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SIRT2 Promotes HBV Transcription and Replication by Targeting Transcription Factor p53 to Increase the Activities of HBV Enhancers and Promoters
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Chronic hepatitis B (CHB) virus infection is one of the leading causes of cirrhosis and liver cancer. Although the major drugs against CHB including nucleos(t)ide analogs and PEG-interferon can effectively control human hepatitis B virus (HBV) infection, complete cure of HBV infection is quite rare. Targeting host factors involved in the viral life cycle contributes to developing innovative therapeutic strategies to improve HBV clearance. In this study, we found that the mRNA and protein levels of SIRT2, a class III histone deacetylase, were significantly upregulated in CHB patients, and that SIRT2 protein level was positively correlated with HBV viral load, HBsAg/HBeAg levels, HBcrAg, and ALT/AST levels. Functional analysis confirmed that ectopic SIRT2 overexpression markedly increased total HBV RNAs, 3.5-kb RNA and HBV core DNA in HBV-infected HepG2-Na+/taurocholate cotransporting polypeptide cells and primary human hepatocytes. In contrast, SIRT2 silencing inhibited HBV transcription and replication. In addition, we found a positive correlation between SIRT2 expression and HBV RNAs synthesis as well as HBV covalently closed circular DNA transcriptional activity. A mechanistic study suggested that SIRT2 enhances the activities of HBV enhancer I/HBx promoter (EnI/Xp) and enhancer II/HBc promoter (EnII/Cp) by targeting the transcription factor p53. The levels of HBV EnI/Xp and EnII/Cp-bound p53 were modulated by SIRT2. Both the mutation of p53 binding sites in EnI/Xp and EnII/Cp as well as overexpression of p53 abolished the effect of SIRT2 on HBV transcription and replication. In conclusion, our study reveals that, in terms of host factors, a SIRT2-targeted program might be a more effective therapeutic strategy for HBV infection.
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INTRODUCTION

Human hepatitis B virus (HBV) infection is a major public health problem worldwide. Despite hepatitis B vaccination, which has halted virus transmission to a large extent, approximately 250 million individuals currently live with chronic hepatitis B infection. These patients are at high risk of suffering from severe liver diseases such as liver cirrhosis and primary hepatocellular carcinoma (HCC; Martinez et al., 2020). Therefore, analyzing the HBV life cycle regulatory network is of great significance for elucidating the pathogenesis of HBV infection and reducing the occurrence of HBV-related liver diseases. As a hepatotrophic DNA virus, HBV entry into host hepatocytes is mediated by the HBV receptor Na+/taurocholate cotransporting polypeptide (NTCP; Yan et al., 2012). Subsequently, the HBV genome, termed relaxed circular DNA (rcDNA), enters the nucleus to form covalently closed circular DNA (cccDNA), which exists as a minichromosome comprised of a variety of histones and nonhistones (Allweiss and Dandri, 2017). covalently closed circular DNA serves as the template for HBV transcription and replication. The interaction between HBV and host cells is important for maintaining persistent HBV infection. Many studies have shown that histone modification, RNA polymerase II, and transcription factors contribute to regulating the transcriptional activity of cccDNA (Xia and Guo, 2020). In addition, many host factors, such as hepatocyte nuclear factor 4α (HNF4α), cAMP-response element binding protein (CREB), silent mating type information regulation 2 homolog 1 (SIRT1), and tumor protein p53 (p53) can bind to HBV genome regulatory elements and participate in the regulation of HBV transcription and replication (Tacke et al., 2005; Ren et al., 2014; Chu et al., 2016; Teng et al., 2021). Although a growing number of studies have focused on regulation of the HBV life cycle, the regulatory mechanism of HBV replication remains quite obscure.

The sirtuin family contains seven members (SIRT1–7), which are class III histone deacetylases that depend on nicotinamide adenine dinucleotide (NAD+; Blander and Guarente, 2004). Previous studies have demonstrated that sirtuins participate in the modulation of multiple physiological activities, including cell metabolism, the aging process, DNA repair, the cell cycle, apoptosis and the inflammatory response (North and Verdin, 2004; Chen et al., 2019; Zhang et al., 2019). In recent years, the interaction between sirtuins and viral infection has been increasingly reported. Our published studies have also uncovered the relationship between several members of the sirtuin family and regulation of the HBV life cycle. Both SIRT1 and SIRT6 promote HBV transcription and replication by enhancing the activity of the HBV core promoter, which is mediated through the transcription factors activator protein-1(AP-1) and peroxisome proliferator-activated receptor alpha (PPARα; Ren et al., 2014; Jiang et al., 2019), respectively. In contrast, SIRT3 and SIRT7 were found to restrict HBV transcription and replication through epigenetic regulation of the cccDNA minichromosome (Ren et al., 2018; Yu et al., 2021). As a member of sirtuin, SIRT2 can regulate the acetylation, phosphorylation, and cellular localization of substrates (Blander and Guarente, 2004). Such functions are directly related to the stability and activity of proteins involved in mitosis regulation, genome integrity, cellular homeostasis, aging, the oxidative stress response, inflammation, and tumorigenesis (Wang et al., 2019). Moreover, the role of SIRT2 in viral infection has also been gradually revealed. SIRT2 was recently found to be a potential target against dengue infection (Wan et al., 2021). Additionally, SIRT2 has been reported to modulate the HBV life cycle, and one inhibitor of SIRT2 has been confirmed to have an anti-HBV effect (Yu et al., 2018). Nonetheless, the mechanism underlying the regulatory role of SIRT2 on HBV transcription and replication is still poorly understood.

In the present study, we confirmed the role of SIRT2 in HBV transcription and infection. Then, expression of SIRT2 in CHB patients, coupled with the relationship between SIRT2 expression and HBV infection was also assessed. A mechanistic study found that SIRT2 enhanced the activities of HBV enhancers and promoters by inhibiting expression of the transcription factor p53, resulting in an increase in HBV cccDNA transcriptional activity and HBV RNA synthesis. Our study extends the understanding of the essential nature of SIRT2 in HBV infection and highlights that SIRT2 could serve as a potential target for CHB treatment.



MATERIALS AND METHODS


Patients

Twenty-five patients with CHB and 25 healthy volunteers were recruited from Chongqing Traditional Chinese Medicine Hospital. The diagnosis criteria of CHB is consistent with the Guideline of Prevention and Treatment for Chronic Hepatitis B of China. The CHB patients were treatment-naïve. Subjects had autoimmune liver disease, alcohol-related liver disease, non-alcoholic steatohepatitis or coinfection with hepatitis C virus, hepatitis D virus, or human immunodeficiency virus, were excluded. The serum in the whole blood samples of the CHB patients and healthy volunteers was separated by centrifugation at 2,000 rpm for 15 min, and peripheral blood mononuclear cells (PBMCs) in the whole blood samples were isolated according to the instructions from the PBMC isolation kit (Tbdscience, Tianjin, China). Informed consent was obtained from all patients and healthy volunteers. This research study was approved by the Ethics Committee of Chongqing Medical University.



Cell Culture, Antibodies and Reagents

Huh-7 cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and maintained in Dulbecco’s modified Eagle’s medium (DMEM, Sigma) supplemented with 10% fetal bovine serum (Gibco, United States). HepAD38 and HepG2-NTCP cells were obtained from Xiamen University, HepAD38 cells were maintained in DMEM supplemented with 10% FBS and 400 μg/ml G418, and HepG2-NTCP cells were maintained in DMEM supplemented with 10% FBS, 2 μg/ml puromycin and 2 μg/ml Dox. PHHs were purchased from ScienCell and were maintained in hepatocyte medium (ScienCell, Carlsbad, CA, United States). All cells were incubated in a humidified atmosphere at 37°C and 5% CO2. Transfection was performed using Lipofectamine™ 3,000 (Invitrogen, United States) according to the manufacturer’s protocol. Rabbit anti-β-actin polyclonal antibody (100 μg/ml; sc-1, 616-R) and mouse anti-SIRT2 monoclonal antibody (200 μg/ml; sc-28, 298) were purchased from Santa Cruz Biotechnology (Dallas, TX, United States), and mouse anti-p53 monoclonal antibody (72 μg/ml; #48818) was obtained from Cell Signaling Technology (United States). The Human Sirtuin 2 (SIRT2) ELISA Kit was obtained from Abbexa Ltd. (abx383209; Cambridge, United Kingdom).



HBV Infection

Hepatitis B virus particles from the culture supernatant of HepAD38 cells were precipitated with 5% PEG8000 overnight at 4°C, followed by centrifugation at 4,000 g for 30 min and resuspension in Opti-MEM. The HBV DNA levels in concentrated HBV particles were measured using real-time PCR. HBV particle-infected HepG2-NTCP cells and PHHs were cultured as previously described. The cells were seeded into 6-well plates and cultured with growth medium for 24 h. The cells were then maintained in PMM containing 2 μg/ml Dox for 24 h, followed by infection with HBV particles at a multiplicity of infection (MOI) of 1,000 in the presence of 4% PEG 8000. After 16 h, the cells were washed three times with PBS and maintained in growth medium with 2.5% DMSO.



Northern Blot

Cellular RNA was extracted using TRIzol reagent. The HBV RNA levels in HBV-infected cells were detected using a DIG Northern Starter Kit (Roche, Switzerland) according to the manufacturer’s instructions. Briefly, 10 μg of total RNA were separated by electrophoresis in a 1.4% formaldehyde-agarose gel and stained with ethidium bromide to assess the levels of 28S and 18S rRNAs, which were the loading controls, followed by transfer onto a positively charged nylon membrane (GE Health care, United Kingdom). Then, the membrane was hybridized with a DIG-labeled (−) strand HBV RNA probe corresponding to nucleotides 126–1,225 of the HBV genome. After hybridization with the probe, the membrane was washed and blocked, and HBV RNA was then detected using CDP-Star and visualized with autoradiography film.



Quantitative Real-Time PCR Analysis

Total RNA was isolated by using TRNzol Universal reagent (TIANGEN, China). Total RNA (1 μg) was reverse transcribed into cDNA using the FastKing RT Kit (with gDNase; TIANGEN, China) according to the manufacturer’s protocol. Targeted RNA levels were analyzed via qPCR using iTaqTM Universal SYBR® Green Supermix (Bio–Rad, United States), and β-actin mRNA served as an internal control. Relative RNA levels were calculated as 2−ΔΔCt. All experiments were repeated three times. The primers used in the experiments are listed in Supplementary Table 1.



HBV Core DNA Extraction and Quantitative Analysis

The cells were washed and lysed with lysis buffer (10 mM Tris–HCl pH 8.0, 1 mM EDTA, 1% NP-40, 2% sucrose). Following centrifugation, the supernatants containing cytoplasmic cell lysate were digested with DNase. The HBV core particles were precipitated using 5% PEG8000 and then incubated with proteinase K to release HBV core DNA. Then, phenol/chloroform and isopropanol were used to extract and precipitate HBV core DNA, respectively. HBV core DNA levels were measured using real-time PCR with FastStart Universal SYBR Green Master Mix (Roche, Switzerland). A series of dilutions of pCH9/HBV1.1 served as standards for absolute quantification.



Southern Blot

The extracted HBV core DNA samples were separated on a 0.9% agarose gel and transferred to a nylon membrane (GE Health care, United Kingdom). After ultraviolet crosslinking and prehybridization, the membrane was probed with “DIG-labeled probes of full-length HBV genome.” Then, the membrane was blocked and incubated with anti-DIG antibody. The signal was visualized using autoradiography film.



Nascent RNA Synthesis Assay

Nascent RNA synthesis assays were performed using a Click-iT® Nascent RNA Capture Kit (Thermo, United States). In brief, the cells were incubated with 0.2 mM 5-ethynyl uridine (EU) for 24 h. Then, the total cellular RNA was isolated using an RNeasy Plus Mini kit (Qiagen, United States). Nascent RNA labeled with EU was biotinylated through a click reaction. The biotinylated RNA was captured by streptavidin-coated beads. Using the beads as the template, cDNA synthesis was performed using a FastKing RT Kit (with gDNase; TIANGEN, China), followed by releasing cDNA from the beads at 85°C for 5 min. Then, the nascent RNA levels were detected via qPCR using iTaqTM Universal SYBR® Green Supermix (Bio–Rad, United States), and β-actin mRNA served as an internal control.



Western Blot

Total cellular protein was extracted using RIPA lysis buffer with protease inhibitor. The protein concentration was determined using a BCA protein assay kit (Thermo Fisher, United States). Each sample (30 μg) was separated on SDS–polyacrylamide gels and transferred onto a polyvinylidene fluoride membrane (GE Health care, United Kingdom). The membrane was blocked in 5% skim milk and incubated with primary antibodies overnight at 4°C, followed by exposure to secondary antibodies at room temperature for 2 h. The protein signal was visualized using ECL Western blot reagents (Millipore, MA, United States).



HBV cccDNA Extraction and Analysis

HBV cccDNA was extracted using the Hirt method. Briefly, cells were collected into a 1.5 ml tube and lysed in 0.5 ml SDS lysis buffer at room temperature for 30 min. Then, 0.125 ml of 2.5 mol/l KCl was added, and the tube was gently inverted ten times, followed by incubation at 4°C overnight. The sample was centrifuged at 14,000 g for 20 min. The Hirt DNA in the supernatant was purified using phenol and phenol/chloroform. For cccDNA detection, the Hirt DNA was heated at 85°C for 5 min and digested by T5 exonuclease (New England Biolabs, United States) at 37°C for 1 h, followed by heating at 100°C for 20 min. The HBV cccDNA levels in the treated Hirt DNA were assessed by Taqman-probe specific real-time PCR.



Luciferase Reporter Assay

Cells were transfected with HBV pGL3-EnI/Xp, pGL3-EnII/Cp, pGL3-Sp1, and pGL3-Sp2 combined with lentivirus expressing SIRT2 or shSIRT2. Thirty-six hours after transfection, luciferase activity was analyzed using a dual-luciferase reporter assay kit according to the manufacturer’s instructions (Promega, United States). HBV promoter activity was standardized to RL-TK luciferase activity.



Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were performed according to the manufacturer’s protocol (Merck Millipore, Germany) with minor modifications. Briefly, cells were resuspended in cell lysis buffer. Following centrifugation, the nuclei were precipitated and were fixed in 20 mM Tris at pH 8 with 3 mM MgCl2, and 20 mM KCl buffer containing 1% formaldehyde and protease inhibitor. Then, the cross-linked nuclei were pelleted and lysed in nuclear lysis buffer. The chromatin solution was sonicated to generate approximately 200–1,000 bp DNA fragments. After centrifugation, a portion of the supernatant was diluted 1:10 in dilution buffer, and another 5 μl supernatant was reserved as input. The diluted chromatin was then subjected to immunoprecipitation using the indicated antibodies. After reverse cross-linking, the immunoprecipitated chromatin was purified using spin columns and analyzed by real-time PCR. glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and myosin heavy chain 6 (MYH6) were used as control genes. The specific primers are listed in the Supplementary Table 1.



Statistical Analysis

The comparison of mean between two groups was conducted by using unpaired t test. Pearson’s test was used to evaluate the correlation coefficiency (r) of the serum SIRT2 and clinical biomarkers (HBV viral load, HBsAg, HBeAg, ALT and AST levels). The results from three independent experiments in cell models are expressed as the mean ± SD. Statistics were performed using the nonparametric Mann–Whitney U test. All statistical analyses were performed using SPSS 19.0 software. A value of p < 0.05 was considered significant (*p < 0.05; **p < 0.01; n.s., not significant).




RESULTS


SIRT2 Is Positively Correlated With Chronic HBV Infection

Evidence has shown that HBV replication might contribute to SIRT2 expression (Cheng et al., 2018). To further explore the clinical significance of SIRT2 in HBV infection, the mRNA levels of SIRT2 in PBMCs from 25 CHB patients and 25 healthy volunteers were examined using real-time PCR. The clinical characteristics of the patients and healthy volunteers are shown in Table 1. Our results suggested that SIRT2 mRNA levels in PBMCs from CHB patients were significantly higher than that in PBMCs from healthy individuals (p = 0.0011, Figure 1A). Consistently, protein levels of SIRT2 were elevated in the serum of CHB patients compared to healthy people, as demonstrated by quantitative ELISA (p = 0.0026, Figure 1B). Correlation analysis revealed that serum SIRT2 levels were positively correlated with HBV viral load (Pearson correlation coefficient, r = 0.4678, p = 0.0184, Figure 1C), HBsAg levels (Pearson correlation coefficient, r = 0.5507, p = 0.0043, Figure 1D), HBeAg levels (Pearson correlation coefficient, r = 0.4972, p = 0.0115, Figure 1E) and HBcrAg levels (Pearson correlation coefficient, r = 0.4373, p = 0.0288, Figure 1F). Further investigation found that transaminase ALT and AST levels were positively correlated with serum SIRT2 levels in CHB (Pearson correlation coefficient, r = 0.4744, p = 0.0166 and Pearson correlation coefficient, r = 0.4159, p = 0.0387, Figures 1G,H). These findings suggested that SIRT2 might play a role in the HBV infection process.



TABLE 1. Clinical characteristic of heathy volunteers and patients with CHB.
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FIGURE 1. SIRT2 is correlated with chronic HBV infection. (A,B) The mRNA and protein levels of SIRT2 from PBMC or serum in CHB patients and healthy individuals were analyzed by real-time PCR and ELISA, β-actin was used as an internal control in real-time PCR. (C–E) Correlation between serum SIRT2 level and HBV viral load (C), HBsAg (D), HBeAg levels (E) and HBcrAg (F). HBcrAg level in the serum of CHB patients was detected by fully automated lumipulse chemiluminescence enzyme immunoassay system (Fujirebio Inc., Tokyo, Japan). The HBV viral load, HBsAg and HBeAg levels were log10 transformed. The correlation co-efficiency (r) and two-tailed p values were calculated via Pearson correlation. (G,H) Analysis of correlation between serum SIRT2 level and transaminase ALT, and AST levels using Pearson’s test.




SIRT2 Overexpression Facilitates HBV Transcription and Replication

To confirm the potential role of SIRT2 in HBV infection, HepG2-NTCP cells or PHHs were transduced with lentivirus expressing SIRT2 isoform 1 after infection with HBV particles. Western blot was performed to verify the overexpression efficiency of SIRT2 (Figure 2A). Real-time PCR analysis showed that ectopic expression of SIRT2 led to remarkably increased total HBV RNAs and HBV 3.5-kb RNA levels in both cell lines (Figures 2B,C). Northern blot analysis indicated that HBV 3.5-kb, 2.4-kb, and 2.1-kb RNA levels were increased in SIRT2-overexpressing cells (Figure 2D). Consistently, high expression of SIRT2 also increased the levels of HBV core DNA, as evidenced by real-time PCR and Southern blot (Figures 2E,F). Moreover, ELISA revealed that SIRT2 overexpression promoted HBsAg and HBeAg secretion levels (Figures 2G,H). In addition, a timeline for the role of SIRT2 in regulating HBV transcription and replication was furtherly studied. The results showed that on the 5th and 7th days after SIRT2 overexpression, levels of HBV RNAs, HBV core DNA, HBsAg and HBeAg in HepG2-NTCP cells were significantly increased. However, on the 3rd day after SIRT2 overexpression, the indicators mentioned above that associates with HBV transcription and replication were not evidently changed (Supplementary Figure S1). Collectively, these results indicated that SIRT2 overexpression significantly promotes HBV transcription and replication.
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FIGURE 2. Ectopic expression of SIRT2 promotes HBV transcription and replication. HepG2-NTCP cells or PHH were infected with 1 × 103 genome equivalents/cells of HBV for 16 h and then transduced with lentivirus expressing SIRT2 isoform 1. Cells were harvested to test the overexpression efficiency and examine the viral markers after 5 days. (A) The overexpression efficiency of SIRT2 was determined by Western blot. (B–D) SIRT2 overexpression elevated total HBV RNAs level and HBV 3.5-kb RNA level, as demonstrated by real-time PCR (B,C) and Northern blot (D). Each panel was loaded with an equal amount of total RNA and the HBV RNAs were hybridized with DIG-labed single-stranded HBV RNA probe with a length of 1,000 bp. Ribosomal RNAs (28 s and 18 s) served as loading controls. (E,F) SIRT2 overexpression enhanced HBV core DNA level according to real-time PCR (E) and Southern blot (F). (G,H) HBsAg and HBeAg levels were measured by ELISA. Representative data are from at least three independent experiments. Data was shown as mean ± SD. *p < 0.05, **p < 0.01.




SIRT2 Silencing Suppresses HBV Transcription and Replication

To further investigate whether endogenous SIRT2 exerts a functional effect on HBV transcription and replication, we inhibited SIRT2 expression using shRNA targeting SIRT2 (shSIRT2-1 and shSIRT2-2). The silencing efficiency was assessed by Western blot (Figure 3A). SIRT2 knockdown decreased total HBV RNAs and HBV 3.5-kb RNA levels in both HepG2-NTCP cells and PHHs (Figures 3B,C). Northern blot confirmed that HBV 3.5-kb, 2.4-kb, and 2.1-kb RNA levels were decreased in response to SIRT2 depletion (Figure 3D). In addition, real-time PCR and Southern blot also indicated that SIRT2 suppression significantly reduced HBV core DNA levels (Figures 3E,F). Not surprisingly, ELISA indicated that SIRT2 depletion also decreased HBsAg and HBeAg levels in the supernatant (Figures 3G,H). These results suggested that silencing SIRT2 inhibits HBV transcription and replication.

[image: Figure 3]

FIGURE 3. Gene silencing of SIRT2 inhibits HBV transcription and replication. HepG2-NTCP cells or PHH were infected with 1 × 103 genome equivalents/cells of HBV for 16 h and then transduced with lentivirus expressing indicated shRNA (shSIRT2-1 and shSIRT2-2) and scramble control (shCont). Cells were harvested to test the knockdown efficiency and examine the viral markers after 5 days. (A) The efficiency of SIRT2 silencing was examined via Western blot. (B–D) SIRT2 suppression decreased total HBV RNAs level and HBV 3.5-kb RNA level based on real-time PCR (B,C) and Northern blot (D). Each panel was loaded with an equal amount of total RNA and the HBV RNAs were probed with DIG-labeled single-stranded HBV RNA probe with a length of 1,000 bp. Ribosomal RNAs (28 s and 18 s) were used as loading controls. (E,F) SIRT2 knockdown suppressed HBV core DNA level as determined by real-time PCR (E) and Southern blot (F). (G,H) HBsAg and HBeAg levels were detected by ELISA. Representative data are from at least three independent experiments. Data are shown as mean ± SD. *p < 0.05, **p < 0.01.




Overexpression of SIRT2 Enhances HBV cccDNA Transcriptional Activity

The above findings indicated that SIRT2 facilitates HBV transcription and replication. To further explore how HBV RNA levels were regulated by SIRT2, RNA decay assays and nascent RNA capture assays were performed. HepG2-NTCP cells were treated with actinomycin D, a chemical molecule that blocks RNA synthesis by inhibiting DNA-dependent RNA polymerase. According to the results, neither overexpression (Figure 4A) or silencing (Figure 4B) of SIRT2 affected the half-life of total HBV RNAs or HBV 3.5-kb RNA, indicating that the degradation rate of HBV RNA is not affected by SIRT2. In addition, the nascent RNA synthesis assay data demonstrated that nascent total HBV RNAs and HBV 3.5-kb RNA were increased in response to SIRT2 overexpression (Figure 4C) and decreased in response to SIRT2 knockdown (Figure 4D). The above data demonstrate that the alteration of total HBV RNAs levels is caused by the effect of SIRT2 on HBV RNA synthesis rather than HBV RNA stability. In view of HBV cccDNA as the template of HBV RNA synthesis, we further examined the effect of SIRT2 on HBV cccDNA levels and transcriptional activity. The results revealed that cccDNA transcription activity, not cccDNA levels, was affected by SIRT2 (Supplementary Figures S2A,B; Figures 4E,F). However, the cccDNA transcription activity was increased by SIRT2 overexpression and decreased by SIRT2 knockdown (Figures 4E,F). Since SIRT2 is a well-known deacetylase (Blander and Guarente, 2004), coupled with the critical role of epigenetic regulation on cccDNA transcription (Hong et al., 2017), we speculated that SIRT2 might affect the acetylation levels of cccDNA-bound H3/H4. However, we did not observe any changes in the levels of acetylated cccDNA-bound H3/H4 using a ChIP assay. The host genes GAPDH and MYH6 served as controls (Supplementary Figure S3). Since cccDNA transcription activity is regulated by HBV promoters (Cp, Xp, Sp1, and Sp2) and HBV enhancer I/II, we performed a dual luciferase reporter assay to examine the effect of SIRT2 on these cis-acting elements. Interestingly, the results suggested that SIRT2 overexpression enhanced the activities of HBV EnI/Xp and EnII/Cp, while the activities of Sp1 and Sp2 were slightly affected (Figure 4G). Conversely, downregulation of SIRT2 induced the opposite effect (Figure 4H). Taken together, these results indicated that SIRT2 might regulate HBV transcription by upregulating the activity of HBV promoters and enhancers.

[image: Figure 4]

FIGURE 4. SIRT2 regulates HBV cccDNA transcription activity. (A,B) HepG2-NTCP cells were infected with HBV for 16 h and then transduced with indicated lentivirus for 4 days and treated with Actinomycin D (5 μg/ml). Cells were harvested at indicated time. Total HBV RNAs (A) and HBV 3.5-kb RNA (B) were examined by real-time PCR, and the amount of RNA at time zero was set as 100%. (C,D) HBV-infected HepG2-NTCP cells were incubated with 0.2 mM 5-ethynyl uridine (EU) for 24 h. The newly synthesized EU-labeled RNA was purified from the total RNA, and EU-labeled HBV RNAs were quantified by real-time PCR. (E,F) HBV infected-HepG2-NTCP cells were transduced with indicated lentivirus. 5 days later, HBV cccDNA was extracted with Hirt lysis buffer and analyzed via Taqman-probe specific real-time PCR. The ratios of total RNA/cccDNA and 3.5-kb RNA/cccDNA indicated the transcriptional activity of cccDNA. (G,H) The effect of SIRT2 overexpression or down-regulation on HBV EnI/Xp, EnII/Cp, Sp1 and Sp2 were determined by dual-luciferase reporter assay. The transfection efficiency was normalized under co-transfection with plasmid RL-TK. Representative data are from at least three independent experiments. Data are shown as mean ± SD. *p < 0.05, **p < 0.01.




SIRT2 Downregulates p53 Levels by Inhibiting the Promoter Activity of p53

Considering that host transcription factors are closely related to HBV promoters and enhancers, we proposed that SIRT2 might play a role as a transcriptional promoting factor; thus, we screened a panel of transcription factors, such as nuclear factor 1 (NF-1), Sp1 transcription factor (Sp-1), TATA-box binding protein (TBP), AP-1, prospero homeobox 1 (Prox-1), CREB, p53, and hepatocyte nuclear factor 3α (HNF3α), using real-time PCR (Figure 5A). The data revealed that NF-1, Sp-1, CREB, and p53 levels were affected by SIRT2 overexpression. Given that p53 was the most downregulated in SIRT2-overexpressing cells, we further confirmed whether p53 mediated the regulation of HBV transcription by SIRT2. Consistently, we observed that SIRT2 knockdown increased p53 mRNA levels in HepG2-NTCP and PHH cells (Figure 5B). Western blot also showed that p53 protein levels were decreased in SIRT2-overexpressing cells and increased in SIRT2-silenced cells (Figures 5C,D). In addition, we established a pGL3-p53 promoter luciferase reporter plasmid. The dual-luciferase assay revealed that ectopic expression of SIRT2 inhibited the activity of the p53 promoter. Conversely, SIRT2 depletion enhanced p53 promoter activity (Figures 5E,F). In general, these data suggested that SIRT2 might regulate p53 expression by suppressing p53 transcription.
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FIGURE 5. SIRT2 regulates p53 level by targeting the p53 promoter. (A) Real-time PCR analysis of gene expression of various transcription factors associated with HBV transcription. (B) HepG2-NTCP and PHH cells were transduced with lentivirus expressing shSIRT2-1/shSIRT2-2 and shCont. The effect of SIRT2 knockdown on p53 mRNA level was analyzed by real-time PCR. (C,D) The effect of SIRT2 overexpression or SIRT2 depletion on p53 protein level in HepG2-NTCP and PHH cells was examined by Western blot. β-actin served as the loading control. (E,F) HepG2-NTCP and Huh-7 cells were transfected with pGL3-p53 promoter and transfected with plasmids expressing SIRT2 or transduced with indicated lentivirus expressing shSIRT2. The luciferase activity was measured at 36 h post transfection using dual-luciferase reporter assay. Representative data are from at least three independent experiments. Data are shown as mean ± SD. *p < 0.05, **p < 0.01.




SIRT2 Facilitates HBV Transcription and Replication by Repressing the Binding of p53 to HBV EnI/Xp and EnII/Cp

HBV enhancers directly improve the efficiency of HBV promoters, and p53 can suppress HBV transcription by binding to HBV enhancer I and enhancer II (Chu et al., 2016). Therefore, we examined the effect of SIRT2 on the binding of p53 to HBV EnI/Xp and EnII/Cp in cccDNA using a ChIP assay. The data revealed that levels of HBV EnI/Xp and EnII/Cp-bound p53 were notably reduced in SIRT2-overexpressing HepG2-NTCP cells (Figure 6A) but elevated in response to SIRT2 silencing (Figure 6B). Furthermore, we mutated the p53-EnI/Xp and EnII/Cp binding sites, which have been reported in HBV EnI/Xp and EnII/Cp luciferase reporter plasmids (Chu et al., 2016; Supplementary Figures S4A,B). we found that the mutation of p53 binding sites in HBV genome could decrease the mostly binding level of p53 to EnI/Xp and EnII/Cp, and allow a moderate increase of HBV RNAs (Supplementary Figures S4C,D). Importantly, the enhancement of HBV EnI/Xp and EnII/Cp activities induced by SIRT2 overexpression was mostly abolished when the binding sites of p53 in HBV EnI/Xp and EnII/Cp were mutated (Figure 6C). In addition, we constructed a site-specific mutant virus in which the p53 binding sites were mutated. Consistently, the mutation of p53 binding sites in the HBV genome blocked the promotion of SIRT2 on HBV 2.4-kb, 2.1-kb and 3.5-kb RNA levels as well as core DNA levels (Figures 6D–F). Moreover, we found that the enhancement of SIRT2 overexpression on the activities of HBV EnI/Xp and EnII/Cp, HBV 2.4-kb, 2.1-kb and 3.5-kb RNA levels as well as core DNA levels were abolished by the introduction of p53 (Supplementary Figure S5; Figures 6G–J). Furthermore, we detected whether SIRT2 could regulate HBV transcription and replication in p53 knockout HepG2-NTCP cells. The results showed that SIRT2 overexpression could not significantly increase HBV RNAs and HBV core DNA levels in the absence of p53 (Supplementary Figure S6), implying that p53 is critical for SIRT2-mediated modulation of HBV transcription. Altogether, these data suggested that SIRT2 might positively regulate HBV transcription and replication by regulating the transcription factor p53.

[image: Figure 6]

FIGURE 6. SIRT2 facilitates HBV transcription and replication via repressing the binding of p53 on HBV EnI/Xp and EnII/Cp. (A,B) Effect of SIRT2 overexpression (A) and down-regulation (B) on the recruitment of p53 to HBV EnI/Xp and EnII/Cp was detected by ChIP assay. Cross-linked chromatin from HBV-infected HepG2-NTCP cells was immunoprecipitated with anti-p53 antibody followed by real-time PCR with specific HBV EnI/Xp and EnII/Cp primers. The promoter of GAPDH and MYH6 were used as internal controls. The ChIP results are expressed as % of input. (C) HepG2-NTCP cells were transfected with indicated plasmids. Dual-luciferase assay was performed to examine the activities of HBV EnI/Xp and EnII/Cp. pGL3-EnI/Xp Mut and pGL3-EnII/Cp Mut denoted the p53 binding sites in HBV EnI/Xp and EnII/Cp were mutated. (D–F) HepG2-NTCP cells were infected with HBV WT or HBV Mut (binding sites of p53 to EnI/Xp and EnII/Cp were mutated) and transduced with lentivirus expressing SIRT2. Total HBV RNAs and HBV 3.5-kb RNA levels were analyzed by real-time PCR (D) and Northern blot (E), HBV core DNA level in HepG2-NTCP cells was analyzed by real-time PCR and Southern blot (F). (G) HepG2-NTCP cells were transfected with indicated plasmids. Dual-luciferase assay was performed to examine the activities of HBV EnI/Xp and EnII/Cp. (H–J) HBV-infected HepG2-NTCP cells were transfected with plasmids containing SIRT2 or p53. Total HBV RNA and HBV 3.5-kb RNA levels were detected by real-time PCR (H) and Northern blot (I). HBV core DNA level was measured by real-time PCR and Southern blot (J). Representative data are from at least three independent experiments. Data are shown as mean ± SD. *p < 0.05, **p < 0.01.





DISCUSSION

The virus-cellular host factor interaction is a continuous process throughout the different stages of the viral life cycle (Ligat et al., 2021). Many viruses can create an intracellular environment favorable for infection by enhancing or disrupting the expression of host genes (Duggal and Emerman, 2012; Nakagawa and Makino, 2021). The interplay between virus and host factors determines viral pathogenicity and the outcome of infection (Wißing et al., 2021). Accordingly, clarifying virus–host cell interactions is critical for understanding the mechanisms of pathogenesis and developing novel antiviral therapies (Todt et al., 2018). Consistently, studies have shown that HBV–host interactions are involved in the entire HBV life cycle and that a complete HBV infection process depends on host factors (Ligat et al., 2021). For example, NTCP mediates virus entry (Herrscher et al., 2020), the DNA repair machinery functions in HBV cccDNA formation (Wei and Ploss, 2020, 2021), cellular transcription factors contribution to viral transcription (Quasdorff and Protzer, 2010; Oropeza et al., 2020), and numerous cellular factors involved in virion assembly and release (Hu and Liu, 2017; Zeyen and Prange, 2018). Hence, targeting host factors that contribute to HBV replication is a promising approach for improving the cure rate. Our previous studies have identified several host factors involved in HBV infection, such as SIRT1, SIRT6, cyclin D2, UBE2L3, NQO1, SIRT3, and SIRT7 (Ren et al., 2014, 2018; Song et al., 2014, p. 2; Jiang et al., 2019; Zhou et al., 2019; Cheng et al., 2021; Yu et al., 2021). In addition, AGK2, a SIRT2 inhibitor, was found to exert an anti-HBV effect, implying that SIRT2 might facilitate for HBV infection (Yu et al., 2018, p. 2). Consistent with this hypothesis, a study by Piracha et al. (2018) revealed that SIRT2 isoform 1 enhanced HBV transcription and replication. Moreover, they further demonstrated that SIRT2 overexpression and HBV replication activated AKT/GSK-3β/β-catenin signaling. However, there was no evidence that AKT/GSK-3β/β-catenin signaling mediated the role of SIRT2 in HBV replication. Therefore, the mechanism by which SIRT2 regulates the HBV life cycle needs to be confirmed.

In the present study, we demonstrated that compared to healthy volunteers, patients with CHB exhibited significantly higher SIRT2 mRNA levels in PBMCs. PBMCs were widely used to analyze gene expression signatures that may be related to disease predictions (Bushel et al., 2007; Hofmann et al., 2010; Gliddon et al., 2018). Some genes, which were aberrant expression in PBMCs of CHB patients were also proved to involve in the regulation of HBV life cycle, such as Ubiquitin Conjugating Enzyme E2 L3 (UBE2L3), Exportin 4 (XPO4), matrix metalloproteinase 9 (MMP-9), interferon gamma-inducible protein 16 (IFI16) and LncHOTAIR(Zhang et al., 2014; Chen et al., 2017; Zhou et al., 2019; Ren et al., 2020; Lu et al., 2021). Therefore, the result of SIRT2 aberrant expression in PBMCs of CHB patients implied SIRT2 might be associated with HBV replication. Moreover, we found the SIRT2 protein was also high expression in the serum of CHB patients and positively associated with HBV viral load, HBsAg, HBeAg, HBcrAg levels, and ALT and AST levels. These results suggest that SIRT2 might be a favorable factor for HBV replication. The function of SIRT2 in the HBV life cycle was further examined using HepG2-NTCP cells and PHHs, two widely utilized HBV infection models. Although SIRT2 was reported to be involved in regulating the proliferation of HCC cells (Chen et al., 2013), we observed that SIRT2 did not significantly affect the cell viability of HepG2-NTCP cells and PHHs under our experimental conditions (Supplementary Figure S7). As we expected, HBV RNA, HBV core DNA, and viral protein expression was significantly upregulated in response to SIRT2 overexpression, whereas SIRT2 inhibition reduced HBV transcription and replication. In addition, we confirmed that HBV RNA synthesis and cccDNA transcription activity were increased in SIRT2-overexpressing cells. cccDNA is subject to epigenetic regulation involving H3/H4 acetylation or methylation (Xia and Guo, 2020). The transcriptional activity of cccDNA is regulated by a series of histone acetyltransferases, deacetylases and methyltransferases (Hong et al., 2017). SIRT2 belongs to the class III histone deacetylase (Chen et al., 2020). Piracha et al. (2020) showed SIRT2 isoform1 and isoform 5 mainly located in cytoplasm and nucleus, respectively. And cccDNA was epigenetically regulated to a greater extent in SIRT2 isoform 5 overexpressing cells than in SIRT2 isoform1 overexpressing cells. Although SIRT2 has been established as a cytoplasmic-localized protein (Wilking-Busch et al., 2018), SIRT2 was reported to translocate into the nucleus and deacetylate histone H3K18 after microbial infection (Bhaskar et al., 2020). These findings indicated SIRT2 promoted HBV transcription may through epigenetic regulation of cccDNA. However, in this study, we did not observe redistribution of SIRT2 to the nucleus (Supplementary Figure S8), and the acetylation state of cccDNA-binding H3/H4 was not influenced by SIRT2 overexpression, implying that the regulatory effect of SIRT2 on HBV transcription may not directly toward the epigenetic modification of cccDNA minichromosome. In addition, we have reported that AGK2, the inhibitor of SIRT2 activity, could decrease HBV transcription and replication, suggesting that the role of SIRT2 in regulating HBV lifecycle may depend on its deacetylase activity. However, more data should to be provided to confirm the speculation. It is widely known that the transcription of HBV is modulated by four promoters and two enhancers (Tsukuda and Watashi, 2020). Our data confirmed that the activities of the HBV EnI/Xp and EnII/Cp were increased in SIRT2-overexpressing cells but were decreased in SIRT2-depleted cells. Hence, we speculated that the regulation of SIRT2 on HBV transcription and replication might be dependent on HBV enhancers and promoters.

To clarify how SIRT2 augments HBV enhancers and promoters’ activities, a panel of transcription factors related to HBV enhancers and promoters were screened using real-time PCR. The results showed that alteration of p53 mRNA levels were most notable after SIRT2 overexpression. In addition, we further confirmed the regulatory effect of SIRT2 on p53 protein levels and p53 promoter activity. However, we also found that SIRT2 did not influence the H3/H4 acetylation level of p53 promoter (Supplementary Figure S9), suggesting the presence of some unidentified intermediates in the regulation of SIRT2 on p53 expression. A great deal of evidence has shown that p53 is a transcription factor serving a dual function of transactivation and transrepression (Men et al., 2021). Its primary biological function appears to be involved in regulating DNA damage, oxidative stress, cell differentiation, apoptosis, cell cycle arrest and metabolism alterations (Hernández Borrero and El-Deiry, 2021; Men et al., 2021). P53 acting as a transcriptional suppressor has been demonstrated in several studies, indicating that p53 could bind to HBV enhancers and inhibit the activities of HBV enhancers and promoters (Ori et al., 1998; Chu et al., 2016). Consistently, we found the levels of HBV EnI/Xp and EnII/Cp-bound p53 were weakened in response to SIRT2 overexpression. Our data showed that the regulation of HBV transcription and replication by SIRT2 was attenuated but not completely abolished whether in p53 binding sites mutant HBV-infected HepG2-NTCP cells or in p53-deleted HepG2-NTCP cells. Additionally, overexpression of p53 attenuated the regulatory effect of SIRT2 on HBV life cycle. These findings suggested that p53 might play an important role in the regulation of SIRT2 on HBV transcription. However, other potential factors involving the regulation of HBV transcription and replication by SIRT2 could not be excluded.

Since host factors play a key role in HBV life cycle, targeting the host factors is a feasible approach to develop new anti-HBV strategies. Based on the important role of SIRT2 in HBV transcription and replication, inhibiting SIRT2 expression or activity contributes to disturb the HBV replication process. At present, various SIRT2-selective inhibitors have been found. AGK2, the IC50 value for SIRT2 is 3.5 μM (Outeiro et al., 2007), has been proved to be able to significantly decrease HBV RNAs and HBV DNA levels (Yu et al., 2018). Thiomyristoyl (TM), another SIRT2-specific inhibitor, the IC50 value for SIRT2 is 28 nM (Jing et al., 2016). Compared to AGK2, TM exhibited a 125-fold lower IC50 value, implying that TM has a more potent ability to inhibit HBV transcription and replication. Interestingly, Tenovin-3, a SIRT2 inhibitor, could simultaneously activate p53 expression (Lain et al., 2008). These findings suggest that it is worthwhile to furtherly study the potential antiviral effect of SIRT2 inhibitors, and the combination of available anti-HBV drugs and SIRT2 inhibitors may contribute to produce more effective virological response.

The current study reconfirmed the facilitating function of SIRT2 in HBV transcription and replication using HBV-infected cell models. The results from clinical samples also revealed a positive association between SIRT2 expression and HBV infection. We further identified that SIRT2 enhances the activities of HBV EnI/Xp and EnII/Cp by downregulating the expression of p53, boosting the transcriptional activity of HBV cccDNA. This study reinforces the significance of the interplay between virus and host factors, suggesting that intervention in this interaction might represent a promising antiviral strategy.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

J-HR designed the study, D-QW, Q-YD, and M-LD performed experiments and analyzed the data. S-TC, FR, FL, and JC provided help in performing the research. N-NT, MT, and YZ collected the clinical specimens and analyzed the patient data. J-HR, D-QW, and Y-JZ wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by National Natural Science Foundation of China (81802015), Scientific and Technological Research Program of Chongqing Municipal Education Commission (KJQN202100429), College Young Teachers Fund of the Fok Ying Tung Education Foundation (171100), Natural Science Foundation Project of Chongqing (cstc2019jscx-dxwtBX0020), and Chongqing Talents Project (cstc2021ycjh-bgzxm0121).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.836446/full#supplementary-material



ABBREVIATIONS

HBV, Hepatitis B virus; HCC, Hepatocellular Carcinoma; NTCP, Na+/taurocholate Cotransporting Polypeptide; rcDNA, Relaxed Circular DNA; cccDNA, Covalently Closed Circular DNA; HNF4α, Hepatocyte Nuclear Factor 4α; CREB, cAMP-Response Element Binding Protein; SIRT1, Silent Mating Type Information Regulation 2 Homolog 1; p53, Tumor Protein p53; NAD+, Nicotinamide Adenine Dinucleotide; AP-1, Activator Protein-1; PPARα, Peroxisome Proliferator-Activated Receptor Alpha; CHB, Chronic Hepatitis B; ChIP, Chromatin Immunoprecipitation; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase; MYH6, Myosin Heavy Chain 6; PHHs, Primary Human Hepatocytes; PBMCs, Peripheral Blood Mononuclear Cells; NF-1, Nuclear Factor 1; Sp-1, Sp1 Transcription Factor; TBP, TATA-Box Binding Protein; Prox-1, Prospero Homeobox 1; HNF3α, Hepatocyte Nuclear Factor 3α.


REFERENCES

 Allweiss, L., and Dandri, M. (2017). The role of cccDNA in HBV maintenance. Viruses 9:E156. doi: 10.3390/v9060156 

 Bhaskar, A., Kumar, S., Khan, M. Z., Singh, A., Dwivedi, V. P., and Nandicoori, V. K. (2020). Host sirtuin 2 as an immunotherapeutic target against tuberculosis. Elife 9:e55415. doi: 10.7554/eLife.55415 

 Blander, G., and Guarente, L. (2004). The Sir2 family of protein deacetylases. Annu. Rev. Biochem. 73, 417–435. doi: 10.1146/annurev.biochem.73.011303.073651

 Bushel, P. R., Heinloth, A. N., Li, J., Huang, L., Chou, J. W., Boorman, G. A., et al. (2007). Blood gene expression signatures predict exposure levels. Proc. Natl. Acad. Sci. U. S. A. 104, 18211–18216. doi: 10.1073/pnas.0706987104 

 Chen, J., Chan, A. W. H., To, K.-F., Chen, W., Zhang, Z., Ren, J., et al. (2013). SIRT2 overexpression in hepatocellular carcinoma mediates epithelial to mesenchymal transition by protein kinase B/glycogen synthase kinase-3β/β-catenin signaling. Hepatology 57, 2287–2298. doi: 10.1002/hep.26278 

 Chen, G., Huang, P., and Hu, C. (2020). The role of SIRT2 in cancer: a novel therapeutic target. Int. J. Cancer 147, 3297–3304. doi: 10.1002/ijc.33118

 Chen, J., Xu, W., Chen, Y., Xie, X., Zhang, Y., Ma, C., et al. (2017). Matrix metalloproteinase 9 facilitates hepatitis B virus replication through binding with type I interferon (IFN) receptor 1 to repress IFN/JAK/STAT signaling. J. Virol. 91, e01824–e01816. doi: 10.1128/JVI.01824-16 

 Chen, M., Xu, M., Zhu, C., Wang, H., Zhao, Q., and Zhou, F. (2019). Sirtuin2 enhances the tumoricidal function of liver natural killer cells in a mouse hepatocellular carcinoma model. Cancer Immunol. Immunother. 68, 961–971. doi: 10.1007/s00262-019-02337-5 

 Cheng, S.-T., Hu, J.-L., Ren, J.-H., Yu, H.-B., Zhong, S., Wai Wong, V. K., et al. (2021). Dicoumarol, an NQO1 inhibitor, blocks cccDNA transcription by promoting degradation of HBx. J. Hepatol. 74, 522–534. doi: 10.1016/j.jhep.2020.09.019 

 Cheng, S.-T., Ren, J.-H., Cai, X.-F., Jiang, H., and Chen, J. (2018). HBx-elevated SIRT2 promotes HBV replication and hepatocarcinogenesis. Biochem. Biophys. Res. Commun. 496, 904–910. doi: 10.1016/j.bbrc.2018.01.127 

 Chu, X., Wu, B., Fan, H., Hou, J., Hao, J., Hu, J., et al. (2016). PTD-fused p53 as a potential antiviral agent directly suppresses HBV transcription and expression. Antivir. Res. 127, 41–49. doi: 10.1016/j.antiviral.2016.01.008 

 Duggal, N. K., and Emerman, M. (2012). Evolutionary conflicts between viruses and restriction factors shape immunity. Nat. Rev. Immunol. 12, 687–695. doi: 10.1038/nri3295 

 Gliddon, H. D., Herberg, J. A., Levin, M., and Kaforou, M. (2018). Genome-wide host RNA signatures of infectious diseases: discovery and clinical translation. Immunology 153, 171–178. doi: 10.1111/imm.12841 

 Hernández Borrero, L. J., and El-Deiry, W. S. (2021). Tumor suppressor p53: biology, signaling pathways, and therapeutic targeting. Biochim. Biophys. Acta Rev. Cancer 1876:188556. doi: 10.1016/j.bbcan.2021.188556 

 Herrscher, C., Pastor, F., Burlaud-Gaillard, J., Dumans, A., Seigneuret, F., Moreau, A., et al. (2020). Hepatitis B virus entry into HepG2-NTCP cells requires clathrin-mediated endocytosis. Cell. Microbiol. 22:e13205. doi: 10.1111/cmi.13205 

 Hofmann, T., Klenow, S., Borowicki, A., Gill, C. I. R., Pool-Zobel, B. L., and Glei, M. (2010). Gene expression profiles in human peripheral blood mononuclear cells as biomarkers for nutritional in vitro and in vivo investigations. Genes Nutr. 5, 309–319. doi: 10.1007/s12263-010-0170-1 

 Hong, X., Kim, E. S., and Guo, H. (2017). Epigenetic regulation of hepatitis B virus covalently closed circular DNA: implications for epigenetic therapy against chronic hepatitis B. Hepatology 66, 2066–2077. doi: 10.1002/hep.29479 

 Hu, J., and Liu, K. (2017). Complete and incomplete hepatitis B virus particles: formation, function, and application. Viruses 9:E56. doi: 10.3390/v9030056 

 Jiang, H., Cheng, S.-T., Ren, J.-H., Ren, F., Yu, H.-B., Wang, Q., et al. (2019). SIRT6 inhibitor, OSS_128167 restricts hepatitis B virus transcription and replication through targeting transcription factor peroxisome proliferator-activated receptors α. Front. Pharmacol. 10:1270. doi: 10.3389/fphar.2019.01270 

 Jing, H., Hu, J., He, B., Negrón Abril, Y. L., Stupinski, J., Weiser, K., et al. (2016). A SIRT2-selective inhibitor promotes c-Myc Oncoprotein degradation and exhibits broad anticancer activity. Cancer Cell 29:607. doi: 10.1016/j.ccell.2016.03.011 

 Lain, S., Hollick, J. J., Campbell, J., Staples, O. D., Higgins, M., Aoubala, M., et al. (2008). Discovery, in vivo activity, and mechanism of action of a small-molecule p53 activator. Cancer Cell 13, 454–463. doi: 10.1016/j.ccr.2008.03.004 

 Ligat, G., Verrier, E. R., Nassal, M., and Baumert, T. F. (2021). Hepatitis B virus-host interactions and novel targets for viral cure. Curr. Opin. Virol. 49, 41–51. doi: 10.1016/j.coviro.2021.04.009 

 Lu, Y.-Q., Wu, J., Wu, X.-J., Ma, H., Ma, Y.-X., Zhang, R., et al. (2021). Interferon gamma-inducible protein 16 of peripheral blood mononuclear cells may sense hepatitis B virus infection and regulate the antiviral immunity. Front. Cell. Infect. Microbiol. 11:790036. doi: 10.3389/fcimb.2021.790036 

 Martinez, M. G., Villeret, F., Testoni, B., and Zoulim, F. (2020). Can we cure hepatitis B virus with novel direct-acting antivirals? Liver Int. 40, 27–34. doi: 10.1111/liv.14364 

 Men, H., Cai, H., Cheng, Q., Zhou, W., Wang, X., Huang, S., et al. (2021). The regulatory roles of p53 in cardiovascular health and disease. Cell. Mol. Life Sci. 78, 2001–2018. doi: 10.1007/s00018-020-03694-6 

 Nakagawa, K., and Makino, S. (2021). Mechanisms of coronavirus Nsp1-mediated control of host and viral gene expression. Cell 10:300. doi: 10.3390/cells10020300 

 North, B. J., and Verdin, E. (2004). Sirtuins: Sir2-related NAD-dependent protein deacetylases. Genome Biol. 5:224. doi: 10.1186/gb-2004-5-5-224 

 Ori, A., Zauberman, A., Doitsh, G., Paran, N., Oren, M., and Shaul, Y. (1998). p53 binds and represses the HBV enhancer: an adjacent enhancer element can reverse the transcription effect of p53. EMBO J. 17, 544–553. doi: 10.1093/emboj/17.2.544 

 Oropeza, C. E., Tarnow, G., Sridhar, A., Taha, T. Y., Shalaby, R. E., and McLachlan, A. (2020). The regulation of HBV transcription and replication. Adv. Exp. Med. Biol. 1179, 39–69. doi: 10.1007/978-981-13-9151-4_3

 Outeiro, T. F., Kontopoulos, E., Altmann, S. M., Kufareva, I., Strathearn, K. E., Amore, A. M., et al. (2007). Sirtuin 2 inhibitors rescue alpha-synuclein-mediated toxicity in models of Parkinson’s disease. Science 317, 516–519. doi: 10.1126/science.1143780 

 Piracha, Z. Z., Kwon, H., Saeed, U., Kim, J., Jung, J., Chwae, Y.-J., et al. (2018). Sirtuin 2 isoform 1 enhances hepatitis B virus RNA transcription and DNA synthesis through the AKT/GSK-3β/β-catenin signaling pathway. J. Virol. 92, e00955–e00918. doi: 10.1128/JVI.00955-18 

 Piracha, Z. Z., Saeed, U., Kim, J., Kwon, H., Chwae, Y.-J., Lee, H. W., et al. (2020). An alternatively spliced Sirtuin 2 isoform 5 inhibits hepatitis B virus replication from cccDNA by repressing epigenetic modifications made by histone lysine Methyltransferases. J. Virol. 94, e00926–e00920. doi: 10.1128/JVI.00926-20 

 Quasdorff, M., and Protzer, U. (2010). Control of hepatitis B virus at the level of transcription. J. Viral Hepat. 17, 527–536. doi: 10.1111/j.1365-2893.2010.01315.x

 Ren, J.-H., Hu, J.-L., Cheng, S.-T., Yu, H.-B., Wong, V. K. W., Law, B. Y. K., et al. (2018). 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 68, 1260–1276. doi: 10.1002/hep.29912 

 Ren, F., Ren, J.-H., Song, C.-L., Tan, M., Yu, H.-B., Zhou, Y.-J., et al. (2020). LncRNA HOTAIR modulates hepatitis B virus transcription and replication by enhancing SP1 transcription factor. Clin. Sci. (Lond.) 134, 3007–3022. doi: 10.1042/CS20200970 

 Ren, J.-H., Tao, Y., Zhang, Z.-Z., Chen, W.-X., Cai, X.-F., Chen, K., et al. (2014). Sirtuin 1 regulates hepatitis B virus transcription and replication by targeting transcription factor AP-1. J. Virol. 88, 2442–2451. doi: 10.1128/JVI.02861-13 

 Song, C., Ren, J., Ran, L., Li, Y., Li, X., Chen, X., et al. (2014). Cyclin D2 plays a regulatory role in HBV replication. Virology 462–463, 149–157. doi: 10.1016/j.virol.2014.05.027 

 Tacke, F., Liedtke, C., Bocklage, S., Manns, M. P., and Trautwein, C. (2005). CREB/PKA sensitive signalling pathways activate and maintain expression levels of the hepatitis B virus pre-S2/S promoter. Gut 54, 1309–1317. doi: 10.1136/gut.2005.065086 

 Teng, Y., Xu, Z., Zhao, K., Zhong, Y., Wang, J., Zhao, L., et al. (2021). Novel function of SART1 in HNF4α transcriptional regulation contributes to its antiviral role during HBV infection. J. Hepatol. 75, 1072–1082. doi: 10.1016/j.jhep.2021.06.038 

 Todt, D., Meister, T. L., and Steinmann, E. (2018). Hepatitis E virus treatment and ribavirin therapy: viral mechanisms of nonresponse. Curr. Opin. Virol. 32, 80–87. doi: 10.1016/j.coviro.2018.10.001 

 Tsukuda, S., and Watashi, K. (2020). Hepatitis B virus biology and life cycle. Antivir. Res. 182:104925. doi: 10.1016/j.antiviral.2020.104925

 Wan, Y., Wu, W., Zhang, J., Li, L., Wan, Y., Tang, X., et al. (2021). Tenovin-1 inhibited dengue virus replication through SIRT2. Eur. J. Pharmacol. 907:174264. doi: 10.1016/j.ejphar.2021.174264 

 Wang, Y., Yang, J., Hong, T., Chen, X., and Cui, L. (2019). SIRT2: controversy and multiple roles in disease and physiology. Ageing Res. Rev. 55:100961. doi: 10.1016/j.arr.2019.100961 

 Wei, L., and Ploss, A. (2020). Core components of DNA lagging strand synthesis machinery are essential for hepatitis B virus cccDNA formation. Nat. Microbiol. 5, 715–726. doi: 10.1038/s41564-020-0678-0 

 Wei, L., and Ploss, A. (2021). Hepatitis B virus cccDNA is formed through distinct repair processes of each strand. Nat. Commun. 12:1591. doi: 10.1038/s41467-021-21850-9 

 Wilking-Busch, M. J., Ndiaye, M. A., Liu, X., and Ahmad, N. (2018). RNA interference-mediated knockdown of SIRT1 and/or SIRT2 in melanoma: identification of downstream targets by large-scale proteomics analysis. J. Proteome 170, 99–109. doi: 10.1016/j.jprot.2017.09.002 

 Wißing, M. H., Brüggemann, Y., Steinmann, E., and Todt, D. (2021). Virus-host cell interplay during hepatitis E virus infection. Trends Microbiol. 29, 309–319. doi: 10.1016/j.tim.2020.07.002 

 Xia, Y., and Guo, H. (2020). Hepatitis B virus cccDNA: formation, regulation and therapeutic potential. Antivir. Res. 180:104824. doi: 10.1016/j.antiviral.2020.104824 

 Yan, H., Zhong, G., Xu, G., He, W., Jing, Z., Gao, Z., et al. (2012). Sodium taurocholate cotransporting polypeptide is a functional receptor for human hepatitis B and D virus. elife 1:e00049. doi: 10.7554/eLife.00049 

 Yu, H.-B., Cheng, S.-T., Ren, F., Chen, Y., Shi, X.-F., Wong, V. K. W., et al. (2021). SIRT7 restricts HBV transcription and replication through catalyzing desuccinylation of histone H3 associated with cccDNA minichromosome. Clin. Sci. (Lond.) 135, 1505–1522. doi: 10.1042/CS20210392 

 Yu, H.-B., Jiang, H., Cheng, S.-T., Hu, Z.-W., Ren, J.-H., and Chen, J. (2018). AGK2, A SIRT2 inhibitor, inhibits hepatitis B virus replication in vitro and in vivo. Int. J. Med. Sci. 15, 1356–1364. doi: 10.7150/ijms.26125 

 Zeyen, L., and Prange, R. (2018). Host cell Rab GTPases in hepatitis B virus infection. Front. Cell Dev. Biol. 6:154. doi: 10.3389/fcell.2018.00154 

 Zhang, F., Fan, Y.-C., Mu, N.-N., Zhao, J., Sun, F.-K., Zhao, Z.-H., et al. (2014). Exportin 4 gene expression and DNA promoter methylation status in chronic hepatitis B virus infection. J. Viral Hepat. 21, 241–250. doi: 10.1111/jvh.12136 

 Zhang, C., Yu, Y., Huang, Q., and Tang, K. (2019). SIRT6 regulates the proliferation and apoptosis of hepatocellular carcinoma via the ERK1/2 signaling pathway. Mol. Med. Rep. 20, 1575–1582. doi: 10.3892/mmr.2019.10398 

 Zhou, L., Ren, J.-H., Cheng, S.-T., Xu, H.-M., Chen, W.-X., Chen, D.-P., et al. (2019). A functional variant in ubiquitin conjugating enzyme E2 L3 contributes to hepatitis B virus infection and maintains covalently closed circular DNA stability by inducing degradation of Apolipoprotein B mRNA editing enzyme catalytic subunit 3A. Hepatology 69, 1885–1902. doi: 10.1002/hep.30497 


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

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

Copyright © 2022 Wu, Ding, Tao, Tan, Zhang, Li, Zhou, Dong, Cheng, Ren, Chen and Ren. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-13-836446-g005.jpg
20077 . Ex =3 Vector

|-! = SRT2
150

(1S IS
81111

P

Relative mRNA level(%)

e

DR S DN @S e R R ,o q:v
S F L LSS RGP NP »
& & ;& Qe‘é 8 \(00 {oe \1< ‘{< 06§ @o Q} °°
B c
_ 300+ %
B = 1 o 1
H 1. b
5 2001 HepG2-NTCP  PHH
© 5 o~ s o
3 § & 3 &
Emn— > 7] > @
H
E]
T v N .o
g & & E oxo3
§ £ & § & & "
S5 5 %5 o3 — 40KD
% s %
“HepG2-NTCP PHH
D E
HepG2-NTCP PHH
= 5 o 20
& d &
= £ &
EE oz P oE &
£ @ (7] o (7] @« 150
e ¢ 2 e 2 2
i 5 % 5 5 %

100

50

|
o
3
=
[S)
Relative Luciferase activity (%)

HepG2-NTCP Huh-7

=3 shCont

=3 shSIRT2-1

=3 shSIRT2:2

Relative Luciferase acti






OPS/images/fmicb-13-836446-g006.jpg
= ChIP(anti-p53)-HBV-En IiXp B = PS3)HBV-En IiXp.
=3 ChiP(anti-ps3)-HBV-En ICp. = p53)-HBV-En IUCp
= ChIP(anti-p53)-GAPDH = ChiP{anti-p53)-GAPDH
= ChiP(anti-ps31-MYHE = ChIP(anti-ps3)-MYHS
3 - 4 B =
o] -
3 =
—
. 5 2, G +
. Ell 9 0 . .
o T T o T T
Vector sIRT2 shCont shSIRT21 hSIRT2.2
L4007 = Vector = Vector =
3 Vect Vect F = Vector T
g = srn2 = srm2 ] = srT2 B
H - - H - 3
2 a0 . . £
: . Ly Em -
£ 200 . H T 3 2
£ : g 8 H
H . b E 100 z
2 1004 3 s 2 g
2 o - H 2
3 E H
g, 2o H
wr Mot wr Mut HBVWT BV Mut
PoLSEn UXp PGLIERTICP
E
F407 = veotor S i % e m
H = sR12 HBV Mut o= % oF
B i SIRT2 BN
] =4 T
35k
H
242.1kb 200
>
2
s 100
H
&

300

Relative Luciferase activity (%)

RNA  HBYV RNAS

= Vector = SIRT24p53
3 VectorsSIRT2 31 Vector+ps3

POLIEN IXp

35k
2421k

oI 255
R s

PGLI-EnTICH

&

Relative total HBY RNAs level(%)

g ¥ 8

Relative HBY core DNA level(’)

g

P53
SIRT2
Vector

200
180

Relative HBV 3.5-kb RNA level(%)

H






OPS/images/fmicb-13-836446-g003.jpg
[

Fe-ziansus

o £
Z-zLrdisus
Fruoous
L-zrdisus
H s oo
gl =
|, 2t v g
e hwoous |2 5
— 1 O |zzLasus
2 8 8 8 ° z
il * = O beidisus
(501ona1 YN PIS'E AGH oo g
£ woous
=
N~ L
£ eoe |rziuisus| E
N fo H
Fruoous
Foassisus | o
s
g
s
¥ [FreLdisus | o
] g
Fuwoous |2
& & & &3

(%)1oA%] SYNY AGH 1€30} oAeIoN

PHH

HepG2-NTCP

—40KD

ZZLMISus

1-ZLuISuS!

w00’

Z-zLuisus

LZLMISUS

Wooys:

SIRT2

—40KD

p-actin

w

(%)one] YNG 2109 AGH eAlered

=

4
I
T

HepG2-NTCP

zzLHISus

L-ZLyIsus

woDys:

zzLyisus

LZLyIsYs

ogys

285
188

s =

SYNYAGH VNI

PHH

HepGZNTCP

e

HETT
==
- {ER—

(%liene) BysgH eAerey

Fe-ziasus

Fi-ziasus

Fe-ziasus

Fr-ziasus

Fz-ziasus

[ i-eraisus

Fauoous

Fe-ziasus

Fi-zeasus

Fauoous

PHR

HepG2-NTCP.

PHH

HepG2-NTCP





OPS/images/fmicb-13-836446-g004.jpg
£ 150 - Vector £ 1an - Vector
H - H - srn
: H
2 1004 £ 1004
H £
] i
g 3
3 o § w1
HI T i o ;
3 2 o = w
Post Actinomyein D (ours) Post Actnomycin D (hours)
£ 10 o hcomt £ 150 = shoom
H - ansRTZ1 o STz
H - sR1z2 s - chsiRT22
2 1004 Z 1004
H H
H 3 N
i H S
3 s 5 s
H g
g o T T o g T
i P ® H P -
Post Actnamycin D (hours) Post Actnamycin D (hours)
= ccconn = ccoona
= ol RNAcccDNA = ol RNATccoNA
Ay 35Kb RNACEEDNA = 25K RNAIGGcDNA

Fold changa(t}

= shcont
= shsRT21
= shsRT22

Relative luciferase activity

shCont ShSIRTZ shSIRT22

PpGL3-En IXp  pGL3-EnWCp

pGL3-Sp1

PGLI-Sp2

Relative nascent

Relative nascent

Relative luciferass activity

300 - 300 -
z s £ e
£ 200 ] 82 200
H 22
H H
= .. EH
100{ ok 52 100
£ o] 8 g
s
oy L —
Vector SIRT2 Vector SIRT2

200 - 200
3 =
sy £ 150
2 100-] ZE 1004
3 L d
2 o0 |°| s 25 sy
¢ LI ¢
H 2

o o

= vector
4= SRT2
B

1all Al

il

POLI-En Xp pGLI-EnlUCp pGLI-Sp1

poLI-Sp2





OPS/images/fmicb-13-836446-t001.jpg
Characteristics.

Age (years)
Gender (M/F)
ALT (U
AST (UIL)
ALB (g/L)
GLB (g/L)
TBIL (imol/L)
AFP (ng/mL)

Healthy (25)

3084 £9.21
10/15
17.88 1274
17.96+5.97
4326+ 6.94
2831293
14.05+6.93
252£262

'p<0.05, **%p<0.001, ns, not significant.
Al values are expressed as the mean standard deviation.
F, female; M, male; ALT, alanine aminotransferase; AST, aspartate aminotransferase;

ALB, albumin; GLB, globulin; TBIL, total bilirubin; AFP. alpha fetoprotein.

CHB (25)

29.48 + 7.66
14/11
85.08 £ 56.17

755495
4201434
31.06+3.54
2075 +21.88

404811

*p (<0.05)

0.5730 (ns)
0.396 (ns)
0.0001%#*
0.0001%#*
0.0297%
0.0009%+*
0.1903 (ns)
0.8513 (ns)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		SIRT2 Promotes HBV Transcription and Replication by Targeting Transcription Factor p53 to Increase the Activities of HBV Enhancers and Promoters



		Introduction



		Materials and Methods



		Patients



		Cell Culture, Antibodies and Reagents



		HBV Infection



		Northern Blot



		Quantitative Real-Time PCR Analysis



		HBV Core DNA Extraction and Quantitative Analysis



		Southern Blot



		Nascent RNA Synthesis Assay



		Western Blot



		HBV cccDNA Extraction and Analysis



		Luciferase Reporter Assay



		Chromatin Immunoprecipitation



		Statistical Analysis









		Results



		SIRT2 Is Positively Correlated With Chronic HBV Infection



		SIRT2 Overexpression Facilitates HBV Transcription and Replication



		SIRT2 Silencing Suppresses HBV Transcription and Replication



		Overexpression of SIRT2 Enhances HBV cccDNA Transcriptional Activity



		SIRT2 Downregulates p53 Levels by Inhibiting the Promoter Activity of p53



		SIRT2 Facilitates HBV Transcription and Replication by Repressing the Binding of p53 to HBV EnI/Xp and EnII/Cp









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References



















OPS/images/fmicb-13-836446-g001.jpg
ALT(U L)

B
- P=0.0026
8 P=0.0011 &1
] £
34 2 8- A
< ats = A
z [ A
g3 < HES s
£ 2 i
S . e g AR
x2 AxTTaat B 4 it
@ ta E ) N
2 2 R 2 % i1ld
21 . 5 2 aose, A
o &
0 T T 0 T T
Healthys CcHB Healthys CHB
(n=25) (n=25) (n=25) (n=25)
D
~ 157 r=0.4678 67 r=0.5507
= P=0.0184 P=0.0043
: 3
& 10 > 4q
S =
3 >
3 g
g =
3t 3
> £
3
2
T T T T ] 0 T T T T ]
2 4 6 8 10 0 2 4 6 8 10
Serum SIRT2 level(ng/ml) Serum SIRT2 level(ng/ml)
F
57 r=0.4972 87 =0.4373
P=0.0115 P=0.0288 *
<4 <
£ T6
2. 2
g 5
2 2 2
g T
@ 4] B2
z T
o T T T T J 0
0 2 4 6 8 10 0 2 4 3 8 10
Serum SIRT2 level(ng/ml) Serum SIRT2 level(ng/ml)
H
3007 r=0.4744 2507 r=0.4159
P=0.0166 P=0.0387 ®
. 200
.
200 g
7, 150
2
£
100
100 2
50 -
.
e s o
0 \ o T r T T ]
0 2 4 6 8 10 0 2 4 6 8 10

Serum SIRT2 level(ng/ml)

Serum SIRT2 level(ng/ml)





OPS/images/fmicb-13-836446-g002.jpg
B_ c _
§2W— bl - £ 250 el
H H
HepG2-NTCP PHH 2 200 2 20
2 <
5 0~ 5 s H
8 £ s g & 150-| H Z 45
g8 £ g8 s e g
o= o > »n ] w -
g 3
= 100+ 2 100
SIRT2 k] H z g
.- i I
o 504 s 50
ERE T T T g o T T T
Vector SIRT2 Vector SIRT2 Vector SIRT2 Vector  SIRT2
HepG2-NTCP PHH HepG2Z-NTCP PHH
E F
HepG2-NTCP  PHH & 250 = LA HepG2-NTCP PHH
T W E W H . 8 5
] B <
2 : Sy & o rcDNA
H 38 H 32k GSDNA
z 2 100
% 2.4/2.1kb [ ssDNA
* @ 50
g 1.8Kb
s %
z g oLy e
" Vector SIRT2 Vector SIRT2
HepGZNTCP PHH
H
200 ﬁ 2004
g g
2 150 % 150+
z H
& 100 3 1004
2 2
g 2
£ 50 3 50
& &
o T T L T T T
Voctor_SIRTz  Vector SIRT2 Vector SRT2  Vector SIRT2
HepG2.NTCP PHR HepGZNTCP PHH





OPS/images/cover.jpg
, frontiers | Frontiers in Microbiology

SIRT2 Promotes HBV Transcription
and Replication by Targeting
Transcription Factor p53 to Increase
the Activities of HBV Enhancers and
Promoters









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





