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Abstract

:

Hepatitis B virus (HBV) X protein (HBx) is a viral regulatory and multifunctional protein. It is well-known that the canonical HBx reading frame bears two phylogenetically conserved internal in-frame translational initiation codons at Met2 and Met3, thus possibly generating divergent N-terminal smaller isoforms during translation. Here, we demonstrate that the three distinct HBx isoforms are generated from the ectopically expressed HBV HBx gene, named XF (full-length), XM (medium-length), and XS (short-length); they display different subcellular localizations when expressed individually in cultured hepatoma cells. Particularly, the smallest HBx isoform, XS, displayed a predominantly cytoplasmic localization. To study HBx proteins during viral replication, we performed site-directed mutagenesis to target the individual or combinatorial expression of the HBx isoforms within the HBV viral backbone (full viral genome). Our results indicate that of all HBx isoforms, only the smallest HBx isoform, XS, can restore WT levels of HBV replication, and bind to the viral mini chromosome, thereby establishing an active chromatin state, highlighting its crucial activities during HBV replication. Intriguingly, we found that sequences of HBV HBx genotype H are devoid of the conserved Met3 position, and therefore HBV genotype H infection is naturally silent for the expression of the HBx XS isoform. Finally, we found that the HBx XM (medium-length) isoform shares significant sequence similarity with the N-terminus domain of the COMMD8 protein, a member of the copper metabolism MURR1 domain-containing (COMMD) protein family. This novel finding might facilitate studies on the phylogenetic origin of the HBV X protein. The identification and functional characterization of its isoforms will shift the paradigm by changing the concept of HBx from being a unique, canonical, and multifunctional protein toward the occurrence of different HBx isoforms, carrying out different overlapping functions at different subcellular localizations during HBV genome replication. Significantly, our current work unveils new crucial HBV targets to study for potential antiviral research, and human virus pathogenesis.
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1. Introduction


Hepatitis B virus (HBV) infection is a major health problem affecting millions of people globally. Even though the administration of an effective prophylactic vaccine has significantly reduced new cases since the 1980s, a therapeutic cure for chronic hepatitis B is still unavailable. HBV acute infection can progress to chronic disease and liver damage such as cirrhosis, liver failure, and hepatocellular carcinoma (HCC). In 2015, the WHO estimated that 257 million individuals are chronically infected with HBV, corresponding to 3.5% of the global population [1]. Thus, chronic infection by HBV is considered a global public health catastrophe with millions of people affected [2].



HBV is a small, enveloped DNA virus and a member of the Hepadnaviridae family. The HBV genome is a partially double-stranded, circular DNA molecule of 3.2 kb. Upon infection, the viral genome is repaired, forming the viral intermediate covalently closed circular DNA, cccDNA, which is kept in the nucleus of the infected hepatocyte and is responsible for persistent infection [3]. Ten genotypes have been identified for HBV: genotypes A to J [4]. The HBV genotypes show different geographical distributions. Genotypes F and H are autochthonous and prevalent in Latin America [5]. Genotype F also circulates in Alaska where HBV subgenotype F1b is prevalent. The genetic variability of the different HBV isolates is related to disease outcomes [6]. This is particularly so for HBV genotype F, which is associated with early, frequent, and rapid progression to HCC [7,8,9,10,11]. In contrast, infection with HBV genotype H, circulating in Mexico, is characterized by low endemicity, low viral load, few cases of acute and chronic liver diseases, and a low prevalence of HCC [12,13]. Patients infected with the HBV genotype H are usually asymptomatic without clinical manifestations of liver disease [14,15]. In addition, HBV genotype H infection has a high prevalence of occult hepatitis B infection (OBI), which is defined by the low presence of circulating HBV DNA in either serum or liver tissue in patients who were diagnosed negative for HBsAg [14]. The molecular determinants that differentiate the HBV infection outcome of these two genotypes are unknown.



The HBx protein is encoded by the smallest HBV gene and is the only known viral regulatory protein. The canonical HBx protein is essential for viral replication and HBV infection [16,17,18,19,20,21]. The full-length canonical HBx protein is composed of 154 residues that are organized into two distinct functional domains (Figure 1A) [22,23,24,25,26].



The N-terminal domain (residues 1 to 50) is composed of a highly conserved region displaying transrepressor activity (residues 21–50) [29] as well as a Ser/Pro-rich region [23]. Importantly, the HBx N-terminal residues 1 to 42 are dispensable for replication [30]. On the other hand, the C-terminal region (residues 52 to 142) contains a transactivation domain, which is required for transcriptional transactivation and enhancement of HBV genome replication [31,32]. Further mapping analyses of the C-terminal domain showed that the region comprising residues 58 to 119 is involved in signal transduction activities [33], region residues 120–140 in nuclear transactivation mechanisms [34,35], and the last 20 residues in HBx stability [35]. The negative regulatory domain represses the transactivation activity of the HBx C-terminal domain, and thus represses HBx transactivation (Figure 1A) [22]. Furthermore, the C-terminal domain of HBx contains sequences important for mitochondrial localization [36,37]. The 3D structure of viral HBx is unknown. The N-terminus bears a highly conserved but unstructured and disordered region [38]. On the other hand, the HBx C-terminal is more structured [39] with a proposed zinc finger motif [40], a conserved alpha-helix (residues 88 to 100), the H-box [41], and a BH3-like motif (residues 113–135) [42,43] (Figure 1A). Thus, for canonical HBx, most of the multifunctional activities reside within its C-terminal domain whereas the N-terminal region is apparently not essential for viral protein function.



There is no consensus on the HBx subcellular localization as some in vitro and liver biopsy analyses have reported that it is preferentially cytoplasmic [44,45,46,47]; others have shown it to be a nuclear protein [48,49]. However, this discrepancy might be because HBx subcellular localization is influenced by its relative abundance. Thus, when HBx is expressed at low levels, it is predominantly nuclear, but it accumulates in the cytoplasm when expressed at higher levels [50,51]. This differential nuclear/cytoplasmic localization might explain the numerous functions of the HBx protein [52,53]. In the cytoplasm, HBx can alter mitochondria metabolism, apoptosis, and a variety of signal transduction cascades [17,54,55,56,57,58]. In the nucleus, HBx transactivates a diverse array of viral and cellular promoters [59]. Nuclear HBx is required due to its functional role in viral replication [60]. Given that HBx does not directly bind to dsDNA [61], its ability to activate the transcription of host genes is thought to proceed via protein–protein interactions with nuclear proteins such as transcription factors [23,62,63,64,65,66]. Multiple DNA repair pathways are affected by the expression of HBx [67]. Together, these findings suggest that HBx expression may play a role in cell pathogenesis and development of HCC, by targeting different cellular pathways at different subcellular locations.



Alternative translation initiation (ATI) is a mechanism by which a single mRNA results in the translation of protein isoforms with different N-termini due to more than one initiation codon in the same reading frame [68,69,70]. The ATI mechanism diversifies the proteome, altering function and/or subcellular localization of proteins [70]. HBV gene expression is regulated by four promoters and two enhancers, leading to the production of six distinct mRNAs, including the 0.7-kb HBx mRNA [26]. Transcription of the canonical HBx is regulated by the X promoter, located upstream of the transcription initiation site. The minimal promoter sequence overlaps the 3′ end of the enhancer I [71,72,73]. The viral HBx mRNA bears two internal in-frame translation initiation codons at the positions of AUG2 and AUG3 as detailed in Figure 1B. These positions are highly conserved across HBV genotypes. Alternative translation initiation from these two internal AUG codons would produce two additional divergent N-terminal smaller HBx isoforms (Figure 1A,B). Mutational analyses of the in-frame internal AUG codons have provided some evidence that divergent N-terminus HBx isoforms are produced by ATI [74]. Moreover, the HBx protein isoforms were found to be functionally different [75,76]. However, these analyses were performed in heterologous systems, using ectopic expression of the HBx ORF in cultured cells. Recently, a smaller HBx isoform protein was detected by ribosomal profiling of HBV-replicating cells corresponding to the HBx isoform initiated at AUG2 (Figure 1A,B). This isoform displayed a different function than that of the canonical HBx [77].



After infection, the HBV virion DNA is transformed to cccDNA, which serves as the template for all viral transcription [78]. In the nucleus, HBV cccDNA is organized as a mini chromosome forming the typical “beads-on-a-string” structure of cellular chromatin, with regularly spaced nucleosomes containing histone and non-histone proteins [79,80]. HBcAg and HBx viral proteins bind to the cccDNA mini chromosome, altering its structure [81]. Many groups, including our group, have characterized how post-translational modifications on the histones associated with cccDNA regulate viral transcription [82,83,84,85,86,87,88,89]. Histone methylation of arginine 3 on histone H4, methylation of lysines 9 and 27 on histone H3, and hypoacetylation of histones are all modifications that correlate with repressed transcription, while histone methylation of lysine 4 on histone H3 and hyperacetylation of histones H3 and H4 correlate with active transcription [89]. Consistently, chromatin-modifying enzymes that establish modifications on histone proteins are recruited to the cccDNA [82,84,85,86,89]. Histone variants also regulate HBV viral transcription, as illustrated by H3.3, which is assembled into the cccDNA and activates transcription [90]. Importantly, the HBx protein modulates the cccDNA chromatin landscape by regulating the recruitment of chromatin-modifying enzymes [82,85,86,87,91,92,93,94]. Indeed, when HBx protein is present, cccDNA is in an active chromatin state that promotes HBV transcription, genome replication, and production of viral progeny [82,84,86]. In contrast, in the absence of HBx, the cccDNA is in an inactive chromatin state [21,82,84,87]. Finally, it has been proposed that HBV HBx-deficient infection resembles the occult HBV infection observed in clinical cases: low transcriptional activity and persistence of the viral DNA [95], suggesting that the cccDNA is in an inactive chromatin state, as indicated. It is worth noting that infection by HBV genotype H has a high prevalence of occult HBV infection. Thus, it would be interesting to investigate the chromatin landscape of genotype H. All experiments so far have studied the canonical HBx protein; the role of smaller HBx isoforms on the regulation of cccDNA has not yet been investigated.



Since HBx protein is the only nonstructural and regulatory protein of HBV, the protein has been intensively investigated, utilizing HBV X-deficient constructs in several cellular and animal model systems, using either viral DNA transfection or HBV virus infection [16,17,18,19,20,21,25,44,60,82,96,97,98]. However, the requirement for HBx during HBV replication strongly depends on the assay and model system utilized, and thus the results have been variable. Commonly, to abolish the expression of HBx protein within the HBV backbone, a premature termination codon is engineered in the eighth codon of the HBx reading frame [96]. Based on the information presented above, this site-directed mutagenesis only abolishes the expression of the full-length canonical HBx protein (from AUG1), whereas both in-frame positions, AUG2 and AUG3, remain intact, and can direct for the synthesis of two divergent N-terminal smaller HBx isoforms from the same reading frame (Figure 1A,B). Herein, we have performed systematic site-directed mutagenesis to target the individual expression of the different divergent N-terminal HBx isoforms within the HBV viral backbone and assayed them during HBV replication. Our results unveil the different roles of HBx isoforms both in the presence or absence of the full-length HBx protein. We anticipate that our results will change the paradigm of HBx from being a unique canonical protein to becoming multiple N-terminal divergent HBx protein isoforms with overlapping roles during HBV replication. Notably, our current data unveil new crucial HBV targets to study for potential antiviral research, and human virus pathogenesis.




2. Materials and Methods


2.1. Antibodies


GFP (Abcam (#ab290) Waltham, MA, USA), histone H3 (Abcam (#ab1791) Waltham, MA, USA), H3K4me3 (Abcam (#ab8580) Waltham, MA, USA), H3K9me2 (Abcam (#ab1220) Waltham, MA, USA), anti-FLAG beads (Sigma Aldrich (#A2220), St. Louis, MO, USA).




2.2. Site-Directed Mutagenesis


The HBx reading frame (into AcGFP vector, Clontech, Takara Bio Inc., Mountain View, CA, USA) or the full-length HBV genome (into the TOPO XL PCR vector, LifeTechnologies Corp., Carlsbad, CA, USA) were used to generate the mutants. Corresponding plasmids were incubated with a pair of oligonucleotides (Supplementary Materials, Tables S1 and S2), and site-directed mutagenesis was performed with the QuikChange II kit (Agilent Technologies Inc., Santa Clara, CA, USA). DNA sequences of the selected clones were confirmed from the two strands of the plasmid DNAs.




2.3. Cell Lines, Cell Culture, and Transient Transfections


Huh-7 and HepG2 human hepatocarcinoma cell lines were grown and maintained in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin (Hyclone), 100 ug/mL Streptomycin, and 2 mM glutamine. The cells were incubated at 37 °C and 5% CO2, harvested by trypsinization and collected in complete DMEM before being seeded for experiments [27,28,86,99]. For expression of HBx isoforms fused to GFP, Huh-7 cells at 70% confluency were transfected with pAcGFP plasmids containing HBx either wild type, XF, XM, or XS isoforms with Lipofectamine 2000 (Life Technologies). Twenty-four hours post-transfection, cells were lysed with RIPA buffer (150 mM NaCl, 1 % NP-40, 0.1 % SDS, 50 mM Tris pH 8.0, protease inhibitor cocktail (Roche)), and analyzed by Western blot [53]. For fluorescence imaging of cells, all transient transfections to express HBx isoform proteins fused to GFP were carried out in Huh-7 cells using Lipofectamine 2000 (Life Technologies Corp., Carlsbad, CA, USA) with a ratio of DNA (µg): Lipofectamine (µL) = 1: 2.5 as previously reported [52]. In brief, for expression, three different amounts of plasmid DNA were utilized, corresponding to low (0.64 µg), medium (1.6 µg), or high (4 µg) for a standard 100 mm tissue culture dish, and cells at 70% confluency at the transfection [53]. All transient transfection reactions were carried out with Opti-MEM (Gibco, Life Technologies Corp. Carlsbad, CA, USA) media. At 6-h post-transfection, the media was changed and replaced by complete media until cells were processed. On the other hand, full length HBV genotype F genome (KM233681.1) [28] was released by SapI (Fermentas, Thermo Fisher Scientific, Waltham, MA, USA) digestion from the plasmid vector. After digestion, the 3.2 kb DNA was purified from agarose with Wizard SV Gel and PCR Clean-Up System (Promega Corp., Madison, WI, USA). HepG2 human hepatocarcinoma cells were seeded at a density of 1.5 × 106 cells in 100 mm plates and transfected with 4 µg of HBV DNAs using X-tremeGENE™ HP DNA transfection reagent (Roche, Basel, Switzerland). Cells were harvested and analyzed after transfection as indicated for each experiment. Post-transfection supernatants were taken 72 h after transfection with either wild type or mutant HBV genomes. Samples were analyzed by ARCHITECT i1000 (Abbott Laboratories, Chicago IL, USA) to detect either HBsAg or HBeAg, obtaining a signal-to-cutoff ratio as reported [27,86].




2.4. Purification and Analysis of HBV Cytoplasmic Intermediates and cccDNA


HBV intermediates were purified as previously reported [27,86,90]. In brief, transfected cells were lysed with lysis buffer (10 mM Tris-Cl, pH 7.5; 50 mM NaCl; 1 mM EDTA; 0.5% Nonidet P40) in the presence of proteinase inhibitors for 4 min on ice. Nuclei were sedimented by centrifugation at 2400× g for 10 min. The supernatant was treated with 300 U DNase I for 1 h at 37 °C. Proteins were digested with 0.4 U of proteinase K (New England Biolabs, Ipswich, MA, USA) at 37 °C overnight and nucleic acids were purified by phenol-chloroform (1:1) extraction and ethanol precipitation. The nuclei were disintegrated by vortexing for 30 sec in nuclei lysis buffer (100 mM NaOH; 6% SDS), followed by incubation for 30 min at 37 °C. Sodium acetate was added to a final concentration of 600 mM and the pellet was discarded after centrifugation at 9600× g for 20 min. The cccDNA was purified twice by phenol-chloroform (1:1) extraction and then precipitated with ethanol. HBV intermediates were analyzed by real-time PCR (KAPA SYBR FAST, Universal qPCR kit) (Supplementary Materials, Table S3).




2.5. cccDNA Chromatin Immunoprecipitation Assays (ChIP)


Chromatin immunoprecipitation was performed as previously reported, with modifications [27,86,90]. In brief, transfected cells were crosslinked for 10 min with 1% formaldehyde at room temperature. The reaction was quenched with glycine at a final concentration of 125 mM. Then, the cells were washed twice with 1× PBS, resuspended in lysis buffer (5 mM Hepes, pH 8.0; 85 mM KCl; 1% Triton X-100 and proteinase inhibitors) and homogenized with a Dounce homogenizer 10 times using a loose pestle. The cell extract was collected by centrifugation at 5400× g for 1 min at 4 °C, resuspended in nuclei buffer (50 mM Tris-HCl, pH 8.0; 10 mM EDTA; 1% SDS and protease inhibitors) and incubated for 10 min on ice. IP dilution buffer (20 mM Tris-HCl, pH 8.0; 2 mM EDTA; 50 mM NaCl; 1% Triton X-100; 0.1% SDS and protease inhibitors) was added and chromatin was sheared at high power for 4 pulses of 5 min in a Bioruptor water bath sonicator (Diagenode Inc., Denville, NJ, USA) to obtain fragments of 400 bp or smaller, and centrifuged twice at 16,000× g for 10 min at 4 °C. Supernatant was collected and pre-cleared by incubating with 2 μg of IgG and 20 µL of protein A (Merck Millipore, Burlington, MA, USA) for 2 h at 4 °C with rotation. The supernatant was immunoprecipitated with specific antibodies for 12–16 h at 4 °C. Immunocomplexes were recovered with the addition of 20 μL of protein A or G (for rabbit or mouse IgG, respectively) agarose beads and 1 h incubation with rotation at 4 °C. Immunoprecipitated complexes were washed once with sonication buffer (50 mM Hepes, pH 7.9; 140 mM NaCl; 1 mM EDTA, pH 8.0; 1% Triton X-100; 0.1% sodium deoxycholate; 1% SDS), twice with LiCl buffer (100 mM Tris-HCl pH 8.0; 500 mM LiCl; 1% Nonidet P40; 0.1% sodium deoxycholate) and once with TE buffer (50 mM Tris-HCl, pH 8.0; 2 mM EDTA). The protein–DNA complexes were eluted with elution buffer (50 mM NaHCO3; 1% SDS). NaCl was added to a final concentration of 200 mM. To reverse the crosslinking, immunoprecipitated complexes were incubated 12–16 h at 65 °C in the presence of 10 µg of RNase A (Invitrogen Corp., Thermo Fisher Scientific Corp. Waltham, MA, USA). Proteins were digested with 25 μg of proteinase K for 2 h at 50 °C. DNA was recovered with the Zymo Research Kit for DNA Clean & Concentrator, and analyzed by real-time PCR (KAPA SYBR FAST, Universal qPCR kit, Supplementary Materials, Table S3). Data were processed as follows: from the Ct value obtained with the qPCR, we quantified viral DNA immunoprecipitated with respect to a standard curve prepared with the HBV genome. We then eliminated the background value obtained with the IgG control. We normalized the values with GAPDH as a loading control and with cccDNA. In the case of analyzing histone modifications, we normalized the data against the immunoprecipitated H3.




2.6. Epifluorescence


Approximately 3.5 × 105 Huh-7 cells were seeded on 12 mm coverslips, and 24 h later, cells were transfected with plasmid containing different HBx isoform proteins fused with GFP (in vector pAcGFP) as previously reported [27,28]. Cells were washed 3 times with 1× PBS 24-h post-transfection and fixed with 4% PFA in 1× PBS for 10 min at room temperature. Cells were then washed 3 times for 5 min each with 1× PBS, and then nuclei were counterstained with 0.2 µg/mL DAPI in 1× PBS, and then washed for 5 min with water. Cells were visualized on an Olympus FSX Bio Imaging Navigator. For the quantitative analysis of the subcellular localization of the HBx-GFP isoform proteins, a total of approximately 100 positive cells for the expression of GFP constructs were analyzed from different experiments. Cells were transfected with three different amounts (High, H, Medium M, or Low L) of plasmid DNA [53], and after 24 h, coverslips were processed for fluorescence. Expression of HBx-GFP construct proteins was carefully associated to either the cytoplasm, nucleus, or nucleocytoplasmic compartments with respect to DAPI-positive nuclear staining.





3. Results


The nucleotide sequence of HBx coding region includes three in-frame AUG codons (AUG1, AUG2, and AUG3) (Figure 1B). Sequence alignments of HBV from the eight main viral genotypes indicated that these positions are highly conserved, with 99.6% for both AUG1 and AUG2 and 94.0% of AUG3, as reported [100]. The translation initiation process follows the scanning ribosome model in which the ribosome scans the mRNA from the 5′ end, initiating the translation at the first AUG found. However, some ribosomes may skip the first start codon (when it is in a suboptimal context) and continue scanning downstream [101,102,103,104]. This process is known as leaky scanning and is determined by the sequence context of the AUG. The Kozak consensus sequence (Figure 1B) defines the optimal sequence for translation, where the positions −3 (A/G) and +4 G are the first and second most important bases for efficient initiation, respectively. As shown in Figure 1B, the nucleotide at position −3 is in a poor context for the HBV genotype F1b isolate in both AUG1 and AUG2 cases, whereas nucleotides position +4 are in a Kozak context. In AUG3, both the −3 and +4 positions are in a poor Kozak sequence. Given that none of the three AUG codons of the HBx gene are in an optimal Kozak context, alternative translation initiation by leaky scanning could take place to translate the HBx mRNA, as suggested [75,76]. The two smaller HBx isoforms would lack the negative regulatory domain whereas the smallest HBx would contain nearly half of the transactivation domain (Figure 1A). Thus, one can anticipate that HBx isoforms could affect HBx multifunctionality. To date, the expression of the putative HBx isoforms at the protein level has not been systematically studied. We generated constructs to express the WT HBx protein and the different HBx isoforms fused at their C-terminus to the GFP reporter (Figure 1C). A construct only expressing the full-length HBx isoform (named XF) was generated by two single point mutations in the second and third AUG to GUG (methionine/valine) to prevent ATI. In the case of the HBx XS isoform protein, we initially generated a construct by starting the reading frame sequence at the third AUG. However, upon transfection, we could not detect its expression (data not shown). Instead, the construct to express the small HBx isoform (XS) was generated from the entire open reading frame but with the introduction of two single mutations: one mutation introduced a UAA in-frame stop codon at the eighth codon position (Figure 1C); the second mutation was the second AUG to GUG, to prevent ATI. We carried out Western blot analysis of cell extracts from Huh-7 cells after transfection (Figure 1D). Importantly, when the WT canonical HBx reading frame was transfected, three C-terminal tagged polypeptide isoforms were expressed, corresponding to XF, XM, and XS (Figure 1D, lane 1). We transfected the constructs to express each individual HBx isoform, and we detected each HBx polypeptide isoform, XF, XM, XS, as shown in Figure 1D, lanes 2, 3, and 4, respectively. Interestingly, comparable overexpression levels were achieved for all three HBx isoforms synthesized individually. As indicated above, overexpression of the XS isoform required expression from the complete HBx ORF, and thus this indicates that there might be important regulatory sequences for transcription/translation upstream of HBx AUG3. We further conclude that the three divergent N-terminal HBx isoforms can be expressed in Huh-7 cells from the canonical HBx reading frame.



The ATI mechanism can diversify the cell proteome and alter protein function and/or protein subcellular location. Since the N-terminal domain of proteins frequently contains regulatory, or destination signals, if translation is initiated from ATIs, the synthesized protein isoforms will diverge in their N-terminus domains and may be delivered to different compartments and/or display different functions [68,69,70]. We next analyzed the subcellular localization of the HBx isoforms fused to GFP (as in Figure 1C). Previous works have shown that different expression levels of HBx might influence its differential subcellular distribution [50,51,53]. We tested different amounts of DNA to achieve different levels of HBx abundance. Initially, we introduced the amino acid sequences of the HBx isoforms into the PSORT II web server to predict subcellular localization based on the protein sequence [105]. The prediction indicated that the HBx XF isoform would be predominantly a nuclear protein, the XS isoform mainly a cytoplasmic protein, and the XM isoform distributed between the nucleus and cytoplasm (Supplementary Materials, Figure S1). We next analyzed Huh-7 cells by fluorescence microscopy after transfection of the C-terminal tagged HBx isoforms (Figure 2A), where three amounts of DNA were tested.



Additionally, to quantify all forms of HBx localization, we carried out an analysis of its subcellular distribution (Figure 2B). Approximately 100 positive cells were analyzed in each case, and the expression of HBx-GFP isoforms was carefully associated with either cytoplasm, nucleus, or dual (nucleocytoplasmic compartment), with respect to DAPI-positive nuclear staining [53]. Consistent with previous results, the canonical HBx protein displayed different subcellular localizations depending on expression levels, where the protein was mainly nuclear (42%) at low levels of expression, whereas at the highest expression it was predominantly cytoplasmic (43%) (Figure 2B). Regarding the XF isoform, at low expression levels, the protein displayed a 57% dual (nucleocytoplasmic) distribution, whereas the rest (43%) was a nuclear protein [53], with no cytoplasmic localization. Increasing the abundance of the XF isoform resulted in up to 20% of the protein localized in the cytoplasm. Thus, the XF protein is probably mainly confined to both nuclear and nucleocytoplasmic compartments (Figure 2B). In the case of the HBx XM isoform, at low expression levels, the protein was predominantly (49%) cytoplasmic with equivalent levels of both nuclear and dual nucleocytoplasmic distribution. At higher expression levels, the XM isoform was predominantly retained in nucleus (50%) and dual nucleocytoplasmic compartments (40%) with minor presence in the cytoplasm (10%). Interestingly, both WT canonical HBx and the XM isoform protein behaved oppositely; whereas the canonical HBx was mainly a nuclear protein at low expression levels and predominantly cytoplasmic at the highest expression levels, the XM isoform protein was predominantly cytoplasmic at low expression levels and mainly nuclear at highest expression levels (Figure 2B). The subcellular distribution of the HBx XS isoform is intriguing. Either at a low, medium, or high levels of expression, the XS protein remained >77% cytoplasmic. For the XS isoform, a low level of dual nucleocytoplasmic distribution (around 20%) was identified across expression levels. The XS protein was hardly confined to the nucleus. Thus, the HBx XS isoform protein is a predominantly cytoplasmic protein (Figure 2B). Taken together, we have found that the individual HBx isoforms have different and overlapping subcellular locations within cells, with the XS isoform having a clear and unique cytoplasmic profile, as predicted by the bioinformatics analysis. Consequently, the different and overlapping subcellular distributions of the HBx isoform proteins might be an indication of their differential roles during HBV genome replication.



The analyses of primary sequences of the two smaller HBx isoforms indicated that HBx XM isoform lacks the negative regulatory domain but maintains the full transactivation domain, whereas the XS isoform bears only half of the transactivation domain (Figure 1A). It is known that the HBx N-terminus bears a highly conserved but unstructured and disordered region [38]. Disordered regions are protein segments that lack a defined tertiary structure but can display various interconverting states, and they frequently contain regulatory and signaling functions. Protein isoforms modify their interaction networks by selectively altering the profile of disordered regions they express [106,107,108]. In line with this, the different isoforms of p53 diverge in their content of disordered regions, and this fact correlates with the establishment/abolishment of interactions with different partners [109]. Thus, we performed detailed analyses of the predicted disordered regions of the full-length HBx protein by different web servers such as PONDR VL-XT [110,111], DisEMBL 1.5 [112], Phyre2 [113], PrDOS [114], and DEPICTER [115]. The primary HBx sequence was analyzed under default parameters, and results are summarized in Table 1.



Data indicated that indeed there are two main disordered regions (above the thresholds) in the HBx primary sequence, and they correlate with their presence/absence in the HBx isoforms: (i) region residues 24 to 50, including the Ser/Pro-rich region, as previously reported (Figure 1A), and (ii) region residues 85 to 104, predominantly because the segment of residues 86 to 96 have a high content of charged residues. Importantly, this disordered segment of residues 86 to 96 corresponds to the H-box, a promiscuous α-helix with which HBx binds to damage-specific DNA-binding protein 1, DDB1 (Figure 1A) [41]. The binding of HBx with DDB1 redirects the DDB1-contaning E3 ubiquitin ligase to target the structural maintenance of chromosome 5/6 complex (Smc5/6) for degradation, releasing the transcriptional repression by Smc5/6 to increase HBV gene expression [116,117]. It has been proposed that HBx adopts a functionally significant and folded conformation only upon binding to DDB1 [40]. Additionally, the region of the C-terminus of the transactivation domain is also identified as disordered (Table 1). Thus, examining the primary sequences contained by each HBx isoforms, it is apparent that they also diverge in the disordered regions present toward their N-terminus. The HBx XM isoform lacks the disordered region between residues 24 to 50 (Ser/Pro-rich region) but maintains the disordered segment between 85 to 104 (including the H-box interacting with DDB1). On the other hand, the HBx XS isoform protein is lacking the abovementioned disordered regions, and it consists of only about half of the HBx transactivation domain, but includes the α-helix BH3-like motif to interact with the anti-apoptotic factor Bcl-2 [42,43] (Figure 1A). Therefore, since the HBx isoforms display differential subcellular locations, and they bear different disordered regions and functional domains, one can anticipate that there are marked differences between the HBx isoforms that can impact their roles during viral replication.



We investigated the activities of the different HBx isoforms within the HBV backbone. For this, we generated different HBx mutants directly in the HBV DNA which allowed the targeted expression of all individual HBx isoforms or their possible combinations. Figure 3A depicts the mutagenesis strategy, combined mutations, and the expected HBx isoform expression during viral replication.



Mutagenesis was designed to not alter the reading frame of the HBV P protein, as indicated in Figure 3B. The reading frames of HBx and P protein overlap but in different phase (offset by one nucleotide). Changes introduced into the in-frame initiation codons either AUG1 (top panel) or AUG2 (middle panel) of the HBV HBx do not affect the reading frame of the HBV P protein. In the case of HBx AUG3 (bottom panel), it is overlapped by the basal core promoter (BCP) sequence, and one modification to the sequence will introduce the indicated unique change (Figure 3B).



We studied HBV replication utilizing a system based on the HepG2 hepatoma cell line transfection with linear full-length HBV monomers containing cohesive ends that facilitate circularization [27,99,122]. In contrast to human hepatocellular carcinoma Huh-7 cells [96], HBx is required for HBV replication in human HepG2 cells [16]. Seventy-two hours post-transfection, we isolated HBV replicative intermediates, cytoplasmic viral core particles (cytDNA) as well as cccDNA, and quantified them via qPCR. Additionally, from the supernatants, we collected secreted markers of replication for quantification.



When the HBV genome was mutated to abolish the expression of all three HBx isoforms (3X-), the levels of cytDNA were lower than that of XMS HBV genome, as shown in Figure 3C. In the HBV mutant construct XMS, the isoform XF was abolished, and the levels of cytDNA were significantly diminished compared with that of WT HBV genome; however, viral replication was not completely prevented. Thus, the XF isoform is necessary but not essential for HBV replication, and both XM and XS polypeptides can contribute to HBV replication. Importantly, this XMS viral construct is equivalent to the viral construct that has been widely described as an HBV HBx-deficient, and that has been used as a common approach to abolish HBx expression (Figure 3A) [16,96]. In contrast, the HBV 3X- construct, designed to abolish the expression of all three HBx isoforms, reduced the detection of the cytDNA marker to baseline levels (Figure 3C). On the other hand, the mutant constructs either HBV XFM or XFS produced comparable levels of the HBV replication marker cytDNA. When we transfected the HBV genomes that only expressed individual XF or XM, cytDNA levels were low and comparable to baseline levels of the 3X- construct; thus, neither XF nor XM individually were sufficient to restore WT levels of HBV replication (Figure 3C). Importantly, cytDNA marker levels were comparable with that of the WT HBV genome when we transfected the HBV genome that only expressed the HBx XS isoform (HBV XS construct, Figure 3C). Taken together, the results indicate that, amongst the HBx isoform proteins, only the individually expressed XS isoform can restore WT levels of HBV DNA intermediates, recapitulating the levels of HBV replication.



We then analyzed the levels of the nuclear HBV intermediate cccDNA (Figure 3D). Consistent with the cytDNA results, cccDNA levels in mutant genomes XMS, 3X-, F, M, and FM were significantly lower than that of WT HBV. On the other hand, cccDNA levels in the mutant genomes XS and XFS were like those of WT HBV. Thus, in the absence of all HBx isoforms, as in the HBV 3X- construct, viral replication was maximally reduced to a baseline level. As above, the activity of the XS isoform could restore WT HBV levels of replication, as indicated by its cccDNA levels (Figure 3D).



Finally, we tested the post-transfection supernatants to detect biomarkers of acute and active viral HBV replication, such as secreted antigens HBsAg and HBeAg, respectively [123,124]. HBsAg is also a general marker for viral protein expression. Mutant genomes such as HBV XMS and 3X- both tended to diminish the levels of HBsAg antigen with respect to that of WT HBV (Figure 3E). Interestingly, the lowest values of HBsAg secretion were from the HBV XF and XM mutants, both with 5% of the WT HBV level. Mutants XFM and XFS gave secretion values of 65% and 35% of that of WT HBV, respectively, whereas the highest level of HBsAg secretion was produced by the XS isoform mutant with 80% that of WT HBV (Figure 3E). On the other hand, HBeAg is a general marker that reflects active viral replication, and results are shown in Figure 3F. Mutant genomes XF and XM gave the lowest values of HBeAg secretion with values below 1% that of WT HBV, whereas mutant genomes XFS, 3X-, XFM, and XFS gave values of 15%, 38%, 40%, and 50% that of WT HBV, respectively. The mutant genome HBV XS did not present a significantly different value of HBeAg to that of WT HBV (95% that of WT HBV, Figure 3F). Thus, consistent with the results obtained on HBV replicative intermediates, we found that the HBV XS genome had comparable levels of secreted viral antigens to the WT HBV genome. These data collectively indicate that the HBx XS isoform plays a critical role in the HBV viral cycle.



HBV canonical HBx protein has been implicated in regulating different stages of cccDNA mini chromosome activities [82,85,86,87,92,93,94]. Due to its critical role in viral genome replication, we next investigated whether the XS isoform could participate in the establishment of an active HBV chromatin state, as reported for the canonical HBx protein. We first examined whether HBV X isoform proteins could individually associate with the viral cccDNA nuclear intermediate. We co-transfected HepG2 cells with the WT HBV DNA genome and the constructs expressing individually either XF, XM, or XS isoforms fused to a GFP protein. Twenty-four hours post-transfection, we performed ChIP analyses against GFP. The results are shown in Figure 4A.



As indicated, we determined that, amongst the different individual HBx isoforms, only the XS isoform was significantly bound to the viral core promoter whereas both the HBx XF and XM isoforms failed to be detected as bound to the viral promoter. Both HBx XF and XM isoforms gave baseline levels, like Vo-GFP, the empty vector (Figure 4A).



We next investigated the histone post-translational modifications associated with the viral nuclear intermediate cccDNA. For this, HepG2 cells were transfected with either the WT HBV genome, the HBV 3X- construct or the HBV XS construct. Seventy-two hours post-transfection, we performed ChIP assays against either the repressive histone modification H3K9me2 or the activating histone modification H3K4me3, with focus on the viral core promoter [21,82,84,86,87,125]. We first analyzed the H3K9me2 (Figure 4B) and observed that the mutant HBV 3X- genome was significantly enriched in H3K9me2. In contrast, both the WT HBV and the HBV XS were devoid of the repressive histone modification. This result is consistent with the described functionality of cccDNA in the absence of canonical HBx (Figure 4B). On the other hand, regarding the activating histone modification H3K4me3, we observed that, in the presence of either WT HBV or HBV XS, the viral core promoter was enriched in H3K4me3 (Figure 4C). In contrast, in the absence of any of the HBx isoforms (HBV 3X-), the viral core promoter had significantly lower levels of H3K4me3 (Figure 4C). These results are consistent with the transcriptional activity of the mutants: the WT HBV and the HBV XS genome cccDNAs were enriched in the active mark H3K4me3 and transcriptionally active (Figure 3C,F), whereas the mutant HBV 3X- genome was enriched in the histone repressive mark H3K9me2 and transcriptionally inactive (Figure 3C–F). Therefore, we conclude that XS isoform binds to the viral core promoter and is sufficient to establish an active HBV chromatin state.



Since the three divergent N-terminal HBx isoforms XF, XM, and XS correspond to naturally existing functional proteins encoded by the same gene, and since the canonical HBx (154 amino acids) shares no sequence similarity to any known protein, we utilized the primary sequence of the smaller HBx isoforms, XM (76 amino acid), and XS (50 amino acids), to search in freely accessible public databases for the identification of sequence similarities or conserved motifs within the target sequence. Using a small amino acid sequence could help to improve the significance of a found hit, if any. Whereas the database search was not successful using the smallest XS HBx isoform to look for similarities or conserved motif, intriguingly, we found an important similarity between the XM isoform and the N-terminal domain of the human COMMD8 protein [126]. The results are shown in Figure 4D. A similar sequence of 47 residues corresponding to 62% of the XM isoform primary sequence and to 42% of the N-terminal domain of the COMMD8 protein was determined by the alignment, with no gaps (Figure 4D). Overall, the 47-residue alignment displays 25.5% identity and 48.9% similarity in the segment of similarity, and the positions of these residues show up to 72% of conservation across different HBV genotypes. Human COMMD8 belongs to the copper metabolism MURR1 domain-containing (COMMD) protein family, which is composed of 10 members (COMMD1–10), and is highly conserved among multicellular eukaryotic organisms [126,127]. COMMD proteins have no described enzymatic activity, and they probably act by protein–protein interactions and as scaffold proteins favoring macromolecular protein complex formation. However, COMMD proteins have been related to the regulation of transcription factors such as NF-κB, and some of the members of the family are suppressed in tumor cells, suggesting several antitumor roles [126,128,129,130]. COMMD members associate to distinct Cullin proteins, acting as core scaffolds and along with RING box proteins to form the heterodimeric Cullin–RING ligases (CRLs) [131]. Thus, this interesting and novel finding seems to indicate that HBx might be somehow distantly related to the COMMD8 protein.



Finally, we further subjected HBx isoform sequences to more profound analyses. Whereas it is known that within HBx AUG1 and AUG2 are highly conserved (99.6%) across genotypes, AUG3 has been reported to display only up to 94% conservation between genotypes [100]. We recovered twenty sequences (from full-length viral isolates) of HBx protein from HBV genotype H isolates from public databases to contrast them with those representatives from other viral genotypes. The results are shown in Figure 5, where we performed sequence alignment of the full-length HBx proteins, but we magnified the sequences surrounding AUG3.



Whereas HBx AUG3 shows conservation in woodchuck hepatitis virus (WHV), woolly monkey hepatitis virus (WMHV), ground squirrel hepatitis virus (GSHV), and in human isolates that are also able to cause chronic infections such as genotypes A to G, surprisingly, all isolates from HBV genotype H are lacking AUG3. As shown in Figure 5, Met3 is absent in all sample of genotype H, and instead, a threonine is placed at that position, which is also conserved in that genotype. This finding signifies that HBx XS, the smallest isoform, is not naturally produced throughout HBV genotype H infection. Unlike infections with other genotypes, infections by HBV genotype H are characterized by few cases of acute and chronic liver diseases, a low prevalence of HCC, low endemicity, and low viral load. Individuals infected with HBV genotype H are asymptomatic without clinical manifestations of liver disease [12,13,14,15]. The molecular determinants of the different clinical outcomes between HBV genotype H and the other genotypes are unknown. Additionally, HBV genotype H isolates replicate at low level in cultured human hepatocarcinoma cells [134]. In line with this, we have shown that an HBV construct in which the expression of the HBx XS isoform has been abolished (construct HBV XFM, subgenotype Figure 1B, Figure 3A,C–F), is severely impaired for genome replication. Thus, whether the natural genetic abolishment of the HBV XS isoform is one of the causes of the different clinical outcome of HBV genotype H infections remains to be investigated.




4. Discussion


Our work has demonstrated that the expression of the HBV HBx reading frame generates not a unique and canonical polypeptide, but rather three divergent N-terminal HBx isoforms, named XF (Aa: 1–154), XM (Aa: 79–154), and XS (Aa: 105–154) (Figure 1). We have also shown that the canonical HBx protein and the individual isoforms displayed different subcellular localization in human hepatocarcinoma cells. Our results suggest that the XF protein isoform has no preferential subcellular localization, and thus possibly, during infection, the interaction with the smaller protein isoforms might direct the localization of XF specifically to nuclear and/or cytoplasmic compartments (Figure 2). Consistent with our assumption, both HBx XM and XS isoforms, when they are expressed from a shorter HBx transcript, displayed mainly a cytoplasmic distribution [70]. The different and overlapping subcellular localizations of the HBx isoforms reflects their different and multiple roles during HBV genome replication.



Directly within the HBV backbone, we have genetically dissected the HBx reading frame to target the individual expression of each protein isoforms, either the XF full-length, the XM or the XS or all combinations of them to assess their roles during HBV genome replication (Figure 3). As a negative control, we designed an HBV construct bearing all the mutations required to completely abolish HBx isoforms expression; HBV 3X- (Figure 3). Importantly, with this mutant, viral replication was significantly reduced to 8.6% of the WT virus, and consistently, viral cccDNA was enriched in the repressive histone mark H3K9me2. In contrast with the HBV XMS construct which is equivalent to the previously known HBV HBx-deficient construct, the replication (cytDNA) was reduced only up to 50% of the WT HBV. Both XM and XS protein isoforms are expressed from this construct (HBV XMS), and they both contribute to replication, although with up to 50% of WT HBV. Consistent results were also obtained by examining the corresponding HBV secretion markers from these constructs (Figure 3) Therefore, it is necessary to highlight that the truly HBV HBx-deficient construct is HBV 3X-. The HBV constructs XF, XM, XFM, and XFS are still deficient for viral DNA synthesis, and none of them can restore full replication. We do not know the reason of this, but we can speculate that the N-terminal negative regulatory domain, displaying transrepressor activity, would limit the protein activity of XF, the individual full-length HBx isoform. However, the lack of replication activity of the XM isoform seems to indicate that the absence of the N-terminal negative regulatory domain is not enough to restore replication. Our results are consistent with those of others who found an HBx Aa 79 to 154 construct inactive for secretion markers in HBV infected primary human hepatocytes [40]. Moreover, we found that only the HBx XS isoform (henceforward referred to as “mini-HBx”) was significantly bound to the viral core promoter in the cccDNA to activate transcription, whereas individually expressed isoforms, either XF or XM, failed to bind to the viral promoter. Thus, the construct HBV XS, which only expresses the “mini-HBx” isoform, could achieve WT levels of HBV replication (cytDNA), and these levels were consistent with the secretion of HBV markers HBsAg and HBeAg. Additionally, we also showed that the viral cccDNA derived from the HBV construct expressing only the “mini-HBx” isoform was enriched in the active histone mark H3K4me3 and therefore it is transcriptionally active, consistent with previous results about cccDNA regulation [21,82,84,86,87]. Collectively, our results seem to indicate that WT levels of HBV replication requires the simultaneous, and regulated expression of all the HBx isoforms within cells. Otherwise, only the individually expressed “mini-HBx” could overcome the host-imposed transcriptional silencing, and it possibly acts as a recruiting factor to locally modify the chromatin of viral cccDNA promoters. The engagement of the HBx XF full-length isoform protein, previously detected as bound to the viral cccDNA sites, should also take place. On the other hand, two regions, residues 88 to 154, and residues 132 to 139, both critical for the stimulation of HBV transcription and replication, have been previously identified both in vitro and in vivo [19,25,32], and are consistent with the C-terminal region covered by the “mini-HBx”. Therefore, our systematic HBV mutagenesis to target the expression of the HBx proteins unveils the roles of the different isoforms by individually dissecting their crucial activities, particularly the HBV “mini-HBx” isoform (HBx region residues 79 to 154).



Considering that the “mini-HBx” isoform displayed not only a predominantly cytoplasmic localization but also a minor nuclear localization (Figure 2), and it does bear nearly half of the transactivation domain, it is possible to envision that this critical isoform can act on genome replication in two different ways [51]; (i) in the nucleus, by its minor but perhaps, crucial active amounts and through the nuclear transactivation domain (residues 120–140) [31,35] since this region fully retains the capacity to interact with the transcriptional and chromatin modification machinery (Supplementary Materials, Table S4), and to bind cccDNA (Figure 4A); or (ii) In the cytoplasm, through the “mini-HBx” activation of the Src family of tyrosine kinases to enhance viral replication [17,56,135,136]. Alternatively, the “mini-HBx” can activate genome replication through its BH3-like motif which folds into a short α-helix that interacts with the anti-apoptotic factor Bcl-2 [43,137,138,139]. This interaction can trigger the increase of calcium in the cytosol, which is required for HBV viral replication [42,43,140,141]. Importantly, an HBx-BH3-like peptide could restore HBV replication in HepG2 cells transfected with an HBV HBx-deficient construct, reflecting the crucial functional role of this short α-helix, BH3-like motif to stimulate viral replication [43]. Regarding the subcellular localization of the canonical HBx, Cha et al., proposed that, during the early stages of chronic HBV infection, the HBx protein would preferentially locate to the nucleus. Throughout viral persistence, HBx levels increase through genetic alterations or inflammatory effects, and so the late phases of a chronic infection can lead to the cytoplasmic accumulation of HBx. Consequently, sustained expression of HBx during the late phase of chronic infection may be associated with disease progression [51]. If this proposal reflects the pathway of either the canonical HBx or the “mini-HBx” during long-term infection, remains to be determined. On the other hand, we have provided strong evidence that the “mini-HBx” isoform protein expression is naturally abolished in HBV from genotype H (Figure 5), whose infections cause less severe clinical outcomes compared with other HBV genotypes. Together, these findings seem to further highlight not only the relevance of the subcellular localization of the “mini-HBx” protein, but also the possible involvement of each HBx isoform, in HBV pathogenesis, and chronicity.



Back in 1992, Kwee et al. assayed, in heterologous systems, the trans-activation activity of HBx isoforms (XF, XM, and XS) contained in expression plasmids on class II (transcribed by RNA polymerase II) and class III (transcribed by RNA polymerase III) promoters [75]. They found that each HBx isoform, expressed individually, was capable of transactivating class III promoters. However, the class II promoter showed different requirements for transactivation by the HBx isoforms. Significantly, the SV40 Enh/Early promoter was trans-activated only in conditions of co-expression of both the XF and “mini-HBx” isoforms. This seems to indicate a higher level of regulation between the different HBx isoforms, particularly between both the XF and “mini-HBx” isoforms. In the case of the NF-κB promoter, only the full-length XF protein displayed activation. Therefore, different activities from different HBx isoforms can transcriptionally regulate class II promoters, and thus HBx protein isoforms can be functionally divergent or act as regulatory polypeptides [75]. Importantly, the HBx highly conserved region E-domain (residues 120–140) which is essential for transactivation [31], can also promote the physical association of different molecular forms of HBx [142]. Since the E-domain is common to all the individual isoforms, this finding seems to suggest that the isoforms might associate through their C-terminus, possibly forming functional protein complexes. This would add a higher and more complex level of HBx isoform regulation. On the other hand, Leach et al., investigated the effects of HBx and HBx isoforms on the expression of cyclin kinase inhibitor (CKI), p21, and p27 polypeptides, and its impact on cellular proliferation [76]. They found that low levels of both XF and XM enhanced, and then at higher levels suppressed the expression of p21 and p27. Moreover, low concentrations of both XF and XM resulted in a decrease in cellular DNA synthesis. The “mini-HBx” was increasingly stimulatory with dose dependence for both promoters, and for reduction in cell DNA synthesis [76]. Thus, the possible functional cross-regulation between the different HBx isoforms is a fundamental open question.



Alternative transcription initiation is a mechanism by which one gene has multiple transcription start sites. The transcription of the reading frame can start from one of several transcription start sites, and from different alternative core promoters [143,144]. Not much is known about alternative transcription initiation in the regulation of HBx expression. Shorter gene transcripts with heterogeneous 5′ ends upstream of the AUG2 codon of the HBx reading frame were identified and those transcripts synthesized proteins [71]. However, the studies did not define how many different HBx isoforms were expressed. Recently, a different and smaller transcript with a peak between the AUG1 and AUG2 sequence was detected by single-nucleotide resolution of HBV transcripts. This transcript was different to that the canonical HBx mRNA [100]. Consistently, the ChIP-Seq approach on viral cccDNA found a peak of histone marks that correlated to active promoters (H3K4me3 and H3K27ac) in the middle of the HBx reading frame, which might be associated with a novel transcription initiation site between the AUG1 and AUG2 sequences [145]. Therefore, there is some evidence suggesting that alternative transcription initiation might also play a role in the complex HBx regulation. The existence of smaller HBx isoforms in vitro suggests that the expression of HBx gene products might be highly regulated at either the transcriptional level, by alternative transcription initiation, or at the posttranscriptional level, by alternative translation initiation.



We found a significant sequence similarity between the HBx and the N-terminal domain of the human COMMD8 protein (Figure 4D). The COMMD8 protein (183 Aa, 21 kDa) is constituted by a non-conserved N-terminal domain of 112 Aa, and by a C-terminal COMM domain of 71 Aa. The COMMD8 protein localizes to both nucleus and cytoplasm, and it is expressed in liver tissue [126,127]. COMMD8 protein functions have not been entirely defined. It is known that COMMD8 can interact with endogenous Cullins (CUL1, CUL3, CUL4B, and CUL5), and modulate Cullin–RING E3 ubiquitin ligase complexes [126,130]. COMMD8 also interacts with NF-κB subunits [126,130], regulating NF-κB activity. COMMD8 can also bind to the coiled-coil domain containing 22 (CCDC22 protein), which can promote the ubiquitination and degradation of the NF-κB inhibitor, IκBα [146]. The expression of COMMD8 protein negatively correlates with patient overall survival [147]. On the other hand, HBx can interact with Cullin 4–RING E3 ubiquitin ligase complex (CRL4 complex) through its interaction with DDB1 protein (CRL4-adaptor protein) [41,148]. As a CRL4 adaptor, DDB1 protein facilitates its function via interactions with DCAF (DDB1 Cullin-associated factor) receptors which associate specific substrates to the CRL4 for ubiquitination, which can result in proteasomal destruction [149]. In the case of viral HBx, the substrate is Smc5/6, as indicated earlier. Overall, it has been proposed that HBx can function as a viral DCAF since it contains a DDB1-binding motif common to other DCAF proteins [41]. Other viral proteins with DCAF activity for different viruses have been also described [150,151,152]. Additionally, HBx protein can activate NF-κB activity, and NF-κB signaling has been associated with pathogenesis and HCC [153,154]. Thus, both COMMD8 and HBV HBx proteins display functional roles in the protein degradation pathway. Furthermore, the high relevance of the COMMD8-similarity region within the transactivation domain of HBx (residues 89 to 136) is revealed by the significant number of protein–protein interactions taking place either within or nearby the similarity sequence, as shown in Table S4 (Supplementary Materials). Therefore, these interesting and novel findings regarding sequence similarity with the COMMD8 protein will further facilitate extensive studies on the phylogenetic origin of HBV X protein.



Finally, in the literature, the number of examples of newly identified divergent N-terminal protein isoforms is expanding, and from diverse organisms such as mammals, plants, and yeast [68,70]. In plants, ATP sulfurylase isoforms display a dual localization in plastids and cytosol [155]. In the yeast Saccharomyces cerevisiae, the protein isoforms of glutathione reductase are targeted to either mitochondrial or cytoplasm compartments [156]. In mammals, the synthesis of protein isoforms occurs with p53 [157], caspase-2 [158], glucocorticoid receptor [159], mitochondrial antiviral-signaling protein (MAVS) [160,161], Runt-related transcription factor 1 RUNX1 [162], tumor suppressor PTEN [163], stress-activated protein kinase MK2 [164], human c-myc proto-oncogene [165], and polypyrimidine tract binding protein (PTBP1) [166]. In the case of HBV X protein, the current identification and functional characterization of its isoforms will shift the HBx paradigm by changing the concept of HBx from being a unique canonical, and multifunctional protein into becoming different HBx isoforms, each carrying out different overlapping functions at different subcellular locations during HBV genome replication. Significantly, our current work, unveils new crucial HBV targets to study for potential antiviral research, and human virus pathogenesis.








Supplementary Materials


The following material is available online at https://www.mdpi.com/article/10.3390/biomedicines9111701/s1: Table S1. Primers utilized to clone HBx isoforms for expression (vector pAcGFP); Table S2. Primers utilized in the site-directed mutagenesis of HBx; Table S3. Primers utilized in the detection of HBV DNA intermediates; Figure S1. PSORT II predicted subcellular localization of HBx isoforms; Table S4. Mapped HBx protein–protein interactions involving COMMD8-similarity region.





Author Contributions


C.P., S.H. and R.A.V. conceived and designed the experiments; S.H., F.Á.-A., D.G., C.P., A.L., R.A.V. performed experiments and analyzed data; A.L., and R.A.V. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Agency for Research and Development (ANID) PIA/BASAL ACE210003 (A.L.), Centro Ciencia & Vida, FB210008 (A.L.), PCHA/Doctorado Nacional/2014-21140324 (F.A.), PCHA/Doctorado Nacional/2014-21140956 (S.H.), FONDECYT 1100200 (R.A.V.), Programa de Investigación Asociativa PIA ANILLO ACT1119 (R.A.V.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding authors on reasonable request.




Acknowledgments


We are unreservedly grateful to all members of the Laboratory of Hepatitis Viruses for their dedication, collaboration, and disposition throughout this research.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



WHO. Global Hepatitis Report, 2017. 2017. Available online: https://www.who.int/hepatitis/publications/global-hepatitis-report2017/en/ (accessed on 15 June 2021).

	



Revill, P.; Tu, T.; Netter, H.; Yuen, L.; Locarnini, S.; Littlejohn, M. The evolution and clinical impact of hepatitis B virus genome diversity. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 618–634. [Google Scholar] [CrossRef] [PubMed]

	



Dias, J.; Sarica, N.; Neuveut, C. Early Steps of Hepatitis B Life Cycle: From Capsid Nuclear Import to cccDNA Formation. Viruses 2021, 13, 757. [Google Scholar] [CrossRef] [PubMed]

	



Araujo, N. Hepatitis B virus intergenotypic recombinants worldwide: An overview. Infect. Genet. Evol. 2015, 36, 500–510. [Google Scholar] [CrossRef]

	



Pujol, F.; Jaspe, R.; Loureiro, C.; Chemin, I. Hepatitis B virus American genotypes: Pathogenic variants? Clin. Res. Hepatol. Gastroenterol. 2020, 44, 825–835. [Google Scholar] [CrossRef]

	



Kramvis, A. Genotypes and genetic variability of hepatitis B virus. Intervirology 2014, 57, 141–150. [Google Scholar] [CrossRef]

	



Livingston, S.; Simonetti, J.; McMahon, B.; Bulkow, L.; Hurlburt, K.; Homan, C.; Snowball, M.; Cagle, H.; Williams, J.; Chulanov, V. Hepatitis B virus genotypes in Alaska Native people with hepatocellular carcinoma: Preponderance of genotype F. J. Infect. Dis. 2007, 195, 5–11. [Google Scholar] [CrossRef]

	



Ching, L.; Gounder, P.; Bulkow, L.; Spradling, P.; Bruce, M.; Negus, S.; Snowball, M.; McMahon, B. Incidence of hepatocellular carcinoma according to hepatitis B virus genotype in Alaska Native people. Liver Int. 2016, 36, 1507–1515. [Google Scholar] [CrossRef]

	



Gounder, P.; Bulkow, L.; Snowball, M.; Negus, S.; Spradling, P.; McMahon, B. Hepatocellular Carcinoma Risk in Alaska Native Children and Young Adults with Hepatitis B Virus: Retrospective Cohort Analysis. J. Pediatr. 2016, 178, 206–213. [Google Scholar] [CrossRef]

	



Kowalec, K.; Minuk, G.; Børresen, M.; Koch, A.; McMahon, B.; Simons, B.; Osiowy, C. Genetic diversity of hepatitis B virus genotypes B6, D and F among circumpolar indigenous individuals. J. Viral Hepat. 2013, 20, 122–130. [Google Scholar] [CrossRef] [PubMed]

	



Pineau, P.; Ruiz, E.; Deharo, E.; Bertani, S. On hepatocellular carcinoma in South America and early-age onset of the disease. Clin. Res. Hepatol. Gastroenterol. 2019, 43, 522–526. [Google Scholar] [CrossRef] [PubMed]

	



Panduro, A.; Maldonado-Gonzalez, M.; Fierro, N.; Roman, S. Distribution of HBV genotypes F and H in Mexico and Central America. Antivir. Ther. 2013, 18, 475–484. [Google Scholar] [CrossRef]

	



Roman, S.; Panduro, A. HBV endemicity in Mexico is associated with HBV genotypes H and G. World J. Gastroenterol. 2013, 19, 5446–5453. [Google Scholar] [CrossRef]

	



Roman, S.; Tanaka, Y.; Khan, A.; Kurbanov, F.; Kato, H.; Mizokami, M.; Panduro, A. Occult hepatitis B in the genotype H-infected Nahuas and Huichol native Mexican population. J. Med. Virol. 2010, 82, 1527–1536. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Tachiquín, M.; Valdez-Salazar, H.; Juárez-Barreto, V.; Dehesa-Violante, M.; Torres, J.; Muñoz-Hernández, O.; Alvarez-Muñoz, M. Molecular analysis of hepatitis B virus “a” determinant in asymptomatic and symptomatic Mexican carriers. Virol. J. 2007, 4, 6. [Google Scholar] [CrossRef] [PubMed]

	



Melegari, M.; Scaglioni, P.; Wands, J. Cloning and characterization of a novel hepatitis B virus x binding protein that inhibits viral replication. J. Virol. 1998, 72, 1737–1743. [Google Scholar] [CrossRef] [PubMed]

	



Bouchard, M.; Wang, L.; Schneider, R. Calcium signaling by HBx protein in hepatitis B virus DNA replication. Science 2001, 294, 2376–2378. [Google Scholar] [CrossRef]

	



Leupin, O.; Bontron, S.; Schaeffer, C.; Strubin, M. Hepatitis B virus X protein stimulates viral genome replication via a DDB1-dependent pathway distinct from that leading to cell death. J. Virol. 2005, 79, 4238–4245. [Google Scholar] [CrossRef]

	



Tang, H.; Delgermaa, L.; Huang, F.; Oishi, N.; Liu, L.; He, F.; Zhao, L.; Murakami, S. The transcriptional transactivation function of HBx protein is important for its augmentation role in hepatitis B virus replication. J. Virol. 2005, 79, 5548–5556. [Google Scholar] [CrossRef]

	



Keasler, V.; Hodgson, A.; Madden, C.; Slagle, B. Enhancement of hepatitis B virus replication by the regulatory X protein in vitro and in vivo. J. Virol. 2007, 81, 2656–2662. [Google Scholar] [CrossRef] [PubMed]

	



Lucifora, J.; Arzberger, S.; Durantel, D.; Belloni, L.; Strubin, M.; Levrero, M.; Zoulim, F.; Hantz, O.; Protzer, U. Hepatitis B virus X protein is essential to initiate and maintain virus replication after infection. J. Hepatol. 2011, 55, 996–1003. [Google Scholar] [CrossRef]

	



Murakami, S.; Cheong, J.; Kaneko, S. Human hepatitis B virus X gene encodes a regulatory domain which represses transactivation of X protein. J. Biol. Chem. 1994, 269, 15118–15123. [Google Scholar] [CrossRef]

	



Tang, H.; Oishi, N.; Kaneko, S.; Murakami, S. Molecular functions and biological roles of hepatitis B virus x protein. Cancer Sci. 2006, 97, 977–983. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, V.; Sarkar, D. Hepatitis B Virus X Protein: Structure–Function Relationships and Role in Viral Pathogenesis. In Transcription Factors; (Handbook of Experimental Pharmacology book series); Springer: Berlin/Heidelberg, Germany, 2004; Volume 166, pp. 377–407. [Google Scholar]

	



Gong, D.; Chen, E.; Huang, F.; Leng, X.; Cheng, X.; Tang, H. Role and functional domain of hepatitis B virus X protein in regulating HBV transcription and replication in vitro and in vivo. Viruses 2013, 5, 1261–1271. [Google Scholar] [CrossRef] [PubMed]

	



Slagle, B.; Bouchard, M. Hepatitis B Virus X and Regulation of Viral Gene Expression. Cold Spring Harb. Perspect. Med. 2016, 6, a021402. [Google Scholar] [CrossRef]

	



Hernández, S.; Jiménez, G.; Alarcón, V.; Prieto, C.; Muñoz, F.; Riquelme, C.; Venegas, M.; Brahm, J.; Loyola, A.; Villanueva, R. Replication of a chronic hepatitis B virus genotype F1b construct. Arch. Virol. 2016, 161, 583–594. [Google Scholar] [CrossRef]

	



Hernandez, S.; Venegas, M.; Brahm, J.; Villanueva, R. Full-genome sequence of a hepatitis B virus genotype F1b clone from a chronically infected Chilean patient. Genome Announc. 2014, 2, e01075-14. [Google Scholar] [CrossRef] [PubMed]

	



Misra, K.; Mukherji, A.; Kumar, V. The conserved amino-terminal region (amino acids 1-20) of the hepatitis B virus X protein shows a transrepression function. Virus Res. 2004, 105, 157–165. [Google Scholar] [CrossRef]

	



Hodgson, A.; Hyser, J.; Keasler, V.; Cang, Y.; Slagle, B. Hepatitis B virus regulatory HBx protein binding to DDB1 is required but is not sufficient for maximal HBV replication. Virology 2012, 426, 73–82. [Google Scholar] [CrossRef]

	



Kumar, V.; Jayasuryan, N.; Kumar, R. A truncated mutant (residues 58–140) of the hepatitis B virus X protein retains transactivation function. Proc. Natl. Acad. Sci. USA 1996, 93, 5647–5652. [Google Scholar] [CrossRef]

	



Arii, M.; Takada, S.; Koike, K. Identification of three essential regions of hepatitis B virus X protein for trans-activation function. Oncogene 1992, 7, 397–403. [Google Scholar]

	



Nijhara, R.; Jana, S.; Goswami, S.; Kumar, V.; Sarkar, D. An internal segment (residues 58-119) of the hepatitis B virus X protein is sufficient to activate MAP kinase pathways in mouse liver. FEBS Lett. 2001, 504, 59–64. [Google Scholar] [CrossRef]

	



Gottlob, K.; Pagano, S.; Levrero, M.; Graessmann, A. Hepatitis B virus X protein transcription activation domains are neither required nor sufficient for cell transformation. Cancer Res. 1998, 58, 3566–3570. [Google Scholar]

	



Reddi, H.; Kumar, R.; Jain, S.; Kumar, V. A carboxy-terminal region of the hepatitis B virus X protein promotes DNA interaction of CREB and mimics the native protein for transactivation function. Virus Genes 2003, 26, 227–238. [Google Scholar] [CrossRef]

	



Huh, K.; Siddiqui, A. Characterization of the mitochondrial association of hepatitis B virus X protein, HBx. Mitochondrion 2002, 1, 349–359. [Google Scholar] [CrossRef]

	



Takada, S.; Shirakata, Y.; Kaneniwa, N.; Koike, K. Association of hepatitis B virus X protein with mitochondria causes mitochondrial aggregation at the nuclear periphery, leading to cell death. Oncogene 1999, 18, 6965–6973. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Cha, E.; Lim, J.; Kwon, S.; Kim, D.; Cho, H.; Han, K. Structural characterization of an intrinsically unfolded mini-HBX protein from hepatitis B virus. Mol. Cells 2012, 34, 165–169. [Google Scholar] [CrossRef]

	



De Moura, P.R.; Rui, E.; Gonçalves, K.d.A.; Kobarg, J. The cysteine residues of the hepatitis B virus onco-protein HBx are not required for its interaction with RNA or with human p53. Virus Res. 2005, 108, 121–131. [Google Scholar] [CrossRef]

	



Ramakrishnan, D.; Xing, W.; Beran, R.; Chemuru, S.; Rohrs, H.; Niedziela-Majka, A.; Marchand, B.; Mehra, U.; Zábranský, A.; Doležal, M.; et al. Hepatitis B Virus X Protein Function Requires Zinc Binding. J. Virol. 2019, 93, e00250-19. [Google Scholar] [CrossRef]

	



Li, T.; Robert, E.; van Breugel, P.; Strubin, M.; Zheng, N. A promiscuous alpha-helical motif anchors viral hijackers and substrate receptors to the CUL4-DDB1 ubiquitin ligase machinery. Nat. Struct. Mol. Biol. 2010, 17, 105–111. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, T.; Liu, M.; Wu, J.; Shi, Y. Structural and biochemical analysis of Bcl-2 interaction with the hepatitis B virus protein HBx. Proc. Natl. Acad. Sci. USA 2016, 113, 2074–2079. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.; Chen, H.; Cao, J.; Xiong, H.; Mo, X.; Li, T.; Kang, X.; Zhao, J.; Yin, B.; Zhao, X.; et al. Structural and functional analyses of hepatitis B virus X protein BH3-like domain and Bcl-xL interaction. Nat. Commun. 2019, 10, 3192. [Google Scholar] [CrossRef]

	



Dandri, M.; Schirmache, P.; Rogler, C. Woodchuck hepatitis virus X protein is present in chronically infected woodchuck liver and woodchuck hepatocellular carcinomas which are permissive for viral replication. J. Virol. 1996, 70, 5246–5254. [Google Scholar] [CrossRef]

	



Sirma, H.; Giannini, C.; Poussin, K.; Paterlini, P.; Kremsdorf, D.; Bréchot, C. Hepatitis B virus X mutants, present in hepatocellular carcinoma tissue abrogate both the antiproliferative and transactivation effects of HBx. Oncogene 1999, 18, 4848–4859. [Google Scholar] [CrossRef]

	



Su, Q.; Schröder, C.; Hofmann, W.; Otto, G.; Pichlmayr, R.; Bannasch, P. Expression of hepatitis B virus X protein in HBV-infected human livers and hepatocellular carcinomas. Hepatology 1998, 27, 1109–1120. [Google Scholar] [CrossRef]

	



Hoare, J.; Henkler, F.; Dowling, J.; Errington, W.; Goldin, R.; Fish, D.; McGarvey, M. Subcellular localisation of the X protein in HBV infected hepatocytes. J. Med. Virol. 2001, 64, 419–426. [Google Scholar] [CrossRef]

	



Weil, R.; Sirma, H.; Giannini, C.; Kremsdorf, D.; Bessia, C.; Dargemont, C.; Bréchot, C.; Israël, A. Direct association and nuclear import of the hepatitis B virus X protein with the NF-kappaB inhibitor IkappaBalpha. Mol. Cell. Biol. 1999, 19, 6345–6354. [Google Scholar] [CrossRef]

	



Kornyeyev, D.; Ramakrishnan, D.; Voitenleitner, C.; Livingston, C.; Xing, W.; Hung, M.; Kwon, H.; Fletcher, S.; Beran, R. Spatiotemporal Analysis of Hepatitis B Virus X Protein in Primary Human Hepatocytes. J. Virol. 2019, 93, e00248-19. [Google Scholar] [CrossRef] [PubMed]

	



Henkler, F.; Hoare, J.; Waseem, N.; Goldin, R.; McGarvey, M.; Koshy, R.; King, I. Intracellular localization of the hepatitis B virus HBx protein. J. Gen. Virol. 2001, 82, 871–882. [Google Scholar] [CrossRef]

	



Cha, M.; Ryu, D.; Jung, H.; Chang, H.; Ryu, W. Stimulation of hepatitis B virus genome replication by HBx is linked to both nuclear and cytoplasmic HBx expression. J. Gen. Virol. 2009, 90, 978–986. [Google Scholar] [CrossRef] [PubMed]

	



Ma, J.; Sun, T.; Park, S.; Shen, G.; Liu, J. The role of hepatitis B virus X protein is related to its differential intracellular localization. Acta Biochim. Biophys. Sin. 2011, 43, 583–588. [Google Scholar] [CrossRef] [PubMed]

	



Prieto, C.; Montecinos, J.; Jiménez, G.; Riquelme, C.; Garrido, D.; Hernández, S.; Loyola, A.; Villanueva, R. Phosphorylation of Phylogenetically Conserved Amino Acid Residues Confines HBx within Different Cell Compartments of Human Hepatocarcinoma Cells. Molecules 2021, 26, 1254. [Google Scholar] [CrossRef] [PubMed]

	



Benn, J.; Su, F.; Doria, M.; Schneider, R. Hepatitis B virus HBx protein induces transcription factor AP-1 by activation of extracellular signal-regulated and c-Jun N-terminal mitogen-activated protein kinases. J. Virol. 1996, 70, 4978–4985. [Google Scholar] [CrossRef]

	



Lee, Y.; Yun, Y. HBx protein of hepatitis B virus activates Jak1-STAT signaling. J. Biol. Chem. 1998, 273, 25510–25515. [Google Scholar] [CrossRef] [PubMed]

	



Bouchard, M.; Wang, L.; Schneider, R. Activation of focal adhesion kinase by hepatitis B virus HBx protein: Multiple functions in viral replication. J. Virol. 2006, 80, 4406–4414. [Google Scholar] [CrossRef]

	



Lee, Y.; Kang-Park, S.; Do, S.; Lee, Y. The hepatitis B virus-X protein activates a phosphatidylinositol 3-kinase-dependent survival signaling cascade. J. Biol. Chem. 2001, 276, 16969–16977. [Google Scholar] [CrossRef]

	



Cha, M.; Kim, C.; Park, Y.; Ryu, W. Hepatitis B virus X protein is essential for the activation of Wnt/beta-catenin signaling in hepatoma cells. Hepatology 2004, 39, 1683–1693. [Google Scholar] [CrossRef] [PubMed]

	



Oropeza, C.; Tarnow, G.; Sridhar, A.; Taha, T.; Shalaby, R.; McLachlan, A. The Regulation of HBV Transcription and Replication. Adv. Exp. Med. Biol. 2020, 1179, 39–69. [Google Scholar] [PubMed]

	



Keasler, V.; Hodgson, A.; Madden, C.; Slagle, B. Hepatitis B virus HBx protein localized to the nucleus restores HBx-deficient virus replication in HepG2 cells and in vivo in hydrodynamically-injected mice. Virology 2009, 390, 122–129. [Google Scholar] [CrossRef]

	



Rossner, M. Review: Hepatitis B virus X-gene product: A promiscuous transcriptional activator. J. Med. Virol. 1992, 36, 101–117. [Google Scholar] [CrossRef]

	



Lin, Y.; Nomura, T.; Cheong, J.; Dorjsuren, D.; Iida, K.; Murakami, S. Hepatitis B virus X protein is a transcriptional modulator that communicates with transcription factor IIB and the RNA polymerase II subunit 5. J. Biol. Chem. 1997, 272, 7132–7139. [Google Scholar] [CrossRef]

	



Lin, Y.; Nomura, T.; Yamashita, T.; Dorjsuren, D.; Tang, H.; Murakami, S. The transactivation and p53-interacting functions of hepatitis B virus X protein are mutually interfering but distinct. Cancer Res. 1997, 57, 5137–5142. [Google Scholar]

	



Qadri, I.; Conaway, J.; Conaway, R.; Schaack, J.; Siddiqui, A. Hepatitis B virus transactivator protein, HBx, associates with the components of TFIIH and stimulates the DNA helicase activity of TFIIH. Proc. Natl. Acad. Sci. USA 1996, 93, 10578–10583. [Google Scholar] [CrossRef]

	



Qadri, I.; Maguire, H.; Siddiqui, A. Hepatitis B virus transactivator protein X interacts with the TATA-binding protein. Proc. Natl. Acad. Sci. USA 1995, 92, 1003–1007. [Google Scholar] [CrossRef]

	



Cougot, D.; Wu, Y.; Cairo, S.; Caramel, J.; Renard, C.; Lévy, L.; Buendia, M.; Neuveut, C. The hepatitis B virus X protein functionally interacts with CREB-binding protein/p300 in the regulation of CREB-mediated transcription. J. Biol. Chem. 2007, 282, 4277–4287. [Google Scholar] [CrossRef]

	



Slagle, B.; Bouchard, M. Role of HBx in hepatitis B virus persistence and its therapeutic implications. Curr. Opin. Virol. 2018, 30, 32–38. [Google Scholar] [CrossRef]

	



Bogaert, A.; Fernandez, E.; Gevaert, K. N-Terminal Proteoforms in Human Disease. Trends Biochem. Sci. 2020, 45, 308–320. [Google Scholar] [CrossRef] [PubMed]

	



Kochetov, A. Alternative translation start sites and hidden coding potential of eukaryotic mRNAs. Bioessays 2008, 30, 683–691. [Google Scholar] [CrossRef] [PubMed]

	



James, C.; Smyth, J. Alternative mechanisms of translation initiation: An emerging dynamic regulator of the proteome in health and disease. Life Sci. 2018, 212, 138–144. [Google Scholar] [CrossRef]

	



Zheng, Y.; Riegler, J.; Wu, J.; Yen, T. Novel short transcripts of hepatitis B virus X gene derived from intragenic promoter. J. Biol. Chem. 1994, 269, 22593–22598. [Google Scholar] [CrossRef]

	



Zhang, P.; Raney, A.; McLachlan, A. Characterization of the hepatitis B virus X- and nucleocapsid gene transcriptional regulatory elements. Virology 1992, 191, 31–41. [Google Scholar] [CrossRef]

	



Treinin, M.; Laub, O. Identification of a promoter element located upstream from the hepatitis B virus X gene. Mol. Cell. Biol. 1987, 7, 545–548. [Google Scholar]

	



Nakatake, H.; Chisaka, O.; Yamamoto, S.; Matsubara, K.; Koshy, R. Effect of X protein on transactivation of hepatitis B virus promoters and on viral replication. Virology 1993, 195, 305–314. [Google Scholar] [CrossRef] [PubMed]

	



Kwee, L.; Lucito, R.; Aufiero, B.; Schneider, R. Alternate translation initiation on hepatitis B virus X mRNA produces multiple polypeptides that differentially transactivate class II and III promoters. J. Virol. 1992, 66, 4382–4389. [Google Scholar] [CrossRef]

	



Leach, J.; Qiao, L.; Fang, Y.; Han, S.; Gilfor, D.; Fisher, P.; Grant, S.; Hylemon, P.; Peterson, D.; Dent, P. Regulation of p21 and p27 expression by the hepatitis B virus X protein and the alternate initiation site X proteins, AUG2 and AUG3. J. Gastroenterol. Hepatol. 2003, 18, 376–385. [Google Scholar] [CrossRef]

	



Yuan, S.; Liao, G.; Zhang, M.; Zhu, Y.; Wang, K.; Xiao, W.; Jia, C.; Dong, M.; Sun, N.; Walch, A.; et al. Translatomic profiling reveals novel self-restricting virus-host interactions during HBV infection. J. Hepatol. 2021, 75, 74–85. [Google Scholar] [CrossRef]

	



Tuttleman, J.; Pourcel, C.; Summers, J. Formation of the pool of covalently closed circular viral DNA in hepadnavirus-infected cells. Cell 1986, 47, 451–460. [Google Scholar] [CrossRef]

	



Bock, C.; Schranz, I.; Schroder, C.; Zentgraf, H. Hepatitis B Virus Genome Is Organized into Nucleosomes in the Nucleus of the Infected Cell. Virus Genes 1994, 8, 215–229. [Google Scholar] [CrossRef]

	



Newbold, J.; Xin, H.; Tencza, M.; Sherman, G.; Dean, J. The Covalently Closed Duplex Form of the Hepadnavirus Genome Exists In Situ as a Heterogeneous Population of Viral Minichromosomes. J. Virol. 1995, 69, 3350–3357. [Google Scholar] [CrossRef]

	



Bock, C.; Schwinn, S.; Locarnini, S.; Fyfe, J.; Manns, M.; Trautwein, C.; Zentgraf, H. Structural organization of the hepatitis B virus minichromosome. J. Mol. Biol. 2001, 307, 183–196. [Google Scholar] [CrossRef]

	



Belloni, L.; Pollicino, T.; Nicola, F.D.; Guerrieri, F.; Raffa, G.; Fanciulli, M.; Raimondo, G.; Levrero, M. Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function. Proc. Natl. Acad. Sci. USA 2009, 106, 19975–19979. [Google Scholar] [CrossRef] [PubMed]

	



Belloni, L.; Allweiss, L.; Guerrieri, F.; Pediconi, N.; Volz, T.; Pollicino, T.; Petersen, J.; Raimondo, G.; Dandri, M.; Levrero, M. IFN-α inhibits HBV transcription and replication in cell culture and in humanized mice by targeting the epigenetic regulation of the nuclear cccDNA minichromosome. J. Clin. Investig. 2012, 122, 529–537. [Google Scholar] [CrossRef] [PubMed]

	



Pollicino, T.; Belloni, L.; Raffa, G.; Pediconi, N.; Squadrito, G.; Raimondo, G.; Levrero, M. Hepatitis B virus replication is regulated by the acetylation status of hepatitis B virus cccDNA-bound H3 and H4 histones. Gastroenterology 2006, 130, 823–837. [Google Scholar] [CrossRef] [PubMed]

	



Rivière, L.; Gerossier, L.; Ducroux, A.; Dion, S.; Deng, Q.; Michel, M.-L.; Buendia, M.-A.; Hantz, O.; Neuveut, C. HBx relieves chromatin-mediated transcriptional repression of hepatitis B viral cccDNA involving SETDB1 histone methyltransferase. J. Hepatol. 2015, 63, 1093–1102. [Google Scholar] [CrossRef] [PubMed]

	



Alarcon, V.; Hernández, S.; Rubio, L.; Alvarez, F.; Flores, Y.; Varas-Godoy, M.; Ferrari, G.D.; Kann, M.; Villanueva, R.; Loyola, A. The enzymes LSD1 and Set1A cooperate with the viral protein HBx to establish an active hepatitis B viral chromatin state. Sci. Rep. 2016, 6, 25901. [Google Scholar] [CrossRef] [PubMed]

	



Benhenda, S.; Ducroux, A.; Riviere, L.; Sobhian, B.; Ward, M.D.; Dion, S.; Hantz, O.; Protzer, U.; Michel, M.L.; Benkirane, M.; et al. Methyltransferase PRMT1 is a binding partner of HBx and a negative regulator of hepatitis B virus transcription. J. Virol. 2013, 87, 4360–4371. [Google Scholar] [CrossRef]

	



Tropberger, P.; Mercier, A.; Robinson, M.; Zhong, W.; Ganem, D.; Holdorf, M. Mapping of histone modifications in episomal HBV cccDNA uncovers an unusual chromatin organization amenable to epigenetic manipulation. Proc. Natl. Acad. Sci. USA 2015, 112, E5715–E5724. [Google Scholar] [CrossRef] [PubMed]

	



Ren, J.H.; Hu, J.L.; Cheng, S.T.; Yu, H.B.; Wong, V.K.W.; Law, B.Y.K.; Yang, Y.F.; Huang, Y.; Liu, Y.; Chen, W.X.; et al. SIRT3 restricts hepatitis B virus transcription and replication through epigenetic regulation of covalently closed circular DNA involving suppressor of variegation 3-9 homolog 1 and SET domain containing 1A histone methyltransferases. Hepatology 2018, 68, 1260–1276. [Google Scholar] [CrossRef]

	



Alvarez-Astudillo, F.; Garrido, D.; Varas-Godoy, M.; Gutiérrez, J.; Villanueva, R.; Loyola, A. The histone variant H3.3 regulates the transcription of the hepatitis B virus. Ann. Hepatol. 2021, 21, 100261. [Google Scholar] [CrossRef]

	



Salerno, D.; Chiodo, L.; Alfano, V.; Floriot, O.; Cottone, G.; Paturel, A.; Pallocca, M.; Plissonnier, M.; Jeddari, S.; Belloni, S.; et al. Hepatitis B protein HBx binds the DLEU2 lncRNA to sustain cccDNA and host cancer-related gene transcription. Gut 2020, 69, 2016–2024. [Google Scholar] [CrossRef]

	



Chong, C.; Cheng, C.; Tsoi, S.; Huang, F.; Liu, F.; Fung, J.; Seto, W.; Lai, K.; Lai, C.; Yuen, M.; et al. HBV X protein mutations affect HBV transcription and association of histone-modifying enzymes with covalently closed circular DNA. Sci. Rep. 2020, 10, 802. [Google Scholar] [CrossRef]

	



Saeed, U.; Kim, J.; Piracha, Z.; Kwon, H.; Jung, J.; Chwae, Y.; Park, S.; Shin, H.; Kim, K. Parvulin 14 and Parvulin 17 Bind to HBx and cccDNA and Upregulate Hepatitis B Virus Replication from cccDNA to Virion in an HBx-Dependent Manner. J. Virol. 2019, 93, e01840-18. [Google Scholar] [CrossRef]

	



Tian, Y.; Yang, W.; Song, J.; Wu, Y.; Ni, B. Hepatitis B virus X protein-induced aberrant epigenetic modifications contributing to human hepatocellular carcinoma pathogenesis. Mol. Cell. Biol. 2013, 33, 2810–2816. [Google Scholar] [CrossRef]

	



Tang, D.; Zhao, H.; Wu, Y.; Peng, B.; Gao, Z.; Sun, Y.; Duan, J.; Qi, Y.; Li, Y.; Zhou, Z.; et al. Transcriptionally inactive hepatitis B virus episome DNA preferentially resides in the vicinity of chromosome 19 in 3D host genome upon infection. Cell Rep. 2021, 35, 109288. [Google Scholar] [CrossRef] [PubMed]

	



Blum, H.E.; Zhang, Z.; Galun, E.; von Weizsäcker, F.; Garner, B.; Liang, T.; Wands, J. Hepatitis B virus X protein is not central to the viral life cycle in vitro. J. Virol. 1992, 66, 1223–1227. [Google Scholar] [CrossRef] [PubMed]

	



Zoulim, F.; Saputelli, J.; Seeger, C. Woodchuck hepatitis virus X protein is required for viral infection in vivo. J. Virol. 1994, 68, 2026–2030. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Torii, N.; Hu, Z.; Jacob, J.; Liang, T. X-deficient woodchuck hepatitis virus mutants behave like attenuated viruses and induce protective immunity in vivo. J. Clin. Investig. 2001, 108, 1523–1531. [Google Scholar] [CrossRef] [PubMed]

	



Slagle, B.; Andrisani, O.; Bouchard, M.; Lee, C.; Ou, J.; Siddiqui, A. Technical standards for hepatitis B virus X protein (HBx) research. Hepatology 2015, 61, 1416–1424. [Google Scholar] [CrossRef]

	



Altinel, K.; Hashimoto, K.; Wei, Y.; Neuveut, C.; Gupta, I.; Suzuki, A.; Santos, A.D.; Moreau, P.; Xia, T.; Kojima, S.; et al. Single-Nucleotide Resolution Mapping of Hepatitis B Virus Promoters in Infected Human Livers and Hepatocellular Carcinoma. J. Virol. 2016, 90, 10811–10822. [Google Scholar] [CrossRef]

	



Kozak, M. Point mutations define a sequence flanking the AUG initiator codon that modulates translation by eukaryotic ribosomes. Cell 1986, 44, 283–292. [Google Scholar] [CrossRef]

	



Kozak, M. At least six nucleotides preceding the AUG initiator codon enhance translation in mammalian cells. Cell 1987, 196, 947–950. [Google Scholar] [CrossRef]

	



Kozak, M. Regulation of translation via mRNA structure in prokaryotes and eukaryotes. Genes 2005, 361, 13–37. [Google Scholar] [CrossRef]

	



Hinnebusch, A. Molecular mechanism of scanning and start codon selection in eukaryotes. Microbiol. Mol. Biol. Rev. 2011, 75, 434–467. [Google Scholar] [CrossRef] [PubMed]

	



Nakai, K.; Horton, P. PSORT: A program for detecting sorting signals in proteins and predicting their subcellular localization. Trends Biochem. Sci. 1999, 24, 34–36. [Google Scholar] [CrossRef]

	



Babu, M.M. The contribution of intrinsically disordered regions to protein function, cellular complexity, and human disease. Biochem. Soc. Trans. 2016, 44, 1185–1200. [Google Scholar] [CrossRef]

	



Buljan, M.; Chalancon, G.; Dunker, A.K.; Bateman, A.; Balaji, S.; Fuxreiter, M.; Babu, M.M. Alternative splicing of intrinsically disordered regions and rewiring of protein interactions. Curr. Opin. Struct. Biol. 2013, 23, 443–450. [Google Scholar] [CrossRef]

	



Zhou, J.; Zhao, S.; Dunker, A.K. Intrinsically Disordered Proteins Link Alternative Splicing and Post-translational Modifications to Complex Cell Signaling and Regulation. J. Mol. Biol. 2018, 430, 2342–2359. [Google Scholar] [CrossRef]

	



Uversky, V.N. p53 Proteoforms and Intrinsic Disorder: An Illustration of the Protein Structure-Function Continuum Concept. Int. J. Mol. Sci. 2016, 17, 1874. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Romero, P.; Rani, M.; Dunker, A.K.; Obradovic, Z. Predicting Protein Disorder for N-, C-, and Internal Regions. Genome Inform. 1999, 10, 30–40. [Google Scholar]

	



Romero, P.; Obradovic, Z.; Dunker, K. Sequence Data Analysis for Long Disordered Regions Prediction in the Calcineurin Family. Genome Inform. 1997, 8, 110–124. [Google Scholar]

	



Linding, R.; Jensen, L.J.; Diella, F.; Bork, P.; Gibson, T.J.; Russell, R.B. Protein disorder prediction: Implications for structural proteomics. Structure 2003, 11, 1453–1459. [Google Scholar] [CrossRef]

	



Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.J. The Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc. 2015, 10, 845–858. [Google Scholar] [CrossRef]

	



Ishida, T.; Kinoshita, K. PrDOS: Prediction of disordered protein regions from amino acid sequence. Nucleic Acids Res. 2007, 35, W460–W464. [Google Scholar] [CrossRef]

	



Barik, A.; Katuwawala, A.; Hanson, J.; Paliwal, K.; Zhou, Y.; Kurgan, L. DEPICTER: Intrinsic Disorder and Disorder Function Prediction Server. J. Mol. Biol. 2020, 432, 3379–3387. [Google Scholar] [CrossRef] [PubMed]

	



Decorsière, A.; Mueller, H.; van Breugel, P.C.; Abdul, F.; Gerossier, L.; Beran, R.; Livingston, C.; Niu, C.; Fletcher, S.; Hantz, O.; et al. Hepatitis B virus X protein identifies the Smc5/6 complex as a host restriction factor. Nature 2016, 531, 386–389. [Google Scholar] [CrossRef]

	



Murphy, C.; Xu, Y.; Li, F.; Nio, K.; Reszka-Blanco, N.; Li, X.; Wu, Y.; Yu, Y.; Xiong, Y.; Su, L. Hepatitis B Virus X Protein Promotes Degradation of SMC5/6 to Enhance HBV Replication. Cell Rep. 2016, 16, 2846–2854. [Google Scholar] [CrossRef]

	



Quasdorff, M.; Protzer, U. Control of hepatitis B virus at the level of transcription. J. Viral Hepat. 2010, 17, 527–536. [Google Scholar] [CrossRef]

	



Moolla, N.; Kew, M.; Arbuthnot, P. Regulatory elements of hepatitis B virus transcription. J. Viral Hepat. 2002, 9, 323–331. [Google Scholar] [CrossRef]

	



Chang, H.K.; Chou, C.K.; Chang, C.; Su, T.S.; Hu, C.; Yoshida, M.; Ting, L.P. The enhancer sequence of human hepatitis B virus can enhance the activity of its surface gene promoter. Nucleic Acids Res. 1987, 15, 2261–2268. [Google Scholar] [CrossRef] [PubMed]

	



Quarleri, J. Core promoter: A critical region where the hepatitis B virus makes decisions. World J. Gastroenterol. 2014, 20, 425–435. [Google Scholar] [CrossRef]

	



Günther, S.; Li, B.C.; Miska, S.; Krüger, D.; Meisel, H.; Willl, 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, 5437–5444. [Google Scholar] [CrossRef] [PubMed]

	



Alexopoulou, A.; Karayiannis, P. HBeAg negative variants and their role in the natural history of chronic hepatitis B virus infection. World J. Gastroenterol. 2014, 20, 7644–7652. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.P.; Yao, C.Y. Rapid and quantitative detection of hepatitis B virus. World J. Gastroenterol. 2015, 21, 11954–11963. [Google Scholar] [CrossRef] [PubMed]

	



Escobar, T.M.; Loyola, A.; Reinberg, D. Parental nucleosome segregation and the inheritance of cellular identity. Nat. Rev. Genet. 2021, 22, 379–392. [Google Scholar] [CrossRef]

	



Burstein, E.; Hoberg, J.E.; Wilkinson, A.S.; Rumble, J.M.; Csomos, R.A.; Komarck, C.M.; Maine, G.N.; Wilkinson, J.C.; Mayo, M.W.; Duckett, C.S. COMMD proteins, a novel family of structural and functional homologs of MURR1. J. Biol. Chem. 2005, 280, 22222–22232. [Google Scholar] [CrossRef]

	



Van De Sluis, B.; Rothuizen, J.; Pearson, P.L.; van Oost, B.A.; Wijmenga, C. Identification of a new copper metabolism gene by positional cloning in a purebred dog population. Hum. Mol. Genet. 2002, 11, 165–173. [Google Scholar] [CrossRef] [PubMed]

	



De Bie, P.; van de Sluis, B.; Burstein, E.; Duran, K.J.; Berger, R.; Duckett, C.S.; Wijmenga, C.; Klomp, L.W. Characterization of COMMD protein-protein interactions in NF-kappaB signalling. Biochem. J. 2006, 398, 63–71. [Google Scholar] [CrossRef]

	



Geng, H.; Wittwer, T.; Dittrich-Breiholz, O.; Kracht, M.; Schmitz, M.L. Phosphorylation of NF-kappaB p65 at Ser468 controls its COMMD1-dependent ubiquitination and target gene-specific proteasomal elimination. EMBO Rep. 2009, 10, 381–386. [Google Scholar] [CrossRef]

	



Mao, X.; Gluck, N.; Chen, B.; Starokadomskyy, P.; Li, H.; Maine, G.N.; Burstein, E. COMMD1 (copper metabolism MURR1 domain-containing protein 1) regulates Cullin RING ligases by preventing CAND1 (Cullin-associated Nedd8-dissociated protein 1) binding. J. Biol. Chem. 2011, 286, 32355–32365. [Google Scholar] [CrossRef]

	



Edgar, R.C. MUSCLE: A multiple sequence alignment method with reduced time and space complexity. BMC Bioinform. 2004, 5, 113. [Google Scholar] [CrossRef]

	



Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32, 1792–1797. [Google Scholar] [CrossRef]

	



Chen, H.; Kaneko, S.; Girones, R.; Anderson, R.; Hornbuckle, W.; Tennant, B.; Cote, P.; Gerin, J.; Purcell, R.; Miller, R. The woodchuck hepatitis virus X gene is important for establishment of virus infection in woodchucks. J. Virol. 1993, 67, 1218–1226. [Google Scholar] [CrossRef]

	



Sozzi, V.; Shen, F.; Chen, J.; Colledge, D.; Jackson, K.; Locarnini, S.; Yuan, Z.; Revill, P. In vitro studies identify a low replication phenotype for hepatitis B virus genotype H generally associated with occult HBV and less severe liver disease. Virology 2018, 519, 190–196. [Google Scholar] [CrossRef] [PubMed]

	



Klein, N.; Bouchard, M.; Wang, L.; Kobarg, C.; Schneider, R. Src kinases involved in hepatitis B virus replication. EMBO J. 1999, 18, 5019–5027. [Google Scholar] [CrossRef] [PubMed]

	



Klein, N.; Schneider, R. Activation of Src family kinases by hepatitis B virus HBx protein and coupled signaling to Ras. Mol. Cell. Biol. 1997, 17, 6427–6436. [Google Scholar] [CrossRef]

	



Kusunoki, H.; Tanaka, T.; Kohno, T.; Kimura, H.; Hosoda, K.; Wakamatsu, K.; Hamaguchi, I. Expression, purification and characterization of hepatitis B virus X protein BH3-like motif-linker-Bcl-x(L) fusion protein for structural studies. Biochem. Biophys. Rep. 2016, 9, 159–165. [Google Scholar] [CrossRef]

	



Kusunoki, H.; Tanaka, T.; Kohno, T.; Kimura, H.; Hosoda, K.; Wakamatsu, K.; Hamaguchi, I. NMR characterization of the interaction between Bcl-x(L) and the BH3-like motif of hepatitis B virus X protein. Biochem. Biophys. Res. Commun. 2019, 518, 445–450. [Google Scholar] [CrossRef]

	



Kusunoki, H.; Tanaka, T.; Kohno, T.; Wakamatsu, K.; Hamaguchi, I. Structural characterization of the BH3-like motif of hepatitis B virus X protein. Biochem. Biophys. Res. Commun. 2014, 450, 741–745. [Google Scholar] [CrossRef]

	



Geng, X.; Harry, B.; Zhou, Q.; Skeen-Gaar, R.; Ge, X.; Lee, E.; Mitani, S.; Xue, D. Hepatitis B virus X protein targets the Bcl-2 protein CED-9 to induce intracellular Ca2+ increase and cell death in Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 2012, 109, 18465–18470. [Google Scholar] [CrossRef] [PubMed]

	



Geng, X.; Huang, C.; Qin, Y.; McCombs, J.E.; Yuan, Q.; Harry, B.L.; Palmer, A.E.; Xia, N.S.; Xue, D. Hepatitis B virus X protein targets Bcl-2 proteins to increase intracellular calcium, required for virus replication and cell death induction. Proc. Natl. Acad. Sci. USA 2012, 109, 18471–18476. [Google Scholar] [CrossRef] [PubMed]

	



Reddi, H.; Kumar, V. Self-association of the hepatitis B virus X protein in the yeast two-hybrid system. Biochem. Biophys. Res. Commun. 2004, 317, 1017–1022. [Google Scholar] [CrossRef]

	



De Klerk, E.; AC‘t Hoen, P. Alternative mRNA transcription, processing, and translation: Insights from RNA sequencing. Trends Genet. 2015, 31, 128–139. [Google Scholar] [CrossRef]

	



Landry, J.; Mager, D.; Wilhelm, B. Complex controls: The role of alternative promoters in mammalian genomes. Trends Genet. 2003, 19, 640–648. [Google Scholar] [CrossRef]

	



Stadelmayer, B.; Diederichs, A.; Chapus, F.; Rivoire, M.; Neveu, G.; Alam, A.; Fraisse, L.; Carter, K.; Testoni, B.; Zoulim, F. Full-length 5′RACE identifies all major HBV transcripts in HBV-infected hepatocytes and patient serum. J. Hepatol. 2020, 73, 40–51. [Google Scholar] [CrossRef] [PubMed]

	



Starokadomskyy, P.; Gluck, N.; Li, H.; Chen, B.; Wallis, M.; Maine, G.N.; Mao, X.; Zaidi, I.W.; Hein, M.Y.; McDonald, F.J.; et al. CCDC22 deficiency in humans blunts activation of proinflammatory NF-kappaB signaling. J. Clin. Investig. 2013, 123, 2244–2256. [Google Scholar] [CrossRef]

	



Wang, X.; He, S.; Zheng, X.; Huang, S.; Chen, H.; Chen, H.; Luo, W.; Guo, Z.; He, X.; Zhao, Q. Transcriptional analysis of the expression, prognostic value and immune infiltration activities of the COMMD protein family in hepatocellular carcinoma. BMC Cancer 2021, 21, 1001. [Google Scholar] [CrossRef]

	



Sitterlin, D.; Lee, T.; Prigent, S.; Tiollais, P.; Butel, J.; Transy, C. Interaction of the UV-damaged DNA-binding protein with hepatitis B virus X protein is conserved among mammalian hepadnaviruses and restricted to transactivation-proficient X-insertion mutants. J. Virol. 1997, 71, 6194–6199. [Google Scholar] [CrossRef] [PubMed]

	



Angers, S.; Li, T.; Yi, X.; MacCoss, M.J.; Moon, R.T.; Zheng, N. Molecular architecture and assembly of the DDB1-CUL4A ubiquitin ligase machinery. Nature 2006, 443, 590–593. [Google Scholar] [CrossRef]

	



Precious, B.; Childs, K.; Fitzpatrick-Swallow, V.; Goodbourn, S.; Randall, R.E. Simian virus 5 V protein acts as an adaptor, linking DDB1 to STAT2, to facilitate the ubiquitination of STAT1. J. Virol. 2005, 79, 13434–13441. [Google Scholar] [CrossRef] [PubMed]

	



Hrecka, K.; Gierszewska, M.; Srivastava, S.; Kozaczkiewicz, L.; Swanson, S.K.; Florens, L.; Washburn, M.P.; Skowronski, J. Lentiviral Vpr usurps Cul4-DDB1[VprBP] E3 ubiquitin ligase to modulate cell cycle. Proc. Natl. Acad. Sci. USA 2007, 104, 11778–11783. [Google Scholar] [CrossRef]

	



Vasilenko, N.L.; Snider, M.; Labiuk, S.L.; Lobanov, V.A.; Babiuk, L.A.; van Drunen Littel-van den Hurk, S. Bovine herpesvirus-1 VP8 interacts with DNA damage binding protein-1 (DDB1) and is monoubiquitinated during infection. Virus Res. 2012, 167, 56–66. [Google Scholar] [CrossRef]

	



Zhang, S.; Lin, R.; Zhou, Z.; Wen, S.; Lin, L.; Chen, S.; Shan, Y.; Cong, Y.; Wang, S. Macrophage migration inhibitory factor interacts with HBx and inhibits its apoptotic activity. Biochem. Biophys. Res. Commun. 2006, 342, 671–679. [Google Scholar] [CrossRef] [PubMed]

	



Shokri, S.; Mahmoudvand, S.; Taherkhani, R.; Farshadpour, F.; Jalalian, F.A. Complexity on modulation of NF-kappaB pathways by hepatitis B and C: A double-edged sword in hepatocarcinogenesis. J. Cell. Physiol. 2019, 234, 14734–14742. [Google Scholar] [CrossRef]

	



Bohrer, A.; Yoshimoto, N.; Sekiguchi, A.; Rykulski, N.; Saito, K.; Takahashi, H. Alternative translational initiation of ATP sulfurylase underlying dual localization of sulfate assimilation pathways in plastids and cytosol in Arabidopsis thaliana. Front. Plant. Sci 2015, 5, 750. [Google Scholar] [CrossRef] [PubMed]

	



Outten, C.; Culotta, V. Alternative start sites in the Saccharomyces cerevisiae GLR1 gene are responsible for mitochondrial and cytosolic isoforms of glutathione reductase. J. Biol. Chem. 2004, 279, 7785–7791. [Google Scholar] [CrossRef] [PubMed]

	



Khoury, M.; Bourdon, J. The isoforms of the p53 protein. Cold Spring Harb. Perspect. Biol. 2010, 2, a000927. [Google Scholar] [CrossRef]

	



Logette, E.; Wotawa, A.; Solier, S.; Desoche, L.; Solary, E.; Corcos, L. The human caspase-2 gene: Alternative promoters, pre-mRNA splicing and AUG usage direct isoform-specific expression. Oncogene 2003, 22, 935–946. [Google Scholar] [CrossRef] [PubMed]

	



Kadmiel, M.; Cidlowski, J. Glucocorticoid receptor signaling in health and disease. Trends Pharm. Sci. 2013, 34, 518–530. [Google Scholar] [CrossRef] [PubMed]

	



Brubaker, S.; Gauthier, A.; Mills, E.; Ingolia, N.; Kagan, J. A bicistronic MAVS transcript highlights a class of truncated variants in antiviral immunity. Cell 2014, 156, 800–811. [Google Scholar] [CrossRef]

	



Ivanov, P.; Anderson, P. Alternative translation initiation in immunity: MAVS learns new tricks. Trends Immunol. 2014, 35, 188–189. [Google Scholar] [CrossRef]

	



Goyama, S.; Schibler, J.; Mulloy, J. Alternative translation initiation generates the N-terminal truncated form of RUNX1 that retains hematopoietic activity. Exp. Hematol. 2019, 72, 27–35. [Google Scholar] [CrossRef]

	



Liang, H.; Chen, X.; Yin, Q.; Ruan, D.; Zhao, X.; Zhang, C.; McNutt, M.; Yin, Y. PTENβ is an alternatively translated isoform of PTEN that regulates rDNA transcription. Nat. Commun. 2017, 8, 14771. [Google Scholar] [CrossRef]

	



Trulley, P.; Snieckute, G.; Bekker-Jensen, D.; Menon, M.; Freund, R.; Kotlyarov, A.; Olsen, J.; Diaz-Muñoz, M.; Turner, M.; Bekker-Jensen, S.; et al. Alternative Translation Initiation Generates a Functionally Distinct Isoform of the Stress-Activated Protein Kinase MK2. Cell Rep. 2019, 27, 2859–2870. [Google Scholar] [CrossRef] [PubMed]

	



Benassayag, C.; Montero, L.; Colombié, N.; Gallant, P.; Cribbs, D.; Morello, D. Human c-Myc isoforms differentially regulate cell growth and apoptosis in Drosophila melanogaster. Mol. Cell. Biol. 2005, 25, 9897–9909. [Google Scholar] [CrossRef] [PubMed]

	



Romanelli, M.; Diani, E.; Lievens, P. New insights into functional roles of the polypyrimidine tract-binding protein. Int. J. Mol. Sci. 2013, 14, 22906–22932. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 09 01701 g001a 550][image: Biomedicines 09 01701 g001b 550] 





Figure 1. HBx domains organization, smaller isoforms, and their constructs for expression in Huh-7 hepatocarcinoma cells. (A) HBx functional domains organization [22,23,24,25,26]. N-terminal negative regulatory domain includes the AUG1 (green), Met1 (bold red), and Ser/Pro-rich region segment (blue). HBx C-terminal transactivation domain with AUG2 (green), Met79 for HBx Medium smaller isoform (XM), including H-box α-helix (blue). AUG3 (green), Met105 for HBx smaller isoform (XS), including the BH3-like motif (blue) are shown. Calculated molecular weight and basal isoelectric point (pI) for each HBx-derived isoform polypeptides are indicated to the right. (B) HBx in-frame AUG1, AUG2, and AUG3 initiation codons of HBV genotype F1b (Genebank KM233681.1) [27,28] compared with Kozak consensus sequences. Critical positions (−3, and +4) for optimal translation with respect to Kozak consensus are shown in red. (C) Scheme of HBx constructs for either canonical or individual HBx isoforms expression fused to the GFP marker. HBx constructs were made with the indicated regions of the HBx reading frame (white blocks), and with the substituted point changes (AUG -> GUG). For HBx XS expression (“mini-HBx”), the complete HBx reading frame was necessary for expression, introducing an in-frame early stop codon to prevent full HBx expression (UAA and red line) and a GUG change in the AUG2 to prevent the expression of XM. (D) Expression of the HBx isoforms upon transfection in Huh-7 cells, and Western blot to detect GFP expression. DNA constructs were transfected in Huh-7 cells, cell extracts were resolved by SDS-PAGE, and HBx isoform proteins were detected by Western blot against GFP protein marker. WT HBx (WT X, lane 1), HBx full-length (XF, lane 2), HBx medium-length (XM, lane 3), and HBx small-length (XS, lane 4) are indicated. Right panel is an overexposure of the signal showed to the left. 
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Figure 2. Subcellular localization of HBx canonical, and individual HBx isoforms in cultured hepatocarcinoma cells. (A) Fluorescence of the GFP-tagged HBx proteins in hepatoma cells transfected with high (H, left), medium (M, middle) or low (L, right) amounts of the plasmid DNA constructs [27,86,90]. Representative images of cells transfected with X WT (HBx WT), XF (HBx full-length), XM (HBx medium-length), XS (HBx short-length), each of them fused to the GFP protein are shown. Bar for scale of 50 µm. (B) 100 positive cells for the expression of GFP of WT or mutant HBx proteins were analyzed. Cells were all transfected with three different amounts of DNA, and after 24 h, coverslips were processed for fluorescence microscopy. Expression of HBx-GFP isoform proteins was associated with either the cytoplasm, nucleus, or nucleocytoplasmic (dual) compartments with respect to DAPI-positive nuclear staining. 
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Figure 3. HBV DNA constructs for targeting the individual expression of the different HBx isoform proteins, and replication in HepG2 cells. (A) HBV DNA backbone containing HBx mutations of either individual HBx isoforms or all possible combinations of them [27,28]. To abolish the expression of HBx full-length (i.e., in the constructs XMS, 3X-, XM, XS) an early in-frame stop codon was introduced in the HBx reading frame. Additional point changes in the HBx reading frame are indicated by the GUG codon (green) replacing the corresponding AUG codon at either the second or third in-frame initiation codons. Protein expressions of each individual HBx isoforms for each HBV DNA construct are indicated in the columns to the right. (B) Point sequence changes on reading frames of either HBx or HBV P (polymerase) protein. Since the reading frames of HBx and P protein overlap but in a different phase (offset by one nucleotide), it is important that changes introduced into HBx reading frame do not affect HBV P protein. As shown, mutations in either AUG1 (top panel) or AUG2 (middle panel) of the HBV HBx do not affect the reading frame of the HBV P protein. HBx* and P* indicate the modified DNA and amino acid sequences. In the case of HBx AUG3 (bottom panel), it is overlapped by the basal core promoter (BCP) sequence, and the change in the sequence will introduce the indicated point mutation [118,119,120,121]. Analyses of intracellular HBV (C) Cyt DNA, and (D) cccDNA replicative intermediates after transfection of WT or mutant HBV genomes are shown, respectively. Analyses of secreted HBV (E) HBsAg, or (F) HBeAg viral antigen markers into supernatants are indicated, respectively. Results are shown as fold changes with respect to the WT HBV genome. The standard deviation was obtained from four independent experiments. *: p < 0.05, **: p < 0.01, ***: p < 0.001, Student’s t-test. 
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Figure 4. Roles and properties of the HBx XM and XS smaller isoforms. (A) The HBV XS isoform binds to the cccDNA and is sufficient to establish an active viral chromatin state. HepG2 cells were co-transfected with WT HBV DNA and one of the constructs, GFP-Vo (GFP empty vector), HBx XS-GFP, HBx XM-GFP or HBx XF-GFP, and the cells were analyzed by chromatin immunoprecipitation (ChIP) assays. HBx isoform binding to cccDNA was determined by ChIP analysis using GFP-conjugated Sepharose beads. Immunoprecipitated DNA was quantified by qPCR using specific primers for the core promoter. The results are expressed as % of input. The standard deviation was obtained from three PCR reactions, and the graphs are representative of three independent experiments. *: p < 0.05, **: p < 0.01, ***: p < 0.001, Student’s t-test. (B,C) Analysis of post-translational modifications of histones bound to the core viral promoter by ChIP. HepG2 cells were transfected with the viral full constructs, either WT HBV, HBV XS, or HBV 3X- genomes, and cells were analyzed 72 h later for ChIP assay. Covalent post-translational modifications on histone H3 were determined using specific antibodies H3K9me2 (B) and H3K4me3 (C). Immunoprecipitated DNA was quantified by qPCR using specific primers for the core promoter. The results are expressed as % of input and normalized against the ChIP H3 value. The standard deviation was obtained from three PCR reactions and the graphs are representative of three independent experiments. *: p < 0.05, **: p < 0.01, ***: p < 0.001, Student’s t-test. (D) Sequence similarity between the N-terminus of the COMMD8 protein and HBx XM isoform protein. On top, scheme showing domains and initiation codon positions M1, M2, and M3 (in red) of the three isoforms of the HBx protein, and the position of the similarity region within the isoforms. To the bottom, a scheme that depicts domain organization of COMMD8 protein, showing the conserved C-terminal COMM domain and the unique N-terminal extension (112 residues). Within its N-terminus, the similarity region is indicated. In the middle, the similarity region between HBx and COMMD8 is shown as well as amino acid residues involved in the alignment. The significant similarity region is boxed and highlighted in gray, which displays 25.53% identity, and 48.94% similarity. For these determinations, the website GenomeNet (genome.jp) was used, and the server utilized was MOTIF (sequence motif search), using the set of all databases. 
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Figure 5. HBx XS small isoform is not expressed in HBV genotype H isolates. Multiple alignment of primary sequences of HBx proteins from all main human HBV genotypes, and chronic hepatitis B-type viruses from other organisms, such as woolly monkey hepatitis virus X protein (HMHx), woodchuck hepatitis virus X protein (WHx), and ground squirrel hepatitis virus X protein (GSHx) using multiple sequence comparison by log-expectation, the MUSCLE web server [132,133]. The alignment is magnified surrounding the Met3 position, between residues 85 to 122 of canonical HBx protein as indicated on top of the figure. HBx protein individual accession numbers are indicated in the left column, followed by the corresponding HBV genotype of each isolate or organism. The isolate 4.5HBV_HBx corresponds to our lab working HBV HBx genotype F1b isolate (GenBank: AIL83994.1) [27,28]. Individual residues across samples are colored as conserved (red), semi-conserved (blue) or non-conserved (black). Highlighted positions in bold and green indicate position of HBx Met3 in most of genotypes. Instead, highlighted position in bold and yellow indicate the corresponding conserved position of HBx Thr3, in HBV genotype H isolates, implicating the absence of Met3 in these isolates. 
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Table 1. Analyses of HBx disordered regions.
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WEB TOOL 2

	
Predicted Disordered HBx Regions 1




	
Region 1–78

	
Region 79–104

	
Region 105–154






	
PONDR VL-XT 3

	
26–52

	
85–96

	
–




	
DisEMBL 1.5 4

	
24–50

	
–

	
–




	
Phyre 2 5

	
1–7

	
25–52

	
98–105

	
147–154




	
PrDOS 6

	
1–3

	
26–44

	
–

	
150–154




	
Depicter 7

	
1–5

	
15–78

	
–

	
–








1 HBx GenBank: AIL83994.1; 2 Primary HBx sequence analyzed under default server parameters; 3 PONDR VL-XT, http://www.pondr.com/ (accessed on 10 November 2021); 4 DisEMBL, http://dis.embl.de/ (accessed on 10 November 2021); 5 Phyre 2, http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index (accessed on 10 November 2021); 6 PrDOS, https://prdos.hgc.jp/cgi-bin/top.cgi (accessed on 10 November 2021); 7 DEPICTER, http://biomine.cs.vcu.edu/servers/DEPICTER/ (accessed on 10 November 2021).
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