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Background

Chronic hepatitis B virus (HBV) infection is a global health threat for which there is an urgent need to develop novel therapeutics.



Methods

Aurintricarboxylic acid (ATA) has been demonstrated with broad-spectrum antimicrobial and antiviral activities. In this study, we implemented ATA treatment in HBV-infected and HBV-transfected hepatocytes to uncover whether ATA inhibits HBV replication and its underlying mechanism.



Results

HBV DNA levels were significantly reduced, while viral proteins or transcripts were not altered. In contrast, ATA treatment did not further deteriorate HBV DNAs, viral proteins, and transcripts in hepatocytes transfected by an HBV RNase H dead mutant. Moreover, ATA showed an inhibitory effect on DNA synthesis in hepatocytes transfected with lamivudine-resistant HBV mutants.



Conclusions

ATA is a potent inhibitor of HBV replication by disrupting the RNase H activity of the viral polymerase.
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Introduction

Being a high-risk factor for liver cirrhosis and hepatocellular carcinoma, hepatitis B virus (HBV) infection is a global public health issue affecting hundreds of millions of people (1). With a diameter of ~42 nm, HBV per se is an icosahedral nanosized particle, where the virion envelop contains HBV surface antigen (HBsAg), and the nucleocapsid encompasses HBV e-antigen (HBeAg) and core antigen (HBcAg) in complexes with viral polymerase (Pol) and genome (Figures 1A, B) (2). The HBV genome owns a partially double-stranded relaxed circular DNA (rcDNA) of ~3.2 kilobase (kb) pairs, one incomplete (+)-strand and the other complete (−)-strand in a covalent bond with Pol at the 5′-end (3).




Figure 1 | Viral structure and protein domain of HBV and its life cycle in the host. (A) Illustration of HBV particle with structural features as indicated and discussed in the text. (B) Depiction of HBV multifunctional domains where critical residues and motifs are indicated. (C) Schematic illustration showing HBV infection and replication in the host cell. All steps are as indicated and discussed in the text. HBV, hepatitis B virus.



Upon infection, the specific binding between HBsAg pre-S1 in the HBV and sodium (Na+) taurocholate cotransporting polypeptide (NTCP) on the basolateral membrane of hepatocytes facilitates the receptor-mediated viral entry into the host, although other entry routes may also exist (Figure 1C) (4). The endocytotic virus is unenveloped and dissembled, followed by transportation of rcDNA into the nucleus and its complete ligation to form covalently closed circular DNA (cccDNA) (5). The cccDNA is further transcribed and processed to produce the pregenomic (pg) and precore viral RNAs for later translation of various viral proteins in the cytoplasm, including HBsAg, Pol, x proteins, and HBcAg (6). The core protein (HBc Ag) encapsidates pgRNA to form a nucleocapsid, where the Pol protein reverse-transcribes pgRNA to produce (−)-strand DNA. The Pol protein digests the pgRNA in the RNA·DNA hybrid through its RNase-H activity and synthesizes (+)-strand DNA to generate rcDNA in the nucleocapsid. The nucleocapsid is secreted as a virion after acquiring surface proteins (7). Interestingly, a point mutation (D737V) of Pol could abrogate its RNase H activity resulting in RNA·DNA hybrid in nucleocapsids (8). The vaccination against HBsAg has long proven valid in protecting vaccinees from HBV infection; however, once infected, due to HBV first forming covalently closed circular DNA (cccDNA) in the hepatocyte nucleus, a viral center molecule essential for HBV infection and persistence transcribes viral RNAs, including a replicative RNA intermediate called pgRNA, which encodes two viral proteins, HBV core (HBc) and HBV Pol. In general, cccDNA can persist throughout the life span of the quiescent hepatocytes without affecting their viability; therefore, viral elimination is ineffective. Currently, for chronic hepatitis B treatment, antiviral medications comprise of interferons aiming for serological clearance of HBsAg and nucleos(t)ides for inhibition of HBV Pol, showing limited success but developing substantial side effect and drug resistance (9). For example, lamivudine (also known as 3TC) is a cytidine dideoxynucleoside derivative and a potent inhibitor of reverse transcriptase in HBV replication. However, lamivudine treatment needs to be orally administered for a long period; otherwise, relapse occurs, causing genotype mutation and susceptibility loss (10).

Aurintricarboxylic acid (ATA) and its analogs have been shown to possess a broad spectrum of antiviral activity against a diversity of RNA/DNA viruses, including HIV (11), severe acute respiratory syndrome (SARS)-associated coronavirus (SARS-CoV) (12), and Zika virus (13). Lately, it has also been proposed as a potential inhibitor for SARS-CoV-2 infection (14). In solutions, ATA self-assembles to form a group of polymers with heterogeneous sizes, and their antiviral activity varies in proportion to the degree of polymerization and the ensuing molecular weight (15, 16). The mechanism regarding antiviral actions of ATA may be twofold: one is to thwart the binding between viral particles and the host cell surface (11, 17) and the other is to interfere with protein–nucleic acid interaction in the viral replication (16, 18). However, no research on the potential inhibition of HBV by ATA has been yet reported. Herein, through this study, we investigate the antiviral activity of ATA against HBV and the underlying mechanism of its action by employing lamivudine-resistant HBV mutants.



Materials and Methods


Compounds

ATA was purchased from Sigma-Aldrich (St. Louis, MO, USA). ATA was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) as a 100-mM stock solution and stored at −20°C.



Cell Culture and Transfection

HepaRG cells purchased from Thermo Fisher (Waltham, MA, USA; catalog no. HPRGC10) were cultured in William’s medium E (Invitrogen, Carlsbad, CA, USA) supplemented with 2 mM of l-glutamine, 200 units/ml of penicillin, 200 μg/ml of streptomycin, 10% fetal bovine serum (FBS), 5 μg/ml of insulin, 20 ng/ml of epidermal growth factor, 50 μM of hydrocortisone (Sigma-Aldrich), and 2% DMSO. Huh-7 or HepG2.2.15 cells purchased from ATCC Cell Bank (Manassas, VA, USA) were cultured in Dulbecco’s modified Eagle medium with 10 mM of HEPES, 200 units/ml of penicillin, 200 μg/ml of streptomycin, and 10% FBS. Plasmids were transfected into Huh-7 or HepaRG cells with Fugene 6 (Roche, Shanghai, China) or Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.



Hepatitis B Virus Infection

A 50-fold concentrated culture supernatant of HepG2.2.15 cells was used to prepare an infectious inoculum. The inoculum was prepared from freshly collected supernatants by precipitating viral particles in the presence of 6% polyethylene glycol 8000 (PEG8k). The virion pellets were resuspended in phosphate-buffered saline containing 25% FBS. Differentiated HepaRG cells (with 1 × 107 genome equivalent copies of HBV and 1 × 105 HepaRG cells were inoculated) were incubated with the concentrated infectious inoculum as reported for primary human hepatocytes and HepaRG cells (19). The secreted HBeAg, HBV DNA, and RNA were determined on the indicated days after infection.



Native Agarose Gel Electrophoresis Assay

Native agarose gel electrophoresis (NAGE) assays were performed as described previously (20). In brief, intact nucleocapsid particles were separated from crude extracts of HBV-replicating cells using agarose gel electrophoresis. Nucleocapsid particles within the gel were then denatured under alkaline conditions and transferred onto nitrocellulose membranes (Roche). Nucleocapsid DNA and core proteins were detected using Southern and Western blotting with a double-stranded HBV DNA probe spanning the whole viral genome and an anti-core antibody, respectively.



Expression Vectors

The HBV replicon or RNase H-defective replicon plasmid was described previously (8). Probe labeling and the development of Southern blotting signals were performed using an AlkPhos direct labeling system (Amersham, Little Chalfont, UK).



Quantitative PCR and Reverse Transcription PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) and treated twice with RNase-free DNase I (20, 21). Total RNA (1 μg) was used for reverse transcription, and the viral transcripts were quantified as described previously (20, 21). The results were normalized against the amplification results for internal control [i.e., glyceraldehyde 3-phosphate dehydrogenase (GAPDH)]. The primers used to detect HBV RNA were forward 5′-CGGAAATATACATCGTTTCCAT-3′ and reverse 5′-AAGAGTCCTCTTATGTAAGACCTT-3′, and the GAPDH primers were forward 5′-TGCACCACCAACTGCTTAGC-3′ and reverse 5′-GGCATGGACTGTGGTCATGAG-3′. RcDNA purification from either secreted virion or cytoplasm nucleocapsids was performed as previously described (22). Total RNA was extracted from cells using TRIzol according to the manufacturer’s instructions. Purified RNA (1 μg) was treated with DNase I (Invitrogen), immediately primed with oligo(dT) or random primers, and reverse transcribed using Superscript III reverse transcriptase (Invitrogen). Real-time PCR was performed using the ΔΔCt method.



Enzyme-Linked Immunosorbent Assay

HBeAg ELISA was performed as previously described (23).



Statistical Analysis

Statistical analysis was performed using Prism 6.0 (GraphPad software). Unpaired, two-tailed Student’s t-test was used for statistical comparison between groups, unless otherwise specifically mentioned.




Results


ATA Inhibits Hepatitis B Virus Replication

To examine the possible inhibition of HBV replication by ATA, we first used HepaRG cells for HBV infection since these cells express high levels of HBV receptor NTCP (4), and we treated HBV-infected HepaRG cells with different concentrations of ATA and so measured the HBeAg content. In this experiment, HepaRG cells were infected with HBV virions for 14 days in the absence or the presence of ATA at 5 (low) or 10 (high) μM, and viral loads (secreted HBeAg) in the supernatant were measured by HBe ELISA at different time points. As a result (Figure 2A), ATA inhibited HBV replication in the HepaRG cells in a dose-dependent manner. ATA continuously suppressed the HBeAg content, and on Day 14, 5 and 10 μg/ml of ATA reduced the HBeAg level to 63.4% and 27.2% of that with no treatment, respectively. Therefore, ATA had an inhibitory effect on HBV replication in HepaRG cells.




Figure 2 | ATA inhibits HBV replication in hepatocytes. (A) Differentiated HepaRG cells were infected with HBV virions for 14 days in the presence or absence of ATA at 5 (low) or 10 (high) μM, and viral production was measured by HBe ELISA at the time points as indicated. (B) Huh-7 cells were transfected with an HBV replicon plasmid (HBV1.5). At 24 h after transfection, cells were treated with or without ATA for 48 h, and HBV DNA was extracted from secreted HBV virions in the culture medium and measured by qPCR using HBV-specific primers. (C) HBV nucleocapsids in cell lysates in (B) were estimated using the NAGE assay followed by Southern or Western blotting with HBV DNA probes or anti-HBc antibody (NAGE assay). (D) Total RNA in (B) was extracted, and RT-qPCR was performed to measure HBV transcripts. (E) Huh-7 cells (96-well plate format, 5 × 104 cells/well, triplicates) were treated with the indicated doses. Cell proliferation assays were performed at 48 and 72 h post-treatment. Dotted line indicates the 50% toxicity. Data are expressed as mean ± SD from three triplicates. (F) HBV nucleocapsids in HepG2.2.15 cells were estimated using the NAGE assay followed by Southern or Western blotting with HBV DNA probes or anti-HBc antibody. (G) Total RNA in (F) was extracted, and RT-qPCR was performed to measure HBV transcripts against GAPDH. **p < 0.01; ns, not significant (two-tailed, unpaired Student’s t-test). Data are mean ± SEM of three independent experiments. All Western blotting data are representative of three independent experiments. ATA, aurintricarboxylic acid; HBV, hepatitis B virus; NAGE, native agarose gel electrophoresis.



We next explored ATA-mediated antiviral activity in HBV-transfected liver cells. Hepatocyte-derived cellular carcinoma Huh-7 cells were transfected with HBV replicon vectors for 24 h and further treated with or without ATA for 48 h before viral DNA in the supernatant containing the secreted virions was determined using qPCR (Figure 2B). The results showed that the treatment of ATA at 5 and 10 μM sustained the HBV DNA levels at 36.5% ± 4.2% and 23.4% ± 3.5% of that with no treatment, respectively, indicating a significant reduction of HBV production in ATA-treated hepatocytes (both p < 0.01). Moreover, in the cell lysates of different incubations as mentioned above, HBV nucleocapsids were estimated using NAGE assay, and total RNA was extracted to measure HBV transcripts using RT-qPCR. Levels of nucleocapsid-associated DNA (ncDNA) and cytoplasmic nucleocapsid core protein (i.e., HBcAg) were determined using HBV DNA probes and HBcAg antibody, respectively. In NAGE assays, the purified HBV particles were directly loaded onto a gel during electrophoresis, and thus ncDNA and HBV core (HBc) protein could be assessed using Southern and Western blotting, respectively, by HBV probes and an anti-HBV core protein antibody. As shown in Figure 2C, ATA treatments significantly lessened HBV DNA levels, whereas the HBcAg levels with or without ATA treatment were indistinguishable. This result revealed that the ATA had an inhibitory effect on viral DNAs but not on viral transcripts. This finding was confirmed when measuring HBV transcript levels using RT-qPCR. As shown in Figure 2D, HBV transcript from treatment with 5 or 10 μM of ATA displayed (1.03 ± 0.20)-fold or (0.92 ± 0.11)-fold of that with no treatment, showing no noticeable difference (p > 0.05). In addition, we also obtained the IC50 values of Huh-7 cells treated with ATA at different periods, which read 39.8 and 31.6 mM at times 48 and 72 h, respectively (Figure 2E).

We further used HBV stably expressing hepatocytes (HepG2.2.15 cells) to reaffirm the above findings with regard to the inhibitory machinery of ATA on HBV replication. At first, we applied NAGE assays to determine ncDNA and HBcAg levels in the presence or absence of ATA, and the results are shown in Figure 2F. It was consistently observed that ATA had a dose-dependent inhibition on ncDNA synthesis but not on HBcAg expression in HepG2.2.15 cells. Moreover, HBV transcripts became (1.00 ± 0.14)-, (0.89 ± 0.08)-, and (0.95 ± 0.04)-fold in the presence of 2.5, 5, and 10 μM of ATA (Figure 2G), respectively, compared to that with no treatment (all p > 0.05), confirming that ATA treatment did not impair HBV transcripts.



ATA Inhibits Hepatitis B Virus Pol RNase H Activity

Given the results insofar and the fact that ATA has been long regarded as a general inhibitor of nucleases, we postulated that ATA might inhibit HBV replication by blocking its Pol RNase H activity. To this end, a mutant HBV replicon plasmid was constructed where it expressed Pol protein with a point mutation D737V. This single amino acid replacement in the RNase H domain of the Pol protein causes the loss of its RNase H activity while maintaining DNA Pol activity, resulting in that HBV replication stalled at RNA/DNA hybrids in the nucleocapsids (8). We transfected Huh-7 cells with wild-type HBV or Pol RNase H dead mutant and further treated without or with ATA at different dosages. Results are shown in Figure 3A. While ATA had an inhibitory effect on wild-type HBV DNA levels but not on HBcAg levels, corroborating the results in Figure 1C, ATA treatment did not show any impact on HBV DNA levels in the RNase H dead mutant.




Figure 3 | ATA does not affect the Pol RNase H mutant HBV replication in hepatocytes. Huh-7 cells were transfected with an RNase H-defective HBV replicon plasmid (HBV1.5 ΔRNase H). At 24 h after transfection, cells were treated with or without ATA for 48 h, and HBV nucleocapsids in cell lysates were estimated (A) using the NAGE assay followed by Southern or Western blotting with HBV DNA probes or anti-HBc antibody (NAGE assay). (B) Total RNA was extracted in panel (A) and HBV transcripts were measured by RT-qPCR normalized by GAPDH. ns, not significant (two-tailed, unpaired Student’s t-test). Data are mean ± SEM of three independent experiments. All Western blotting data are representative of three independent experiments. ATA, aurintricarboxylic acid; Pol, polymerase; HBV, hepatitis B virus; NAGE, native agarose gel electrophoresis.



In parallel, total RNA extracted from cell lysates (wild-type HBV or D737V mutant transfected Huh-7 cells) without or with ATA treatment was measured for viral transcript levels (Figure 3B). In wild-type HBV transfected cells, treatment with 5 and 10 μM of ATA did not inhibit viral transcripts, as HBV transcript levels remain (0.98 ± 0.19)-fold (p > 0.05) and (0.96 ± 0.03)-fold (p > 0.05), respectively, compared to that without ATA treatment. In contrast, viral transcript in D737V HBV mutant transfected cells was reduced to (0.47 ± 0.03)-fold of that in wild-type HBV transfected counterpart (p < 0.001), verifying the halted viral replication in this mutant-transfected host. Nevertheless, 5 or 10 μM of ATA treatment did not deteriorate viral transcripts in D737V HBV mutant transfected cells, validating that ATA treatment did not impair HBV transcripts. Put together, no noticeable inhibitory effect on viral transcripts of wild-type or RNase H-defective mutant HBV was induced by ATA treatment. Therefore, ATA inhibits HBV replication by disrupting viral Pol RNase H activity and triggering HBV stalls at RNA/DNA hybrids, evincing a potential new reagent to treat HBV infection.



ATA Inhibits Viral Replication of Drug-Resistant Mutant Hepatitis B Virus

Since ATA showed a distinctive mechanism to inhibit HBV Pol RNase H activity, we next determined whether the lamivudine-resistant HBV could be inhibited by ATA. In the following experiments, we transfected YIDD, YVDD, and YMDD (wild-type) HBV into hepatocytes, and we treated the cells without or with ATA or lamivudine. The YMDD motif is highly conserved in the Pol of the retroviruses, where M552I and M552V mutations were found predominant in long-term lamivudine-treated HBV patients who developed drug resistance (24). Results are shown in Figure 4A. It demonstrated that while both ATA and lamivudine significantly inhibited wild-type HBV ncDNA levels, ATA (but not lamivudine) treatment substantially lowered viral DNA levels in YIDD and YVDD mutants. At the same time, ATA or lamivudine treatment did not alter the levels of HBcAg proteins. Furthermore, HBV transcripts were intact in the presence of ATA or lamivudine at the dosages applied (Figure 4B). Taken together, ATA could inhibit lamivudine-resistant HBV mutants, suggesting a potent reagent against HBV genotype mutations.




Figure 4 | ATA inhibits lamivudine-resistant mutant HBV replication. Huh-7 cells were transfected with HBV replicon plasmids, as indicated. At 24 h after transfection, cells were treated with or without 3TC or ATA for 48 h, and HBV nucleocapsids in cell lysates were estimated (A) using the NAGE assay followed by Southern or Western blotting with HBV DNA probes or anti-HBc antibody (NAGE assay). (B) Total RNA was extracted in panel (A), and HBV transcripts were measured by RT-qPCR normalized by GAPDH. Data are mean ± SEM of three independent experiments. All Western blotting data are representative of three independent experiments. ATA, aurintricarboxylic acid; HBV, hepatitis B virus; NAGE, native agarose gel electrophoresis.






Discussions

In this study, we report for the very first time that ATA owns a potent inhibitory activity for HBV Pol-mediated DNA synthesis in both wild-type and lamivudine-resistant hepatocytes. ATA has been reported with inhibitory activities in a variety of DNA or RNA viruses and with minimized toxicity to a diversity of cells (25). Upon desolvation in aqueous solutions, ATA forms polymerized compounds of polyanionic aromatic structure and so becomes highly negatively charged. This feature promotes its binding to positively charged viral envelope glycoproteins, prohibiting viruses from docking onto cell membranes and further entering the host (11). In addition, ATA is a potent inhibitor of endonuclease activity and protein–nucleic acid interactions (18, 26). This inhibition might be attributed to polyanionic ATAs outcompeting nucleic acids in binding to the active sites of endonucleases, stopping the formation of protein–nucleic acid complexes (16).

HBV replication relies on the proper functioning of the encoded Pol, a multifunctional enzyme that comprises four domains: terminal protein (TP), spacer, reverse transcriptase (RT)/DNA Pol (HP), and RNase H (Figure 1B) (27). Importantly, HBV replication is governed by the RT to employ viral pgRNA template to synthesize (−)-strand DNA, followed by the RNase H cleavage of RNA/DNA heteroduplex, and the HP synthesis of (−)-strand DNA to (+)-strand DNA for further formation of rcDNA (28). In our study, we showed that in the absence of RNase H activity, ATA treatment did not further impair HBV transcripts or HBV DNA levels, suggesting that the drug target of ATA may reside in the RNase H domain rather than the RT domain. HBV D737V mutant was reported with the compromised capability of synthesizing truncated (−)-strand of viral DNA, but not of (+)-strand (8). Therefore, it was derived that ATA might not affect (−)-strand HBV DNA synthesis by retaining the DNA Pol activity of Pol. Instead, ATA could insult RNase H activity of Pol, leading to the formation of RNA/DNA hybrids and retardation of HBV replication. As a result, rcDNA synthesis was stuck. Further experimental outcomes using lamivudine-resistant mutants whose variations in the YMDD motif fall in the RT domain added that ATA inhibits HBV replications via targeting the RNase H domain.

In the RNase H domain of human HBV, a conserved “DEDD” motif together with residues R703 and R781 has been thought of as a critical catalytic site to fulfill the RNase H activity (29, 30). Through electrostatic interactions, polyanionic ATA, similar to clinically tried or approved nucleos(t)ides, outcompetes the binding of nucleic acids to restrain RNA cleavage in the RNA/DNA hybrids, thereby interrupting the HBV replication in the host to produce progeny virions. More intriguingly, polymerized ATA possesses a unique conjugation structure along their central carbon backbone as well as across the quinone methide moiety (Figure 5), casting a “magnetic” net to the catalyzing enzymes via much increased affinity, such as aromatic stacking, hydrogen bonding, and electronic interaction, finally blocking the nucleic acid attachment. More studies to understand the interplays between ATA and HBV Pol are still underway.




Figure 5 | ATA polymerizes in the aqueous solutions and forms conjugation structures. The mechanism with regard to ATA polymer formation, indicating a conjugation structure along the unsaturated carbon backbone (red) as well as across the quinone methide moiety (green), shown in the polymerized ATA structure. ATA, aurintricarboxylic acid.
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