. 4, 545–558. doi: 10.1016/s2468-1253(19)30119-0

 Rost, M., Mann, S., Lambert, C., Doring, T., Thome, N., and Prange, R. (2006). Gamma-adaptin, a novel ubiquitin-interacting adaptor, and Nedd4 ubiquitin ligase control hepatitis B virus maturation. J. Biol. Chem. 281, 29297–29308. doi: 10.1074/jbc.M603517200

 Schweitzer, A., Horn, J., Mikolajczyk, R. T., Krause, G., and Ott, J. J. (2015). Estimations of worldwide prevalence of chronic hepatitis B virus infection: a systematic review of data published between 1965 and 2013. Lancet 386, 1546–1555. doi: 10.1016/s0140-6736(15)61412-x

 Seeger, C., and Mason, W. S. (2015). Molecular biology of hepatitis B virus infection. Virology 479-480, 672–686. doi: 10.1016/j.virol.2015.02.031

 Smirnova, O. A., Keinanen, T. A., Ivanova, O. N., Hyvonen, M. T., Khomutov, A. R., Kochetkov, S. N., et al. (2017). Hepatitis C virus alters metabolism of biogenic polyamines by affecting expression of key enzymes of their metabolism. Biochem. Biophys. Res. Commun. 483, 904–909. doi: 10.1016/j.bbrc.2017.01.032

 Stray, S. J., and Zlotnick, A. (2006). BAY 41-4109 has multiple effects on Hepatitis B virus capsid assembly. J. Mol. Recognit. 19, 542–548. doi: 10.1002/jmr.801

 Tyms, A. S., and Williamson, J. D. (1982). Inhibitors of polyamine biosynthesis block human cytomegalovirus replication. Nature 297, 690–691. doi: 10.1038/297690a0

 Wolf, J. E. Jr., Shander, D., Huber, F., Jackson, J., Lin, C. S., Mathes, B. M., et al. (2007). Randomized, double-blind clinical evaluation of the efficacy and safety of topical eflornithine HCl 13.9% cream in the treatment of women with facial hair. Int. J. Dermatol. 46, 94–98. doi: 10.1111/j.1365-4632.2006.03079.x

 Yang, L., Wang, Y. J., Chen, H. J., Shi, L. P., Tong, X. K., Zhang, Y. M., et al. (2016). Effect of a hepatitis B virus inhibitor, NZ-4, on capsid formation. Antiviral Res. 125, 25–33. doi: 10.1016/j.antiviral.2015.11.004

 Yuan, Q., Ray, R. M., Viar, M. J., and Johnson, L. R. (2001). Polyamine regulation of ornithine decarboxylase and its antizyme in intestinal epithelial cells. Am. J. Physiol. Gastrointest. Liver Physiol. 280, G130–G138. doi: 10.1152/ajpgi.2001.280.1.G130

 Zlotnick, A., Venkatakrishnan, B., Tan, Z., Lewellyn, E., Turner, W., and Francis, S. (2015). Core protein: a pleiotropic keystone in the HBV lifecycle. Antiviral. Res. 121, 82–93. doi: 10.1016/j.antiviral.2015.06.020

 Zoulim, F., and Locarnini, S. (2009). Hepatitis B virus resistance to nucleos(t)ide analogues. Gastroenterology 137, 1593–1608. doi: 10.1053/j.gastro.2009.08.063

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.

Copyright © 2020 Mao, Wang, Pi, Long, Chen, Cui, Huang and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcimb-10-00158-g005.gif





OPS/images/fcimb-10-00158-g006.gif





OPS/images/fcimb-10-00158-g003.gif
—_—— % e oy ——

oRH0 o T e

s i

IS

i

o 1
w S SR -

¢ .
e HepG2215
- —— wm 100 58 16

i P
E SMCELE
LE

pa s

S Capsids| oszrree
:

] —

e

H

| R e .





OPS/images/fcimb-10-00158-g004.gif
o
Hepao

aaal

i

Hepross

Pojomioss = 5% 107
100 122 138
]

.
=

o =
5

cmm!






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Difluoromethylornithine, a Decarboxylase 1 Inhibitor, Suppresses Hepatitis B Virus Replication by Reducing HBc Protein Levels



		Introduction



		Materials and Methods



		Cell Culture and Transfection



		Chemical Reagents



		RNA Purification and Real-Time RT-PCR



		Western Blotting



		Enzyme-Linked Immunosorbent Assay (ELISA)



		Virus Production and HBV Infection



		Extraction and Quantitative Analysis of HBV DNA by Southern Blotting and Real-Time PCR



		Native Gel Analysis of HBV Capsids



		Drug Viability Assay



		Statistical Analysis







		Results



		ODC1 and SRM in Polyamine Metabolism Pathway Are Up-Regulated in HBV Replicating Hepatoma Cells



		Silencing the Expression of ODC1 and SRM Decrease Levels of the HBV Core-Associated DNA and the HBc Protein



		DFMO Inhibits HBV Core-Associated DNA Replication by Reducing HBc Protein Levels



		Polyamines Facilitate Viral Replication and HBc Protein Levels



		DFMO Reduces of HBc Protein Levels Independent of Transcription and Translation Regulation



		DFMO Treatment Decreases the HBc Protein Stability







		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

Difluoromethylornithine, a
Decarboxylase 1 Inhibitor,
Suppresses Hepatitis B Virus
Replication by Reducing HBc
Protein Levels





OPS/images/fcimb-10-00158-g001.gif
A OFMO.

Omitins X1 putescinn B2 spermidins 5. sparmine

4 Fepaoss
HepAD3 . 5o o5 o7
Robie 10 1ot 27887

SELLE
-

- Bese o0 12 2 6

| =

oon
848

o

v
===

Hepz TG
Movetetan 00 05

— R e
ez






OPS/images/fcimb-10-00158-g002.gif
HepAD38










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





