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Autophagy Activation Induces p62-Dependent Autophagic Degradation of Dengue Virus Capsid Protein During Infection
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In the past decade, dengue virus infection is one of the most prevalent and rapidly spreading arthropod-borne diseases worldwide with about 400 million infections every year. Although it has been reported that the dengue virus could take advantage of autophagy to promote its propagation, the association between selective autophagy and the dengue virus remains largely unclear. Here, we demonstrated that dengue virus capsid protein, the key viral protein for virus assembly, maturation, and replication, underwent autophagic degradation after autophagy activation. Autophagy cargo receptor p62 delivered ubiquitinated capsid protein to autophagosomes for degradation, which could be enhanced by Torin 1 treatments. Further study revealed that the association between p62 and viral capsid protein was dependent on the ubiquitin-binding domain of p62, and the poly-ubiquitin conjugated at lysine 76 of capsid protein served as a recognition signal for autophagy. Consistently, p62 deficiency in Huh7 cells led to the enhancement of dengue virus replication. Our study revealed that p62 targeted dengue virus capsid protein for autophagic degradation in a ubiquitin-dependent manner, which might uncover the potential roles of p62 in restricting dengue virus replication.
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INTRODUCTION

Dengue caused by dengue virus (DENV) is currently one of the most significant and prevalent arthropod-borne viral epidemic diseases with an estimated 400 million infections each year around the world (Bhatt et al., 2013; Byk and Gamarnik, 2016). The incidence of DENV is growing by over 30-fold in the recent decades owing to urbanization, population growth, extensive international travel, and global warming, but clinically specific and effective anti-DENV vaccines and antivirals are still unavailable (Guzman and Harris, 2015; Byk and Gamarnik, 2016; Guzman et al., 2016). Therefore, there is still a pressing need to broaden the acquaintance of the molecular pathogenesis of DENV.

Several recent studies have demonstrated the involvement of autophagy during DENV infection (Deretic and Levine, 2009; Choi et al., 2018). Macroautophagy, hereafter called autophagy, serves as a eukaryotic highly conserved intracellular degradation system, which removes and recycles unwanted or harmful materials in a lysosome-dependent manner (Clarke and Simon, 2019). Autophagy could be highly selective to degrade certain intracellular cargos, including protein aggregates, damaged or superfluous organelles, and invading pathogens via a series of cargo receptors. SQSTM1/p62, NDP52, OPTN, and NBR1, which are well-known cargo receptors containing both ubiquitin-associated (UBA) domain and LC3-interacting regions (LIR), could target certain ubiquitinated substrates to autophagosomes (Dikic and Elazar, 2018; Gatica et al., 2018). Selective autophagy, extensively involved in the host–virus interaction (Viret et al., 2021), directly removes viral particles by targeting viral proteins to autophagosomes for degradation (Kim et al., 2016; Li Y. et al., 2020; Ames et al., 2021; Viret et al., 2021). On the contrary, selective autophagy also degrades antiviral immune factors, such as RIG-I, cGAS, MAVS, TBK1, and IRF3, to avoid excessive interferon (IFN) responses (Chen et al., 2016; Jin et al., 2017; Du et al., 2018; Wu Y. et al., 2021; Xie et al., 2022a). Correspondingly, selective autophagy either restricts or promotes viral replication (Xiao and Cai, 2020; Viret et al., 2021). To date, the association between DENV infection and selective autophagy remains poorly understood, which warrants further investigation.

Dengue virus belongs to Flavivirus genus of the Flaviviridae family (Byk and Gamarnik, 2016; Guzman et al., 2016). Most flaviviruses are enveloped, icosahedral arboviruses, which contain a positive-strand RNA genome of 9–12 kb. The RNA genome of flaviviruses encodes a polyprotein, which can be further processed into three structural proteins (C, prM, and E) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (Guzman et al., 2016). As the first translated protein during DENV infection, the C protein plays a crucial role in viral assembly by directly interacting with the viral RNA genome and packaging them for viral particles (Byk and Gamarnik, 2016; Tan et al., 2020). Due to the indispensable role of C protein in the viral assembly, multiple previous studies have tried to illustrate the molecular mechanisms employed by C protein in the formation of viral particles and anchoring prM/E proteins (Byk and Gamarnik, 2016). However, the association between C protein and host factors, especially the host degradation mechanism of C protein, has been seldom mentioned. In this study, we report that host cargo receptor protein p62 selectively targets DENV-2 C protein for autophagic degradation, and this process was enhanced by autophagy activation, such as mTOR inhibitor treatments. C protein undergoes ubiquitination on its lysine 76, which serves as a recognition signal for p62. p62 deficiency leads to enhanced protein levels of essential C protein and increased susceptibility to DENV infection. Thus, our study reveals the additional role of p62 in restricting the viral replication cycle by directly targeting DENV C protein for autophagic degradation.



MATERIALS AND METHODS


Cell Lines and Culture Conditions

Cell lines HEK293T (human embryonic kidney 293T) and Huh7 (human HCC cell line) were cultured in DMEM medium (Gibco, 10,566,016) with 10% (vol:vol) fetal bovine serum (Gibco, 10,270,160) and 1% glutamine (Gibco, 25,030,081). In order to induce starvation, cells were washed with PBS (Gibco, 10,010,049) and replaced with EBSS (Gibco, 24,010,043). All cells were incubated with 5% CO2 in a 37°C incubator.



Plasmids and siRNA Transfection

Constructs coding for DENV C protein and its mutants were cloned from RNA of DENV strain 16681 into the pcDNA3.1 vector for transient expression and into the FG-EH-DEST (provided by Xiaofeng Qin Laboratory) for retroviral expression. Transfection in HEK293T cells was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. Chemically synthesized siRNA duplexes were obtained from Sangon Biotech and transfected using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s instructions. RNA oligonucleotides used in this study are as follows:


p62 siRNA#1: GCAUUGAAGUUGAUAUCGAUTT

p62 siRNA#2: CUUCCGAAUCUACAUUAAATT





Generation of Stable Expression and Knockout Cell Lines

The ATG5, BECN1, p62, and NDP52 knockout (KO) cells were generated as previously described (Jin et al., 2017). In short, target sgRNA sequences were cloned into pLentiCRISPRv2 by cleaving with BsmBI. The lentiviral vectors were co-transfected with an expression plasmid for the vesicular stomatitis virus G protein into the HEK293T cell lines. The virus-containing supernatant was collected 48 h after transfection, and subsequently used to infect cells with polybrene (8 mg/ml). Transduced cells were purified by puromycin selection, and a single clone with sequence verification was selected.

To reintroduce p62 in p62 KO cells and avoid the recognition of sgRNA, we constructed p62 synonymous mutation in sgRNA-targeted sequences, regarded as sgRNA-resistant mutation, and transfected these mutants in p62 KO cells.



Antibodies and Reagents

Horseradish peroxidase (HRP)-anti-Flag (M2) (A8592), anti-β-actin (A1978), and anti-LC3 (ABC929) were purchased from Sigma. Anti-hemagglutinin-HRP (HA) (3F10) and mouse monoclonal anti-c-Myc-HRP (11814150001) were purchased from Roche Applied Science. Anti-dengue capsid (GTX103343) and anti-dengue virus type 2 NS5 antibody (GTX103350) were purchased from Gene Tex. Anti-Beclin-1 (3738) and Anti-ATG5 (12994) were purchased from Cell Signaling Technology. Anti-p62/SQSTM1 (18420-1-AP) and anti-NDP52/CALCOCO2 (12229-1-AP) were purchased from Proteintech Group. Mouse (A7028) and rabbit (A7016) IgG were from Beyotime. Anti-flag M2 affinity beads (A2220) were purchased from Sigma. Protein G agarose (22851) and protein A agarose (22810) were purchased from Pierce.

Puromycin (P9620), rapamycin (37094), Torin 1 (475991), and 3-methyladenine (3-MA) (M9281) were purchased from Sigma. Bafilomycin A1 (S1413) was purchased from Selleck.



Viruses and Viral Plaque Titration

Dengue virus (strain 16681), which was kindly provided by Dr. Andrew Yueh from National Health Research Institutes in Taiwan, was used in this study. Plaque assays were performed to determine viral titer as previously described (Wu et al., 2017). In short, The DENV-containing supernatants were collected. Vero cells were infected with DENV supernatants for 1 h at room temperature. After washing with PBS, the plate was overlaid with Dulbecco’s modified Eagle’s medium containing 1% low melting point agarose and incubated at 37°C for 72 h before crystal violet staining. Cells were infected at various MOIs Envelope, as previously described (Wu et al., 2017).



Immunoprecipitation and Immunoblot Analysis

For immunoprecipitation, whole-cell extracts were prepared after infection, transfection, or stimulation with indicated ligands, followed by incubation overnight with anti-Flag agarose gels (Sigma) or appropriate antibody with protein A/G agarose gels (Pierce) at 4°C. Beads were subsequently washed 3–5 times using low-salt lysis buffer (50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1.5 mM MgCl2, and 1% Triton X-100), and immunoprecipitates were eluted with × 2 SDS loading buffer and resolved by SDS-PAGE. Then proteins were transferred to PVDF membranes (Bio-Rad) and further incubated with the appropriate antibodies. Immobilon Western Chemiluminescent HRP Substrate (Millipore, WBKLS0500) was used for protein detection.



Quantitative RT-PCR

The total RNA was extracted from cells using the Trizol reagent (Invitrogen) according to the manufacturer’s instructions. For RT-PCR analysis, cDNA was generated with HiScript® II Q RT SuperMix for qPCR (+ gDNA wiper) (Vazyme, R223-01) and was analyzed by quantitative real-time PCR using the × 2 RealStar Green Power Mixture (GenStar). All data were normalized to RPL13A expression. Primer sequences are listed below:


RPL13A Forward: 5′-GCCATCGTGGCTAAACAGGTA-3′

Reverse: 5′-GTTGGTGTTCATCCGCTTGC-3′

DENV-2 Envelope Forward: 5′-TGCCCAACACAAGGRG AACC -3′

Reverse: 5′-GCRCAGGTCACAATGCCYCC-3′

DENV-2 NS5 Forward: 5′-ACAAGTCGAACAACCTGG TCCAT-3′

Reverse: 5′-GCCGCACCATTGGTCTTCTC-3′

DENV-2 Capsid Forward: 5′-ACGCGAGAGAAACCGC GTGTCGACTGT-3′

Reverse: 5′-AAACGAAGGAACGCCACCAGGGCCA-3′





Fluorescence Microscopy

Cells were cultured on glass-bottom culture dishes (Nest Scientific). After stimulation, cells were fixed with 4% paraformaldehyde for 10 min and washed with cold PBS for three times before permeabilizing with 0.1%Triton X-100 diluted in PBS for 10 min at room temperature. After washing with cold PBS for three times, cells were blocked with 6% goat serum (Boster Biological, AR1009) for 1 h at room temperature, and then incubated with primary antibodies diluted in 6% goat serum overnight. Cells were washed with PBS for three times and subsequently incubated with fluorescently labeled secondary antibodies (Alexa Fluor 488- and Alexa Fluor 568-conjugated antibodies against mouse and rabbit) for 1 h. Confocal images were captured by microscope (TCS SP8 STED 3X, Leica) equipped with × 100 1.40 NA oil objectives. The images were processed for gamma adjustments using Leica AS Lite or ImageJ software (National Institutes of Health).

The co-localization analysis of C protein with the LC3 or p62 was estimated through Pearson’s correlation coefficients (R) using the PSC co-localization plug-in (ImageJ, NIH). The R values range between −1 (perfect negative correlation) and + 1 (perfect positive correlation), with 0 corresponding to no correlation (French et al., 2008).



Statistical Analyses

Images were analyzed with ImageJ. All data are presented as mean ± SEM unless from independent determinations, and statistical analyzes were done using the software Graphpad Prism (GraphPad Software, Inc, La Jolla, CA, United States). Differences in means were tested for statistical significance with an unpaired two-tailed Student’s t-test. *p < 0.05; **p < 0.01; ns, not significant.




RESULTS


Autophagy Reduces the Abundance of Dengue Virus (DENV) Capsid Protein

The accumulating evidence has indicated the close relationship between autophagy and DENV during infection, while several DENV components have been previously proved to be co-localized with autophagosomes (Heaton and Randall, 2010; Zhang et al., 2018; Li M. Y. et al., 2020; Lu et al., 2020). Due to the critical role of DENV C protein in virion assembly and viral replication, we first investigated whether DENV C protein underwent degradation after autophagic induction. To detect the protein level of DENV C protein after autophagic activation, we stably expressed the DENV C protein in 293T cells using lentivirus as previously described (Jin et al., 2017). Subsequently, we checked the level of DENV C protein in the presence of autophagy inducers, such as rapamycin (Rapa) and Torin 1, two mTOR inhibitors. Immunoblot results showed that both Rapa and Torin 1 treatments led to the reduction of C protein levels (Figures 1A,B). To confirm these results, we also constructed C protein in pcDNA3.1 plasmid with GFP tag and transfected C protein in 293T cells, followed by Rapa or Torin 1 treatments. Similarly, treatments of autophagic activators also reduced the protein level of C protein when it was transiently expressed, compared with GFP control (Supplementary Figures 1A,B). We next checked the C protein level upon starvation-induced autophagy activation under Earle’s balanced salt solution (EBSS) condition. Consistently, EBSS-stimulated autophagy could also reduce C protein levels (Figure 1C and Supplementary Figure 1C). To further investigate the role of autophagic inducers on DENV C protein, we treated the DENV-infected Huh7 cells with Torin 1 in different doses and different time courses. Analogously, Torin 1 stimulation resulted in the reduction of C protein in DENV-infected cells in both time-course and dose-dependent manner (Figures 1D,E). Correspondingly, treatments of Torin 1 did not significantly affect the protein level of DENV NS5 (Figures 1D,E). To confirm the autophagic reduction of C protein in DENV-infected cells, we stained the DENV-infected Huh7 cells with a C protein antibody. Fluorescence images revealed that the percentage of C-positive cells decreased from 36 to 20% on average and relative GFP intensity was also reduced after Torin 1 treatment (Supplementary Figures 1D,F). Furthermore, C protein displayed an autophagosome distribution in DENV-infected cells, and Torin 1 treatments led to the enhancement of the co-localization between C protein and LC3 (Figures 1F,G). To further investigate the correlation between the autophagy-induced reduction of C protein and DENV replication, we detected DENV C protein level as well as DENV replication in a time-dependent manner. Immunoblot analysis showed that C protein level was decreased after Torin 1 treatments for 6 h, however; DENV replication level was reduced only after Torin 1 treatments for 24 h, indicating the out-of-sync effect of autophagy in C protein reduction and DENV replication (Supplementary Figures 1G,I). Together, these results revealed that autophagy activation decreased the protein abundance of DENV C protein, which suggested the involvement of autophagy in regulating DENV C protein.
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FIGURE 1. Autophagy reduces the protein abundance of dengue virus (DENV) capsid protein. (A–C) 293T cells that stably expressed C protein were treated with 4 μM Rapa (A), 2 μM Torin 1 (B), or earle’s balanced salt solution (EBSS) (C) for indicated time points. The cell lysates were subjected to immunoblot analysis, and the quantified levels of C protein were normalized to β-actin. (D) Huh7 cells were infected with DENV (MOI = 0.5), followed by 2 μM Torin 1 treatments for indicated time points before harvesting. The cell lysates were immunoblotted with indicated antibodies, and the quantified levels of C protein were normalized to β-actin. (E) Huh7 cells were infected with DENV (MOI = 0.5), followed by indicated doses of Torin 1 treatments for 6 h before harvesting. The cell lysates were immunoblotted with indicated antibodies, and the quantified levels of C protein (left) or NS5 (right) were normalized to β-Actin. (F) Confocal microscopy of Huh7 cells infected with DENV (MOI = 0.5) for 24 h and treated with Torin 1 (2 μM) for 6 h, followed by labeling of C protein and LC3 with specific primary antibody and a CF568 goat anti-mouse IgG secondary antibody (red) and Alexa Fluor 488 conjugated anti-rabbit-IgG secondary antibody (green). Scale bar, 10 μm. (G) Pearson’s correlation coefficients of DENV C protein and LC3 in (F). Data represent replicate measurements in at least 10 cells for one independent experiment, and these experiments have been replicated three times. Data in (A–E,G) are expressed as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, NS, not significant (two-tailed Student’s t-test). All the experiments are representatives of three independent biological experiments with similar results.




Dengue Virus (DENV) Capsid Protein Is Degraded in an Autophagy-Dependent Manner

We next sought to determine how autophagy reduces the protein level of C protein. To detect whether C protein undergoes autophagic degradation, we investigated the reduction of C protein upon inhibition of lysosomal activity with bafilomycin A1 (Baf A1). Immunoblot results showed that the reduction of C protein, which was induced by different autophagic inducers including Rapa, Torin 1, and EBSS, could be abrogated by Baf A1 (Figures 2A–C and Supplementary Figures 2A–C). In addition to lysosome inhibitor, 3-methyladenine (3-MA), the widely used autophagic inhibitor via inhibiting class III PI3K, could also block the reduction of C protein abundance induced by Torin 1 (Figure 2D). Consistently, Baf A1 and 3-MA treatments could inhibit the decrease of C protein in DENV-infected cells (Figures 2E,F). We next determined C protein turnover rates in the presence of cycloheximide (CHX) in DENV-infected cells after Baf A1 and 3-MA treatments. CHX chase assay showed that both Baf A1 and 3-MA treatments could slower C protein degradation rate in DENV-infected cells (Supplementary Figures 2D,F). To further verify whether C protein underwent autophagy degradation after autophagy induction, we detected the protein level of C protein in ATG5 and BECN1 KO cells as previously described (Jin et al., 2017), in which autophagy was severely restricted. Similarly, Torin 1- or EBSS-induced reduction of C protein was impaired in ATG5 and BECN1 KO cells (Figures 2G–I and Supplementary Figures 2G,H). In addition, the CHX chase assay revealed that turnover rates of C protein were also weakened in ATG5 and BECN1 KO cells (Figure 2J). Collectively, these results indicated that DENV capsid protein was degraded in an autophagy-dependent manner.
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FIGURE 2. Dengue virus (DENV) capsid protein is degraded in an autophagy-dependent manner. (A–C) 293T cells that stably expressed C protein were pre-treated with 0.2 μM Baf A1 for 6 h, followed by treatments with 4 μM Rapa (A) and 2 μM Torin 1 (B) for 6 h or earle’s balanced salt solution (EBSS) (C) for 1 h. The cell lysates were immunoblotted with indicated antibodies, and the quantified levels of C protein were normalized to β-actin. (D) 293T cells that stably expressed C protein were pre-treated with 10 mM 3-MA for 6 h, followed by 2 μM Torin 1 treatments for 6 h before harvesting. The cell lysates were immunoblotted with indicated antibodies, and the quantified levels of C protein were normalized to β-actin. (E,F) DENV (MOI = 0.5)-infected Huh7 cells were treated with 0.2 μM Baf A1 for 6 h (E) or 10 mM 3-MA (F) for 6 h, followed by 2 μM Torin 1 treatments for 6 h before harvesting. The cell lysates were immunoblotted with indicated antibodies, and the quantified levels of C protein were normalized to β-actin. (G,H) Flag-C protein was transfected into WT, ATG5 KO (G), or BECN1 KO (H) cells, followed by 2 μM Torin 1 treatment for 6 h. The cell lysates were immunoblotted with indicated antibodies. (I) Quantified levels of C protein from (G,H) were normalized to β-actin. (J) Flag-C protein was transfected into WT, ATG5 KO, or BECN1 KO cells, followed by treatments with cycloheximide (CHX) (100 ng/ml) for indicated time points. The cell lysates were subjected to immunoblot analysis with the indicated antibodies, and the quantified levels of C protein were normalized to β-actin. Data in (A–F,I,J) are expressed as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ns, not significant (two-tailed Student’s t-test). All the experiments are representatives of three independent biological experiments with similar results.




Autophagy Induction Enhances the Interaction Between p62 and Dengue Virus (DENV) Capsid Protein

The accumulating evidence suggested that autophagy cargo receptors play a central role in delivering viral components to the autophagosomes for selective degradation (Viret et al., 2021). Subsequently, we determined which cargo receptors control the autophagic degradation of C protein. Coimmunoprecipitation assay revealed that C protein mainly interacted with p62, NDP52, and TAX1BP1, and p62 exhibited the stronger interaction with C protein among these receptors (Figure 3A). Hence, we focused on p62 and investigated the relationship between p62 and C protein. Moreover, we found that both Torin 1 and EBSS treatments enhanced the association between C protein and p62 when we co-transfected C protein and p62 in 293T cells (Figures 3B,C). Consistently, endogenous p62 was also shown to interact with DENV C protein in DENV-infected cells, while Torin 1 treatments promoted their interaction (Figure 3D). The immunofluorescence analysis indicated that DENV C protein co-localized with endogenous p62 during DENV infection, while Torin 1 treatments further enhanced the co-localization between C protein and p62 (Figures 3E,F). Together, our results suggested that p62 interacted with DENV C protein during infection, while autophagic inducer could further facilitate their associations.
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FIGURE 3. Cargo receptor p62 interacts with dengue virus (DENV) capsid protein during viral infection. (A) 293T cells were transfected with plasmids encoding HA-C protein and indicated Flag-tagged cargo receptors, followed by immunoprecipitation (IP) with anti-Flag beads and immunoblot analysis with anti-HA. (B) Coimmunoprecipitation and immunoblot analysis of 293T cells transfected with plasmids expressing HA-C protein and Flag-p62 with 2 μM Torin 1 treatments for indicated time points. The ratios between HA and Flag after immunoprecipitation were analyzed. (C) Coimmunoprecipitation and immunoblot analysis of 293T cells transfected with plasmids expressing HA-p62 and Flag-C protein with earle’s balanced salt solution (EBSS) treatments for indicated time points. The ratios between HA and Flag after immunoprecipitation were analyzed. (D) Coimmunoprecipitation and immunoblot analysis of Huh7 cells infected with DENV for 48 h followed by Torin 1 and Baf A1 treatments. The ratios between p62 and C protein after immunoprecipitation were analyzed. (E) Confocal microscopy of Huh7 cells infected with DENV (MOI = 0.5) for 24 h and treated with Torin 1 (2 μM) for 6 h, followed by labeling of C protein and p62 with specific primary antibody and a CF568 goat anti-mouse IgG secondary antibody (red) and Alexa Fluor 488 conjugated anti-rabbit-IgG secondary antibody (green). Scale bar, 10 μm. (F) Pearson’s correlation coefficients of DENV C protein and p62 in (E). Data represent replicate measurements in at least 10 cells from three independent experiments. Data in (A–D,F) are expressed as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01 (two-tailed Student’s t-test). All the experiments are representatives of three independent biological experiments with similar results.




Cargo Receptor p62 Mediates the Autophagic Degradation of Dengue Virus (DENV) Capsid Protein

We next determined whether cargo receptor p62 was involved in the autophagic degradation of C protein. We investigated Torin 1-induced autophagic degradation of C protein in the absence of p62 or NDP52, another cargo receptor closely related to antiviral immunity. We observed that Torin 1-induced degradation of C protein was inhibited in p62 KO cells, while C protein could still undergo autophagic degradation in NDP52 KO cells (Figures 4A–C). Additionally, CHX-induced turnover of C protein was decreased in p62 KO cells (Figures 4D,E). To confirm whether p62 affects the C protein turnover, we next transfected p62 siRNA followed by DENV infection, and detected C protein turnover in DENV-infected cells. CHX chase assay revealed that the C protein degradation rate was reduced in p62 knockdown (KD) cells (Figures 4F,G). Immunofluorescence results showed that overlap between C protein and endogenous LC3 was abrogated in p62 KD cells (Figures 4H,I). Altogether, our results suggested that p62 modulated the autophagic degradation of C protein.
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FIGURE 4. p62 mediates the autophagic degradation of dengue virus (DENV) capsid protein. (A,B) Flag-C protein was transfected into WT, p62 KO (A), or NDP52 KO (B) cells, followed by 2 μM Torin 1 treatments for 6 h. The cell lysates were immunoblotted with indicated antibodies. (C) The quantified levels of C protein from (A,B) were normalized to β-actin. (D) Flag-C protein was transfected into WT or p62 KO cells, followed by CHX (100 ng/ml) treatments for indicated time points. The cell lysates were subjected to immunoblot analysis with the indicated antibodies. (E) The quantified levels of C protein in (D) were normalized to β-actin. (F) Huh7 cells transfected with control (NC) or p62-specific siRNA were infected with DENV (MOI = 0.5) for 48 h, followed by CHX (100 ng/ml) treatments for indicated time points. The cell lysates were immunoblotted with indicated antibodies. (G) The quantifiedlevels of C protein in (F) were normalized to β-actin. (H) Confocal microscopy of WT or p62 KD Huh7 cells infected with DENV (MOI = 0.5) for 24 h and Torin 1 (2 μM) treatments for 6 h before harvesting, followed by labeling of C protein and LC3 with specific primary antibody and a CF568 goat anti-mouse IgG secondary antibody (red) and Alexa Fluor 488 conjugated anti-rabbit-IgG secondary antibody (green). Scale bar, 10 μm. (I) Pearson’s correlation coefficients of DENV C protein and LC3 in (H). Data represent replicate measurements in at least 10 cells from three independent experiments. Data in (C,E,G,I) are expressed as mean ± SEM of three independent experiments. **p < 0.01, ns, not significant (two-tailed Student’s t-test). All the experiments are representatives of three independent biological experiments with similar results.




Ubiquitination on Dengue Virus (DENV) Capsid at Lysine 76 Is Essential for Its Autophagic Degradation via p62

Ubiquitin chains on the substrates are regarded as a major recognition signal for cargo receptors (Komander and Rape, 2012; Deretic et al., 2013). To recognize ubiquitin chains, cargo receptors always harbor a UBA domain. To detect whether the UBA domain of p62 is necessary for autophagic degradation of C protein, we constructed the UBA deletion (△UBA) mutant of p62 to determine its association with C protein. Coimmunoprecipitation results revealed that △UBA mutant of p62 largely impaired its interaction with C protein, compared with wild-type (WT) p62 (Figures 5A,B). To verify the roles of the UBA domain of p62, we next reconstituted sgRNA-resistant WT or △UBA mutant of p62 in p62 KO cells to detect the autophagic degradation of C protein, and found that the △UBA mutant of p62 reduced the Torin 1-induced degradation of C protein, suggesting UBA domain was required for the autophagic degradation of C protein (Figures 5C,D). Consistently, the CHX chase assay also revealed that the turnover rates of C protein were reduced in p62 KO cells or △UBA mutant-reconstituted cells (Supplementary Figures 3A,B). Collectively, these results suggested that the UBA domain of p62 was involved in the autophagic degradation of C protein.
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FIGURE 5. p62 recognizes dengue virus (DENV) capsid protein through its ubiquitination at lysine 76. (A) Coimmunoprecipitation and immunoblot analysis of 293T cells transfected with plasmids expressing HA-p62 and Flag-C protein and its △UBA mutant with 0.2 μM Baf A1 treatments for 6 h. (B) The ratios between HA and Flag after immunoprecipitation from (A) were analyzed. (C) Flag-p62 protein or its △UBA mutant was transfected into WT or p62 KO 293T cells, followed by HA-C transfection for 24 h and 2 μM Torin 1 treatments for indicated time points before harvesting. The cell lysates were immunoblotted with indicated antibodies. (D) The quantified levels of C protein from (C) were normalized to β-actin. (E) Denatured immunoprecipitation and immunoblot analysis of 293T cells transfected with plasmids expressing Flag-C protein and HA-ubiquitin with or without 2 μM Torin 1 treatments for 6 h. (F) Denatured immunoprecipitation and immunoblot analysis of Huh7 cells infected with DENV (MOI = 0.5) for 48 h, followed with or without 2 μM Torin 1 treatments for 6 h. (G) Denatured immunoprecipitation and immunoblot analysis of 293T cells transfected with plasmids expressing Flag-C protein (WT, K6R, K17R, or K76R) and HA-ubiquitin with 0.2 μM Baf A1 treatments for 6 h. (H) Coimmunoprecipitation and immunoblot analysis of 293T cells transfected with plasmids expressing Flag-C protein (WT, K6R, K17R, or K76R) and HA-p62 with 0.2 μM Baf A1 treatments for 6 h. (I) Flag-C protein or its mutants (K6R, K17R, or K76R) were transfected into 293T cells, followed by 2 μM Torin 1 treatments for 6 h. The cell lysates were immunoblotted with indicated antibodies and quantified levels of C protein were normalized to β-actin. Data in (B,D,H,I) are expressed as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ns, not significant (two-tailed Student’s t-test). All the experiments are representatives of three independent biological experiments with similar results.


As the UBA domain of p62 is responsible for recognizing the ubiquitinated substrates, it is reasonable to assume that ubiquitin chains conjugated on C protein act as a recognition signal for p62. To verify this assumption, we next checked the ubiquitination of C protein and found that C protein was capable of undergoing ubiquitination (Supplementary Figure 3C). Furthermore, autophagy activation with Torin 1 treatments enhanced the ubiquitination level of C protein (Figure 5E). In addition, we also observed the elevated endogenous ubiquitination of C protein after Torin 1 treatments in DENV-infected cells (Figure 5F). To investigate the ubiquitin-binding sites of C protein, we employed an in silico method UbPred (Radivojac et al., 2010) and generated three C protein mutants containing a single substitution [from lysine (K) to arginine (R)] in the top three predicted ubiquitination sites, thus generating CK6R, CK17R, and CK76R mutants. Among these mutants, the CK76R mutant exhibited reduced ubiquitination capacity (Figure 5G and Supplementary Figure 3D). Furthermore, our results showed that the interaction between C protein and p62 was remarkedly decreased when K76 of C protein was mutated, compared with WT or other mutants of C protein (Figure 5H). Torin 1-induced autophagic degradation of CK76R mutant was also disrupted compared to WT or other mutants of C protein (Figure 5I). In addition, the CHX chase assay showed that the turnover rates of CK76R mutant were also slowed down (Supplementary Figures 3E,F). Taken together, these results suggested that K76 in DENV C protein is an essential residue for its ubiquitination, which served as a recognition signal for p62.



p62 Restricts the Replication of Dengue Virus (DENV)

Given that p62 controls the autophagic degradation of DENV C protein, we next examined the involvement of p62 during DENV infection. We transfected Huh7 cells using siRNA targeting p62 followed by DENV infection and performed real-time PCR analysis to confirm the replication level of DENV. The results showed that the replication of the DENV genome was increased in p62 KD cells relative to control cells (Figures 6A,B and Supplementary Figure 4A). Similarly, the immunoblot assay showed that the protein levels of C protein and NS5 were increased in p62 KD cells (Figure 6C). By staining DENV NS5 protein, we found that DENV spread from 7% to 21% of cells on average in p62 KD cells compared with control cells (Figures 6D,E). To further support the antiviral role of p62, we performed a viral plaque assay to determine DENV titers in p62 KD cells. Consistently, the production of infectious viruses was also enhanced in p62 KD cells (Figure 6F). To determine the restriction role of p62 on DENV infection, we detected the protein abundance during DENV infection and observed only a high titer (MOI = 5) of DENV could lead to the reduction of p62 (Supplementary Figure 4B). Overall, these results indicated that p62 restricted the spread and replication of DENV, suggesting that p62 could serve as an anti-DENV factor by promoting the autophagic degradation of DENV C protein.


[image: image]

FIGURE 6. p62 restricts the replication of dengue virus (DENV). (A,B) Huh7 cells transfected with control (NC) or p62-specific siRNA were infected with DENV (MOI = 0.5) for 24 h (A) and 48 h (B). Relative RNA levels of DENV E protein, C protein, and NS5 were measured by real-time PCR. (C) Huh7 cells were transfected with NC or p62-specific siRNA, followed by infection with DENV (MOI = 0.5) at different time points, and the lysates were immunoblotted with indicated antibodies. (D) Confocal microscopy of WT or p62 KD Huh7 cells infected with DENV (MOI = 0.5) for 24 h, followed by labeling of NS5 with a specific primary antibody and an Alexa Fluor 488 conjugated anti-rabbit-IgG secondary antibody (green). Scale bar, 200 μm. (E) The graphs display the relative percentage of positive cells in (D). Data represent replicated measurements in at least 1,000 cells for one independent replicate. (F) Viral plaque analyzes of WT or p62 KD Huh7 cells infected with DENV (MOI = 0.5) for 48 h. Data in (A,B,E,F) are expressed as mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ns, not significant (two-tailed Student’s t-test). All the experiments are representatives of three independent biological experiments with similar results.





DISCUSSION

The repertoire of selective autophagy functions during viral infection has been greatly expanded in recent decades (Choi et al., 2018; Viret et al., 2021). The most intrinsic immune function of selective autophagy is its role in the direct removal of intracellular viral constituents or virions (Viret et al., 2021). Several well-known cargo receptors are reported to participate in the autophagic degradation of viral components. For instance, p62 could target sindbis virus (SINV) capsid protein to autophagosomes for degradation and restrict SINV replication (Orvedahl et al., 2010). Similarly, capsid proteins of chikungunya alphavirus (CHIKV), avibirnavirus, and picornavirus foot-and-mouth disease virus (FMDV) could also be the targets for p62-mediated autophagic degradation (Berryman et al., 2012; Judith et al., 2013; Li Y. et al., 2020). Other famous autophagy receptors also participate in cytoprotection by delivering viral components to autophagosomes for degradation. NDP52 could induce autophagic degradation of CHIKV nsp2 (Judith et al., 2013). OPTN could target herpes simplex virus-1 (HSV-1) essential protein VP16 and gB, thus reducing the replication of HSV-1 and hence herpes encephalitis (Ames et al., 2021). Interestingly, several host antiviral factors, including TRIM5α, SMURF1, FAM134B, and SCOTIN, exhibit their potential to transport viral elements to autophagosomes as cargo receptors (Orvedahl et al., 2011; Kim et al., 2016; Ribeiro et al., 2016; Lennemann and Coyne, 2017). In addition to directly mediating the autophagic degradation of viral constituents, selective autophagy receptors could also target host molecules hijacked by viruses. p62 is shown to promote the autophagic degradation of Tat, a host factor kidnaped by HIV for viral transcription, and impair the HIV replication (Sagnier et al., 2015). Previous studies have outlined the close relationship between DENV infection and autophagy. It has been reported that DENV could utilize host autophagy, especially lipophagy, to increase energy production for viral replication, while overexpression of p62 is also shown to limit the replication of DENV (Metz et al., 2015; Zhang et al., 2018). The association between selective autophagy and DENV infection remains controversial, and the detailed mechanisms involved in the autophagic degradation of DENV constituents remain unclear. Our study reveals that p62 could also contribute to anti-DENV intrinsic cellular defense during infection. Mechanistically, p62 could sense DENV C protein and deliver C protein to autophagosomes for degradation, thus restricting the DENV replication. Thus, our results indicate a prominent antiviral role for p62 as well as selective autophagy in the life cycle of DENV, which might suggest novel targets and potential strategies for developing rational anti-DNEV therapy.

As a bridge to connect cargos and autophagosomes, autophagic cargo receptors are responsible for sensing the recognition signal from targeted substrates and delivering them to autophagosomes through LC3 (Dikic and Elazar, 2018; Gatica et al., 2018). Ubiquitination is the most common recognition signal for cargo receptors (Komander and Rape, 2012). During viral infection, viral components with ubiquitin chains might also serve as a recognition signal for selective autophagy (Viret et al., 2021). It has been reported that DENV C protein could undergo ubiquitination during viral infection. The ubiquitination of C protein at its N-terminal end is required for the uncoating of the DENV genome (Byk et al., 2016). Ubiquitination of C protein also mediates the degradation of DENV C protein through the ubiquitin–proteasome system (Byk et al., 2016). In the current study, we demonstrate that DENV C protein undergoes ubiquitination on its lysine residue 76, and the ubiquitination of C protein could also serve as a recognition signal for autophagic receptor p62. Treatment with autophagic activators, such as Torin 1, could not only enhance the ubiquitination level of DENV C protein, but also promote lipid phosphatidylethanolamine of LC3, which is necessary for autophagosome formation (Lamark et al., 2017). Therefore, Torin 1 could enhance p62 recognition of C protein and allow C protein to localize on autophagosomes. In addition, K76R mutation of C protein, which hinders the ubiquitination of C protein, leads to attenuated interaction between p62 and C protein, as well as the p62-mediated degradation of C protein. Thus, it can be inferred that lysine residue 76 of DENV C protein is covalently modified by ubiquitin chains during infection. Subsequently, p62 targets ubiquitinated C protein and serves as a bridge to connect DENV C protein and autophagosomes, thus leading to the selective autophagic degradation of C protein and restriction of DENV replication.

In addition to eliminating the invading pathogen, p62 also functions as a signaling hub during viral infection. Through interacting with TRAF6 via its TRAF6-binding motif, p62 is able to mediate TRAF6 oligomerization and subsequent NF-κB activation by enhancing the K63-linked polyubiquitination of TRAF6 (Moscat and Diaz-Meco, 2009; Sumpter and Levine, 2011). As most studies reveal that p62 accumulation facilitates the activation of NF-κB signaling, therefore, by extrapolation, p62 is also involved in pro-inflammatory NF-κB activation during viral infection (Moscat and Diaz-Meco, 2009; Sumpter and Levine, 2011). Additionally, enhanced p62 aggregates also lead to increased death in the viral-infected cell, as p62 participates in caspase-8-mediated extrinsic apoptosis signaling through interacting with caspase-8 (Jin et al., 2009). In addition to the effect of p62 on NF-κB pro-inflammatory signaling, enforced expression of p62 also leads to the enhancement of ROS generation, which contributes to elevated IFN and inflammasome activation (Saitoh et al., 2008; Tal et al., 2009). On the contrary, p62 can also reduce excessive inflammatory responses through selective autophagy (Liu et al., 2022). p62 is shown to restrict NF-κB inflammatory signaling by mediating selective autophagic degradation of IKKβ and p65 (Feng et al., 2017; Liu et al., 2018). Moreover, p62 could also reduce inflammasome activation by removing damaged mitochondria or inflammasome component AIM2 through selective autophagy (Liu et al., 2016; Zhong et al., 2016). Similar to the effect in restricting inflammatory, p62 could also disrupt viral-triggered type I IFN immune responses. p62 has been reported to control IFN antiviral responses by promoting autophagic degradation of several key factors in the IFN pathway, including RIG-I, cGAS, MAVS, and IRF3 during viral infection (Xian et al., 2020; Liu et al., 2021; Xie et al., 2022b). Thus, the whole performance of p62 during DENV infection has to be pondered in light of the fact that p62 functions as a signaling hub to coordinate autophagy, viral elimination, IFN antiviral responses, and inflammation.

Due to co-evolution between DENV and their hosts, DENV seems to develop diverse strategies to minimize host restriction on virus replication. A previous study from Metz’s team revealed that overexpression of p62 could suppress DENV replication (Metz et al., 2015). Consistently, our current study showed that p62 knockdown in Huh7 cells could enhance the replication of DENV. Additionally, p62 is shown to target DENV C protein for autophagic degradation, suggesting the capacity of p62 in counteracting DENV. However, DENV seems to evolve several strategies to lower p62 restrictions on DENV infection. Straightforwardly, DENV is reported to directly degrade p62 protein during infection (Metz et al., 2015). As we showed in Supplementary Figure 4B, DENV could reduce the level of p62 protein with a high virus titer at the late virus infection stage, which indicated that DENV might restrict the role of p62 in a dose-dependent and time-course manner. In addition to direct degradation of p62, DENV is also shown to inhibit autophagic flux at the later stage of infection (Metz et al., 2015). By regulating autophagic flux, DENV may reduce autophagic degradation of DENV particles at a late infection stage. In the current manuscript, DENV C protein fails to exhibit a significant decrease during infection without autophagy activation, such as starvation or mTOR inhibitor. A previous study also showed that lysosome inhibitors, such as CQ, could not further enhance the level of C protein in DENV-infected cells, though C protein exhibited high co-localization with LC3 protein, as evidenced by transmission electron microscopy and confocal assay (Wu S. Y. et al., 2021). The reason might be that the insufficient autophagic activation fails to significantly reduce the C protein level, as DENV inhibits the autophagy flux at the late stage of infection. On the contrary, DENV could also initiate autophagy flux at the early infection stage, and DENV appears to benefit from autophagy during the maturation and spread of progeny virus particles (Lee et al., 2008; Khakpoor et al., 2009; Chu et al., 2014). Moreover, DENV infection also promotes the interaction between autophagosomes and several organelles, including lipid droplets, ER, and lysosomes (Heaton and Randall, 2010; Lee et al., 2018; Zhang et al., 2018). In some cases, DENV-induced autophagy could fuse with different organelles, such as lipid droplets, and enhance viral replication (Heaton and Randall, 2010; Zhang et al., 2018). We and other groups showed that LC3 displayed a perinuclear aggregated distribution, instead of classic punctate distribution after DENV infection (Heaton and Randall, 2010; Panyasrivanit et al., 2011; Metz et al., 2015; Pu et al., 2017; Zhang et al., 2018; Kong et al., 2020). It may be due to the DENV-induced fusion between autophagosomes with different organelles or viral particles; however, this phenomenon requires further investigation. Altogether, there may be an arms race between p62 and DENV. Although p62 could mediate autophagic degradation of viral protein and restrict DENV replication, DENV also develops strategies to minimize p62 restriction and even utilizes autophagy to ensure productive infection.

Collectively, our results identified DENV C protein as a ubiquitinated substrate that could be targeted by p62 and delivered to autophagosomes for degradation with the autophagy activation. We also illustrate that p62-mediated selective autophagy contributes to the protection against DENV infection and highlight the potential anti-DENV roles of p62. Given the pivotal roles of capsid in the assembly and passage of DENV virions, our finding expands our understanding of antiviral property of selective autophagy and the development of a therapeutic intervention approach against DENV infection.
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