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Abstract
Approximately 350 million people worldwide are chronically infected by hepatitis B virus (HBV). HBV causes severe liver diseases including cirrhosis and hepatocellular carcinoma (HCC). In about 25% of affected patients, HBV infection proceeds to HCC. Therefore, the mechanisms by which HBV affects the host cell to promote viral replication and its pathogenesis have been the subject of intensive research efforts. Emerging evidence indicates that both autophagy and microRNAs (miRNAs) are involved in HBV replication and HBV-related hepatocarcinogenesis. In this review, we summarize how HBV induces autophagy, the role of autophagy in HBV infection, and HBV-related tumorigenesis. We further discuss the emerging roles of miRNAs in HBV infection and how HBV affects miRNAs biogenesis. The accumulating knowledge pertaining to autophagy and miRNAs in HBV replication and its pathogenesis may lead to the development of novel strategies against HBV infection and HBV-related HCC tumorigenesis.
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Core tip: A number of reviews have described auto​phagy and microRNAs (miRNAs) in the hepatitis B virus (HBV)-related tumorigenesis. However, few reviews have provided insights into the relationships among autophagy, miRNAs, HBV biogenesis and hepatocarcinogenesis. In this review, we describe the emerging role of autophagy and miRNAs in HBV replication and pathogenesis. Recent studies are reviewed in the following sections: (1) the mechanism by which HBV induces autophagy; (2) the effect of HBV-induced autophagy on HBV replication; (3) the relationship between autophagy and HBV in HBV-related hepatocarcinogenesis; (4) the mechanism by which miRNAs affects HBV replication; and (5) the regulation of miRNAs biogenesis by HBV.

INTRODUCTION
Proper autophagic responses protect the cell from stresses and maintain cellular homeostasis. Autophagy progression is regulated by a series of autophagy-related genes (Atg). Atg5, Atg7 and Beclin 1 are essential genes in the autophagic process and silen​cing any of these genes blocks autophagy[1]. A novel function of autophagy known as secretory autophagy (also called autosecretion or type Ⅲ secretion) has been the subject of increasing research interest[2]. In contrast to traditional degradative autophagy, the recruited cargo is carried by the double-membrane autophagosome and exported to the extracellular environment (exocytosis). Traditionally, the cargo in the cell is delivered through the endoplasmic reticulum-Golgi apparatus-plasma membrane pathway[3]. However, specific cargo proteins in the cytosol are transported to the extracellular environment without going through the endoplasmic reticulum-Golgi apparatus-plasma membrane pathway. This unconventional secretory autophagy has been shown to be involved in vesicle trafficking and cytokines secretion (IL-1, IL-6, IL-18 and TNF-) for innate and adaptive immune responses[4].

Cancer progression triggers diverse metabolic stresses which lead to increased autophagic activity. Aberrant autophagy may cause cell death which is known as type Ⅱ programmed cell death. Recent evidence indicates that autophagy suppresses tumo​rigenesis to preserve cellular fitness and genome integrity[5,6]. Therefore, manipulation of autophagic activity may have potential in the development of an alternative therapeutic strategy against cancer development or drug resistance in cancer cells[7-9]. Deficient autophagic responses cause diverse path​ologic conditions of the liver, including liver dysfunction and tumorigenesis[9,10]. Autophagic machinery is also important for innate and adaptive immunity. In innate immunity, diverse pathogens including bacteria and viruses are selectively engulfed by the autophagosome followed by fusion with the lysosome to form the autolysosome and autolysosome-mediated clearance[11]. In adaptive immunity, auto​phagic machinery produces antigenic peptides, which are loaded onto the major histocompatibility complex (MHC) class Ⅱ molecules and presented to CD4+ T cells[12]. Pathogen infection of the host cells causes cellular stress. To diminish the deleterious impact of stress, the autophagic degradation system is induced to recruit the damaging molecules including proteins, organelles, pathogens, and microRNAs, which are subsequently subjected to autophagic degradation. Meanwhile, pathogens utilize various strategies to escape, suppress or hijack the autophagic degradation pathway. They may also interfere with autophagy-related immune defenses[13,14].

MicroRNAs (miRNAs) are small non-coding RNAs which are initially transcribed as long primary miRNAs which then undergo sequential processing to form precursor miRNAs (pre-miRNA) by RNase Ⅲ endonucleases. Pre-miRNAs are then transported into the cytoplasm where they are transformed by Dicer processing to become mature miRNAs[15]. MiRNAs suppress their target-gene expression either by transcriptional degradation or by translational inhibition, depending on sequence homology between the miRNA and the target gene. MiRNAs are involved in diverse diseases including viral infections and cancers[16].

Hepatitis B virus (HBV) is characterized by partly double-stranded relaxed circular DNA (rcDNA) and belongs to the hepadnaviridae family. The HBV virion consists of an outer envelope and the inner core proteins, 3.2 kb of rcDNA genome and DNA polymerase[17]. During HBV infection of the hepatocytes, the uncoated HBV rcDNA is transported to the nucleus. In the presence of viral DNA polymerase, the rcDNA is transformed into covalently closed circular DNA (cccDNA), which serves as the template for transcription of viral mRNAs in the presence of host RNA polymerase. The HBV genome contains four overlapping open reading frames (ORFs) comprising the S, C, X and P regions. The S region encodes three envelope proteins (S, M, and L) for viral envelopment and the C region encodes the core protein for the viral capsid. The X region encodes the X protein for viral replication. The P region encodes the proteins for viral RNA reverse transcription and DNA replication[18]. The progeny nucleocapsid harboring the rcDNA then proceeds to viral envelopment and mature virus release. In this review, we conduct an in-depth exploration of the role of autophagy and miRNAs in HBV infection and pathogenesis.

AUTOPHAGY AND HBV

HBV infection can induce autophagy and different genotypes of HBV have shown different increments of autophagic activities[19]. The following sections summarize the underlying mechanisms of HBV-induced autophagy and the roles of autophagy in HBV infection, replication, and HBV-related hepatocellular carcinogenesis.

HBV induces autophagy

HBV induces autophagy mainly through the HBx protein or small surface protein (SHB)-dependent mechanism.

HBx protein induces autophagy: The HBx protein has been demonstrated to be the major molecule involved in inducing autophagy during HBV infection[20-23]. Beclin 1 is an autophagy-related protein (the mammalian orthologue of yeast Atg6), which forms a complex with PI3KC3 to initiate autophagic progression. Beclin 1 is responsible for localization of the autophagic complex proteins (PI3KC3 and UVRAG) to the pre-autophagosomal structure[24]. AMP-activated protein kinase and mTORC1 signaling molecules, the sensors of nutrient and energy, regulate the Beclin 1-PI3KC3 complex to produce phosphatidylinositol 3-phosphate (PI3P), a signaling lipid for the recruitment of auto​phagy effectors[25]. HBx directly increases Beclin 1 expression through the activation of the -277/+179 region of Beclin 1 promoter, which further enhances starvation-induced autophagy (Figure 1)[20]. HBx can also increase the enzymatic activity of PI3KC3, which mediates PI3P formation and enhances auto​phagosome formation (Figure 1)[21]. Autophagy can be induced by death-associated protein kinase (DAPK) through phosphorylation of Beclin 1 and protein kinase D, which activates PI3KC3[26]. DAPK is a calcium/calmodulin serine/threonine kinase and is associated with different cell death pathways, including autophagic cell death[27]. DAPK phosphorylates Beclin 1 on the BH3 domain to promote its dissociation from Bcl-XL, which triggers autophagic progression[28]. Zhang et al[23] demonstrated that HBx activates DAPK through dephosphorylation of DAPK, and induces autophagy in a Beclin 1-dependent manner (Figure 1). In summary, the HBx protein induces autophagy at the initiation stage of autophagic progression.

HBV small surface protein (SHB) induces autophagy: The HBV envelope proteins also plays a role in HBV-induced autophagy. There are three envelope proteins, including large, medium, and small surface proteins (SHBs), in HBV. Li et al[29] found that deletion of the HBV envelope proteins abrogate HBV-induced autophagosome formation. They further demonstrated that the intracellular SHBs, but not extracellular SHBs, trigger endoplasmic reticulum (ER) stress and unfolding protein responses including ATF-6, PERK and IRE1 signaling pathways to induce autophagy (Figure 1). SHBs do not affect the expression level of Beclin 1, and therefore involves a different mechanism to that of HBx-induced autophagy. The phenomena described above indicate that HBV may use various structure proteins to induce autophagy through different mechanisms.

The effect of HBV-induced autophagy on HBV replication

HBV infection is thought to follow a particular sequence involving virus entry followed by cccDNA synthesis, mRNA transcription, viral protein synthesis, encapsidation, viral DNA replication (reverse trans​cription), envelopment and release of the mature viruses[30]. HBV-induced autophagy positively or negatively regulates virus replication at different stages of HBV infection.

Promotion of HBV replication - DNA replication: To clarify the effect of HBV-induced autophagy on HBV replication, Sir et al[21] suppressed autophagy using an inhibitor (3-MA) or by knocking out autophagy-related genes using siRNA (si-Atg7 or si-Vps34) during virus infection, and revealed that inhibition of autophagy only slightly decreased viral mRNA synthesis and HBV RNA packaging. HBV DNA replication was significantly suppressed, suggesting that autophagy mainly enhances HBV replication. They further revealed colocalization of the HBV core protein and autophagosome during HBV infection, suggesting that the autophagosome may function as the docking site for viral replication in a similar manner to that observed in poliovirus and dengue virus infection[31,32]. Tain et al[33] utilized the HBV transgenic mice harboring liver-specific knockout of Atg5 gene (Atg5-/-) to demonstrate that autophagy enhances HBV replication in vivo. In summary, these data indicate that autophagy promotes HBV replication through induction of viral DNA replication (Figure 2). Whether unconventional secretory autophagy plays a role in HBV replication and release warrants further investigation.

Promotion of HBV replication: viral envelopment: During HBV infection, viral DNA is synthesized through reverse transcription within the nucleocapsid, which then progresses to envelopment in the Golgi apparatus and becomes the mature virion followed by exocytosis to release the mature viruses from the cell. HBV nucleocapsid-associated DNA (Ⅰ), intracellular enveloped DNA (Ⅱ) and extracellular enveloped DNA (Ⅲ) represent the three steps of HBV viral nucleocapsid, envelopment, and secretion. Li et al[29] showed that suppression of HBV-induced autophagy slightly reduced nucleocapsid-associated DNA (Ⅱ) but significantly decreased intracellular enveloped DNA (Ⅱ) and extracellular enveloped DNA (Ⅲ), indicating that HBV-induced autophagy plays a major role during viral envelopment (Figure 2). Finally, colocalization of HBV envelope proteins with the autophagosome supports the notion that autophagosome may serve as the docking site for HBV envelopment.

Suppression of HBV replication - Degradation of envelope proteins: ER plays multiple functions including protein folding and transporting cargo to the Golgi apparatus. Misfolded proteins may accumulate, causing ER stress and unfolded protein responses (UPR)[34]. HBV infection induces ER stress and activation the IRE1-XBP1 signaling pathway of UPR. Accordingly, HBV envelope proteins are translocated into ER for viral envelopment[35,36]. To relieve HBV-induced UPR, EDEM (ER degradation-enhancing, mannosidase-like) proteins recognize and transport the misfolded glycoproteins to the ER-related signaling pathways for degradation[37]. Lazar et al[38] reported that EDEM1 is upregulated to interact with HBV viral envelope proteins for degradation during HBV infection. Furthermore, the degradation of HBV envelope proteins was reversed by an autophagy inhibitor but not by a proteasomal inhibitor, implying that interacted envelope proteins are diminished by the autophagic degradation pathway. Furthermore, EDEM1-mediated degradation of HBV envelope proteins significantly suppressed the secretion of the enveloped and subviral HBV particles (Figure 2).
The relationship between autophagy and HBV in HBV-related tumorigenesis

Although many studies have reported that HBV induces autophagy, which promotes viral replication during HBV infection both in vitro and in vivo, the role of autophagy in HBV-associated tumorigenesis remains unclear. Many reports showed that autophagy plays a suppressive role in HCC tumorigenesis. The mice with mosaic deletion of Atg5 or liver-specific Atg7-/- gene developed multiple liver tumors. In addition, autophagic gene Beclin 1 expression was decreased in HCC tumors compared with adjacent non-tumor tissues[39,40]. However, Tian et al[41] claimed that autophagy shifts from a suppressive role to a promoter role in HCC development at the late stages by inhibiting the expression of various tumor suppressor genes including p53 and p21. In the following section, the current findings with respect to the mechanism by which autophagy influences HBV-related tumorigenesis and the implications for potential therapies are described.

The role of autophagy in HBV-related tumor​igenesis: Both the HBV transgenic mouse model and human HCC specimens were analyzed to clarify the role of autophagy in HBV-related tumorigenesis. In contrast to autophagy induction by HBV infection, autophagy is suppressed in the liver tumors of a transgenic mouse model and HBV-related HCC. In the late stages of liver tumor development in the HBx transgenic mice model, autophagic activity is decreased following liver tumor formation. Both mRNA and protein levels of autophagy-related genes are reduced in the tumor tissues[42]. Qu et al[43] demonstrated that heterozygous deletion of Beclin 1 in the HBV transgenic mice increased spontaneous malignancies and accelerated HBV-induced HCC. Furthermore, in a clinical investigation, Kotsafti et al[44] showed that the mRNA of Beclin 1 was significantly lower in HCC tissues than in chronic hepatitis tissues. Consistent with these reports, we demonstrated that the protein levels of Atg5 and Beclin 1 were significantly lower in tumor tissues compared with the adjacent non-tumor tissues of HBV-associated HCC[43]. These results imply that autophagy plays a tumor suppressive role in hepatocarcinogenesis and is inhibited in HBV-associated tumorigenesis. However, the mechanism by which high autophagy during HBV infection shifts to low autophagy in HBV-related tumorigenesis remains unclear.

Autophagy-related potential therapy for HBV-related HCC: Although the role of autophagy in HBV-related tumorigenesis remains uncertain, several research groups have claimed that autophagy exerts a suppressive effect in HBV-related HCC tumorigenesis. Therefore, manipulating autophagic activity may have potential in the development of alternative therapies in the treatment of HCC. Different therapeutic strategies involving the regulation of autophagic activity in HCC treatment are described as: (1) Autophagy induces cell death; One method of suppressing HCC tumorigenesis is to induce hepatoma cell death. In contrast to type Ⅰ programmed cell death (apoptosis), the checkpoints of type Ⅱ programmed cell death autophagy are determined using several metabolic stresses[45]. Su et al[46] showed that soy​bean fermentation products containing live bacteria (SCB) were used to suppress liver tumor formation via induction of apoptosis and autophagy without significantly changing the mean body and liver weight in a syngeneic mouse model. Inhibition of auto​phagy by the inducer 3-MA suppresses SCB-induced apoptosis, indicating that SCB induced-autophagy promotes apoptotic cell death. Furthermore, Zhang et al[47] designed an inhibitor (NTI-007) to treat HBV-infected cells, which targets the multiple transmembrane transporter as well as the functional receptor for HBV and leads to autophagic cell death of the HBV-infected cells. Taken together, the above findings indicate that some natural and synthetic compounds have chemotherapeutic potential against HBV infection through the induction of autophagic cell death; (2) Autophagy enhances antitumor immune responses: Another therapeutic approach in the treatment of HBV-related HCC involves stimulating antitumor immune responses[48,49]. HBx protein is an oncoprotein that has been detected in 80% of HBV-related HCC and is therefore a potential target for immunotherapy[50,51]. Yan et al[52] reported that significant antitumor immune responses could be induced by irradiation treatment of mice inoculated with the HBx gene expressing tumor cells. Irradiation of the tumor cells harboring the HBx gene induced the cytolytic T lymphocyte response which recognizes and lyses the HBx-expressing hepatoma cells. Accordingly, autophagosomes and autolysosomes were detected in the irradiated tumor cells expressing the HBx gene. These findings suggest that this autophagy-enhanced CD8+ and CD4+ T lymphocyte antitumor response could lead to the development of a promising therapy against HBx-related HCC; and (3) Autophagy degrades oncogenic miRNA: Selective autophagy has been reported to recognize and clean the specific cytosolic targets through autolysosome degradation[53]. Autophagy may suppress tumor formation of various cancers through selective degradation of the oncogenic molecules including proteins, microRNAs, and damaged organelles[54]. Lan et al[42] recently demonstrated that low autophagic activity together with high expression of miR-224 were detected both in HBx transgenic mice and HBV-related HCC patients. Autophagy selectively recruited the oncogenic miR-224, promoting tumor formation and cellular migration activity by silencing its target gene smad4. Furthermore, boosting autophagic activity by amiodarone, an autophagy inducer, suppressed oncogenic miR-224 expression and significantly reduced liver tumor formation in a rat orthotopic liver tumor model. These results demonstrated that besides proteins and organelles, microRNAs could also be degraded by autophagic degradation machinery to suppress HBV-related tumorigenesis.

Taken together, increased autophagic activity suppresses HBV-related HCC tumorigenesis through the induction of cell death, enhancement of the immune response, or by the degradation of oncogenic factors.

THE EFFECT OF MIRNAS ON HBV

MiRNAs regulate gene expression through post-transcriptional modification by targeting 3’ UTR of mRNA and silencing its translation[55]. During viral infection, the miRNAs either from infected viruses or the host cells could affect the target gene expression of viruses or host cells[56,57]. Here, we explored the mechanisms by which miRNAs regulate HBV replication as well as the underlying mechanism whereby miRNAs biogenesis is regulated by HBV.

MiRNAs affect HBV replication

HBV gene expression and replication can be regulated by host or viral miRNAs. These miRNAs may suppress or promote HBV infection at each stage of viral replication. We investigated the process by which miRNAs regulates HBV replication through direct targeting of mRNA in virus genes or by targeting host genes which are required for virus replication.

MiRNAs directly target HBV genes: Wu et al[58] used clinical HBV patient specimens and identified four human host miRNAs let-7, miR-345, miR-433 and miR-511 using target gene prediction software, which targeted the highly conserved HBV genes including the genes of polymerase, S and preC in different clades of HBV, indicating that these host miRNAs suppress HBV replication. Moreover, Kohno et al[59] used SCID mice harboring humanized hepatocyte cells to identify miRNAs upregulated by HBV infection in the liver tissue. MiR-1231 was the most upregulated miRNA which suppressed HBV replication through the inhibition of HBV core protein expression. In addition, miR-125a-5p, miR-199a-3p and miR-210 have also been reported to be able to suppress HBV replication by targeting and reducing S gene expression[60,61]. In addition, one predicted HBV miRNA located in the precore region (CAUGUCCUACUGUUCAAGCCUC) may target three HBV genes (large S, polymerase and X genes) and serves as the feedback regulation of HBV replication to maintain the latent status[62]. Taken together, miRNAs may suppress HBV replica​tion through the suppression of diverse viral gene expression.

MiRNAs regulate HBV replication by targe​ting host genes: It has been shown that HBV-synthesized miRNAs may target its own genes to affect its replication, but host miRNAs could also affect virus replication by targeting host genes. Guo et al[63] reported that miR-372/373 was upregulated in HepG2.2.15 cells, stably transfected with a complete HBV genome, and miR-372/373 enhanced the expression levels of HBV core-associated DNA and HBx protein. They found that miR-372/373 silenced the host transcription factor nuclear factor I/B (NFIB), which is a repressor bound to the enhancer 1 region of HBV genome including the S gene promoter, suggesting that HBV enhances its replication through the upregulation of miR-372/373 to suppress NFIB expression. In addition, Jin et al[64] showed that miR-501 is overexpressed in HBV-infected cell lines and in HCC specimens, thereby promoting HBV replication by suppressing expression of HBXIP, which is a host protein interacting with HBx protein at its transactivation domain to repress its function. These findings imply that HBV enhances its replication by regulating host miRNAs expression to suppress anti-HBV proteins from the host cell.
One research group identified potential miRNAs which regulate HBV replication by screening a library of miRNAs. Zhang et al[65] reported that overexpression of miR-1 in hepatoma cells increased HBV replication by silencing histone deacetylase 4 (HDAC4) and increased the expression of farnesoid X receptor (FXRA). FXRA, a transcriptional factor, interacts with RXRA (FXRA/RXRA) and then binds to the HBV core promoter to enhance its activity. HDACs regulate acetylation of H3/H4 histones bound to the cccDNA of HBV and this epigenetic modification regulates the transcription and replication of HBV. In contrast, Hu et al[66] reported that miR-141 identified by screening 64 miRNAs suppressed HBV replication by silencing host transcription factor PPARA, which is an essential factor for HBV pregenomic RNA synthesis and viral replication. These findings summarize the miRNAs which affect virus replication through the suppression of host genes.

MiR-15b promotes HBV replication by silencing hepatocyte nuclear factor 1 alpha, a repressor of the HBV enhancer Ⅰ region. HBV replication upregulates HBx protein expression, which then suppresses miR-15b expression[67]. The relationship between HBV and microRNA suggests a feedback regulation between HBV replication and host miRNAs expression. MicroRNA may play dual roles in HBV replication. MiR-122 is highly expressed in the liver of HCC patients and is positively associated with HBV infection. Qiu et al[68] showed that miR-122 promotes HBV replication by silencing heme oxygenase-1 which interacts and reduces the stability of the HBV core protein. The above findings are in contrast to the results of a study by Ji et al[69] that showed miR-122 suppresses HBV replication.

HBV regulates the biogenesis of miRNAs

HBV may affect microRNA biogenesis to alter the expression of miRNAs. MiRNAs are initially transcribed by RNA polymerase Ⅱ and Ⅲ to form primary miRNA (pri-miRNA, 300-1000 nucleotides) in the nucleus, which is subsequently processed by the microprocessor consisting of RNase, Drosha, and DGCR8 (DiGeorge syndrome critical region gene 8) resulting in a shorter precursor miRNA (pre-miRNA, 70-90 nucleotides). Pre-miRNA is then exported by the nuclear export receptor exportin-5 and RAN-GTP to the cytoplasm, where it is processed by Dicer to generate the mature miRNA. The mature miRNA is incorporated into the RNA-induced silencing complex (RISC) and then regulates gene silencing. HBV affects the biogenesis of miRNAs at various stages through different mechanisms.

HBV affects miRNA transcription and stability: MiR-122 is a liver-specific miRNA which maintains liver function. Dysregulated miR-122 affects virus replication of diverse hepatitis viruses[70]. In HCV infection, miR-122 promotes its replication by interacting with the 5’-non-coding region (5’-NCR) of HCV[71]. In contrast, miR-122 inhibits HBV replication and is significantly downregulated during HBV infection[72]. HBV suppresses miR-122 using various mechanisms. Song et al[73] reported that HBV suppresses miR-122 expression via the HBx protein, which interacts with peroxisome proliferator activated receptor-gamma (PPAR) and suppresses the transactivation function of PPAR/RXR complex on the promoter of miR-122 (Figure 3A). In addition, HBV downregulates miR-122 expression by influencing miRNA stabilization. Peng et al[74,75] demonstrated that HBx suppresses transcription of Gld2 protein (germline development 2) which specifically increases miR-122 stabilization by catalyzing 3’ monoadenylation and reduces miR-122 maturation (Figure 3B). Li et al[76] showed that HBV suppresses miR-122 expression and causes the upregulation of the miR-122 target gene PTTG (pituitary tumor-transforming gene 1 binding factor), which leads to the promotion of HCC tumorigenesis. They further identified the miR-122 complementary targeting site on the four mRNAs of HBV, including pre-C/C, pre-S, S and X gene. Therefore, HBV mRNA functions as a sponge to bind and reduce miR-122 expression (Figure 3C). Taken together, the above findings provide mechanistic insights into the differential regulation of miRNAs by HBV.

HBV affects RNase expression: HBV infection alters miRNA expression profiles in infected cell lines and clinical HCC patients[69,77]. HBV could also regulate miRNA biogenesis through miRNA-related RNases. Drosha and Dicer are two miRNA processing components required for miRNA maturation. Recent evidence showed that HBV dysregulates miRNA biogenesis by affecting these two proteins. Ren et al[78] reported that expression of both Drosha mRNA and protein was suppressed in cells expressing the HBV genome. They revealed that HBx protein downregulates Drosha expression through the reduction of its promoter activity (Figure 4). Further​more, HBV upregulates the expression of the repressor YY1 to suppress Drosha cofactor DGCR8 expression and subsequently represses DGCR8 promoter activity (Figure 4)[79]. Lund et al[80] identified three single nucleotide polymorphisms (SNPs) including DICER rs1057035 and RAN rs3803012 in HBV-related clinical HCC specimens, and these SNPs were found to be associated with the risk of HBV-related HCC occurrence. They found that the SNPs located on the 3’UTR of DICER and RAN genes affect the binding affinity of miR-574-3p and miR-199a-3p, respectively. Dysregulated DICER and RAN affect miRNA biogenesis in HBV-related diseases (Figure 4)[81]. Taken together, these findings show that HBV suppresses miRNA biogenesis through the repression of the promoter activity of mature miRNA-related genes.

CONCLUSIONS AND FUTURE DIRECTIONS

In summary, we provide a detailed description of our current understanding of the relationships among HBV, autophagy, and miRNAs. However, the following questions remain unresolved: (1) Based on manipulation of autophagic activity, therapeutic strategies against the diseases of HBV-acute infection and HBV-related HCC tumorigenesis should be dif​ferent. Because autophagy plays a promoting role in HBV replication but a suppressive role in HBV-associated tumorigenesis, the timing of HBV infection as well as the tumorigenesis status of the HCC patient should be carefully evaluated before considering an autophagy-related therapy. Further studies on combination therapy using autophagy inducers and anti-viral drugs for HBV-related diseases should be considered; (2) The role of secretory autophagy in HBV infection and its related pathogenesis could be further explored. Secretory autophagy has been reported to regulate cytokines secretion including IL-1, IL-18 and HMGB1 (high-mobility group box 1 protein). Interestingly, IL-1 and HMGB1 were significantly upregulated in the serum of patients with hepatitis B virus-related acute-on-chronic liver failure[82,83], and the expression of IL-18 in peripheral blood mononuclear cells from patients with acute HBV infection was higher compared with the expression in patients with chronic HBV infection[84]. These reports imply that HBV may affect release of these cytokines through HBV-induced secretory autophagy. Furthermore, the HBV gene in liver-specific Atg5 knockout transgenic mice showed significantly lower expression of HBsAg and HBeAg in the serum compared with the wild-type mice[33]. It is possible that HBV-induced secretory autophagy contributes to release of viral antigens. Further studies are needed to clarify the role of secretory autophagy in HBV infection and pathogenesis; (3) The role of HBV-affected miRNA biogenesis in HBV replication remains undetermined. Current evidence indicates that HBV suppresses miRNAs biogenesis by affecting RNases and cofactors of miRNA biogenesis, but whether this is beneficial or harmful for HBV replication remains unclear; and (4) The effect of autophagy and/or miRNAs on HBV recurrence and latency has not been clearly elucidated. During HBV infection, virus infection is defined as acute in the initial period of several months and is defined as chronic when the infection period has lasted for many years. HBV is actively replicated during the acute infection phase followed by recovery in the presence of the host immune responses. However, during the chronic infection, the immune-tolerant phase is characterized by a high level of HBV DNA. When host immunity shifts to the immune-active status, HBV accordingly becomes less replicative. However, HBV may be reactivated to a high replication status in certain HBV carriers. These phenomena imply that HBV continuously undergoes reactivation and latency. Further exploration is needed to clarify the mechanisms by which autophagy and/or miRNAs affect HBV recurrence and latency in HBV-infected patients.
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Figure Legends
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Figure 1  How hepatitis B virus infection induces autophagy. Hepatitis B virus (HBV) induces autophagy mainly through HBx protein or small surface protein (Small HBs)-related mechanism. The former (HBx) induces autophagy by the following routes: (1): Increases mRNA expression of Beclin 1 through transcriptional regulation; (2): Activates enzymatic activity of PI3KC3 to enhance autophagosome formation; (3): Activates DAPK to trigger autophagy in a Beclin 1-PI3KC3-dependent manner. The latter (SHBs) triggers ER stress to induce autophagy. DAPK: Death-associated protein kinase.
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Figure 2  The relationship between hepatitis B virus-induced autophagy and hepatitis B virus replication. Hepatitis B virus (HBV)-induced autophagy regulates virus replication and maturation at different stages of HBV replication. (Ⅰ): Autophagy enhances HBV replication at the DNA replication stage; (Ⅱ): HBV-induced autophagy is required for viral envelopment. However, envelope proteins (HBs) could be eliminated via the autophagic degradation pathway (Ⅲ).
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Figure 3  Hepatitis B virus affects microRNA transcription and stability. Hepatitis B virus (HBV) suppresses miR-122 through different mechanisms. A: HBV suppresses miR-122 promoter activity and expression through transcriptional regulation by directly interacting with peroxisome proliferator activated receptor-gamma (PPAR); B: HBx suppresses transcription of Gld2 to decrease miR-122 stability; and C: HBV functions as a sponge to bind miR-122 and reduces its expression. RXRa: Retinoid X Receptor, Alpha; Gld2: Germline development 2.
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Figure 4  Hepatitis B virus regulates microRNAs biogenesis. Hepatitis B virus (HBV) regulates the biogenesis of miRNA by affecting the miRNA-related Rnases. HBx protein downregulates Drosha expression through reduction of the transcriptional activity of Drosha promoter and upregulates the expression of transcription factor YY1 to suppress DGCR8 expression by repressing DGCR8 promoter activity. Single nucleotide polymorphisms (SNPs) located on 3’UTR of Dicer and RAN genes affect the biogenesis of miRNA in HBV-related diseases. DGCR8: DiGeorge syndrome critical region gene 8.

Footnotes
Supported by Ministry of Science and Technology (NSC 101-2320-B-006-025-MY3).
Conflict-of-interest statement: The authors declare no potential conflicts of interest and no financial support.
Open-Access: This article is an open-access article which was selected by an in-house editor and fully peer-reviewed by external reviewers. It is distributed in accordance with the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/

Peer-review started: July 29, 2015

First decision: August 31, 2015

Article in press: October 26, 2015
P- Reviewer: Kuramitsu Y, Osna NA    S- Editor: Yu J    L- Editor: A    E- Editor: Liu XM
PAGE  
21

