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Viruses have evolved many mechanisms to escape host antiviral responses. Previously, we found that classical swine fever virus (CSFV) infection induces autophagy using the autophagosome as a self-replication site, thereby evading the host immune response and promoting long-term infection. However, the underlying mechanisms used by CSFV to enter autophagosomes and the mechanism by which autophagy promotes viral replication remain unclear. We found that CSFV infection inhibited autophagy receptor nuclear dot protein 52 kDa (NDP52) expression, ubiquitination, and SUMO2-4 modification. Further analyses revealed that CSFV mediated ubiquitination and SUMOylation of NDP52 via Pten-induced kinase 1 (PINK1)-Parkin. Moreover, NDP52 inhibition also inhibited CSFV replication and the induction of mitophagy marker proteins expression. Inhibition of NDP52 reduced CD63 expression and binding to CSFV E2 protein, which has an essential role in persistent CSFV infection. As NDP52 has a close relationship with the NF-κB innate immunity pathway and plays an important role in the antiviral response, we investigated whether NDP52 inhibited CSFV replication through the release of immune factors and antivirus signals. Our results showed that inhibiting NDP52 boosted interferon and TNF release and promoted NF-κB pathway activation. In summary, we found that NDP52 inhibition not only reduces CSFV binding and entry into autophagic vesicles, but also inhibits CSFV replication by active NF-κB antiviral immune pathways. Our data reveal a novel mechanism by which NDP52, an autophagy receptor, mediates CSFV infection, and provide new avenues for the development of antiviral strategies.
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INTRODUCTION

Swine fever, caused by classical swine fever virus (CSFV) infection, is characterized by acute fever and death, and is classified as a Class A infectious disease by the World Organization for Animal Health (OIE) (Paton and Greiser-Wilke, 2003). CSFV belongs to the genus Pestivirus within the family Flaviviridae. The virus has a small, enveloped, single-stranded, positive-sense 12.3 kb RNA genome with a long, open reading frame that encodes a 3898 amino acid polypeptide (Becher et al., 2003). Co-and post-translational processing of the polypeptide by cellular and viral proteases yields 12 cleavage products, including four structural proteins (C, Erns, E1, and E2) and eight non-structural proteins (Npro, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (Heinz-Jurgen et al., 1991). CSFV can infect several cells types, including immune cells, leading to cellular immunosuppression (Fan et al., 2018). However, CSFV infection does not cause typical pathological changes, and the underlying infection mechanisms remain unclear (Bensaude, 2004; Johns et al., 2009).

Macroautophagy, hereafter referred to as autophagy, is an internal balancing mechanism for maintaining homeostasis in eukaryotic cells. After receiving an autophagy induction signal, such as pathogen infection (Deretic et al., 2013), starvation (Tattoli et al., 2012), growth factor withdrawal (Lum et al., 2005), endoplasmic reticulum (ER) stress (Ciechomska et al., 2013), or oxidative stress (Scherz-Shouval et al., 2007), the cell forms a small liposome-like membrane structure in the cytosol, which expands to form a bowl-like structure consisting of two layers of lipid bilayers that can be observed under electron microscopy. The bowl structure is called a phagophore. Many components in the cytoplasm, including protein aggregates, damaged organelles, and foreign invading pathogens, are wrapped in vesicles and then closed into a closed spherical autophagosome (Høyer-Hansen and Jäättelä, 2008). Microtubule-associated protein 1 light chain 3 (MAP1LC3 or simply LC3), consisting of the interconvertible forms LC3-I and LC3-II, is involved in the formation of autophagosome membranes. Early pro-LC3 cleavage by ATG4 exposes the C-terminal glycine to form the cytosolic soluble form LC3-I, which is modified by ubiquitination and coupled with the substrate PE on the surface of the autophagosome membrane under the action of the E1-like enzyme ATG7, the E2-like enzyme ATG3, and the E3-like enzyme ATG5-ATG12-ATG16L complex to form the membrane-bound form LC3-II. After autophagosome formation, this fuses with lysosomes to form autolysosomes. Under the action of various hydrolases, the substrate in the autophagosomes is degraded (Bizargity and Schröppel, 2014). Autophagy is a way for cells respond to unfavorable environmental factors. Many RNA viruses, such as enteroviruses, hepatitis C virus (HCV), and CSFV, circumvent and utilize host autophagic machinery to promote viral propagation (Pei et al., 2013; Mohamud and Luo, 2018; Wang and Ou, 2018). During CSFV infection, the viral proteins NS5A and E2 colocalize with the autophagy marker CD63 on autophagosome-like vesicle membranes. Moreover, CSFV infection can use mitophagy to inhibit cell apoptosis to create a persistent environment for viral infection (Pei et al., 2016; Gou et al., 2017). However, the mechanisms underlying CSFV-autophagosome entry are unclear.

Autophagy was initially considered to be non-selective, but recent studies have found that autophagy can also be selective. The most important feature of the selective autophagy pathway is the involvement of autophagy receptors that recognize and transport autophagic substrates, thereby regulating autophagy substrate degradation under very precise dynamic control (Lazarou et al., 2015). These autophagy receptors contain a conserved LC3-interacting region (LIR) domain, which binds to Atg8 molecules on autophagosomes and mediate autophagy degradation (Zaffagnini and Martens, 2016). Ubiquitin acts as a signaling molecule, inducing polyubiquitination of autophagy substrates (Kocaturk and Gozuacik, 2018). Autophagy receptor proteins recognize and bind autophagic substrates in a UBA domain-dependent or -independent manner. The LIR is anchored to the autophagosome membrane, followed by autophagosome fusion, lysosome fusion, and substrate degradation in lysosomes (cargo recognition and trafficking in selective autophagy) (Shaid et al., 2012; Nakamura and Yoshimori, 2017). In addition to the autophagy receptor functions, the protein itself is also ubiquitinated. Hou et al. found that the ubiquitin ligase HACE1 with tumor suppressor activity binds to the OPTN protein and catalyzes the polyubiquitination of OPTN. OPTN is modified by HACE1 with a K48-linked polyubiquitin chain, followed by autophagy–lysosomal pathway degradation. HACE1 mediates the modification of the 193th lysine of OPTN by a ubiquitin chain, which specifically interacts with the UBA domain of p62 to activate autophagy. Clearly, ubiquitinated OPTN interacts with p62 to increase the efficiency of autophagy receptor-mediated transport of substrates to autophagic vacuoles, significantly increasing autophagic flux and thereby more effectively recruiting and transporting autophagy substrates (Liu et al., 2014).

It is well known that NF-κB plays a key role in regulating the immune response to infection. It participates in the inflammatory response and immune response and regulates apoptosis and the stress response (Liu et al., 2017). There are three main signal transduction pathways that activate NF-κB: the classical pathway, bypass pathway, and atypical pathway (Oeckinghaus and Ghosh, 2009). Several proteins encoded by NF-κB target genes are involved in the activation of immune and inflammatory responses. NF-κB activation during viral infection is interpreted as a host protective response to viral pathogens (Schmitz et al., 2014). Type I interferons (IFNs) also play an important role in the immune response to viruses. The production of type I IFN in immune cells is mediated by pattern recognition receptors in the host cell (Ivashkiv and Donlin, 2013). There are four main ways to induce the production of type I IFN: (1) DNA virus activates the second messenger cGAMP (cyclic GMP-AMP) induction pathway; (2) RNA virus activates the RIG-I-like receptor (RLR) induction pathway; (3) the Toll-like receptors TLR3 and TLR4 activate the adaptor protein TRIF induction pathway; and (4) TLR7/TLR8 and TLR9 activate the transcription factor IRF7 induction pathway (Majzoub et al., 2019). Interestingly, CSFV replication in cells suppresses type I IFN-inducible antiviral activity and apoptosis by interfering with IFN production, resulting in the persistent survival of CSFV in host cells in vitro.

Nuclear dot protein 52 kDa (NDP52), also called CALCOCO2, has been well studied in xenophagy and primary adaptation to Parkin-mediated mitophagy (Sharma et al., 2018; Ravenhill et al., 2019). Pten-induced kinase 1 (PINK1) can promote NDP52 recruitment and ubiquitination. Further, the xenophagy kinase TBK1 forms a complex with NDP52, thus promoting xenophagy (Fu et al., 2018). In Salmonella typhimurium infection, NDP52 promotes pathogen-containing autophagosome maturation and independently regulates targeting of bacteria to mature autophagosomes (Verlhac et al., 2015a). Further studies have found that Rab35 GTPase and myosin VI play important roles in NDP52-microorganism binding and autophagosome maturation (Minowa-Nozawa et al., 2017). During viral infection, NDP52 not only interacts with viral proteins, but also activates RIG-I and NF-κB signaling pathways to exert antiviral effects (Jin et al., 2017). Many studies have shown that NDP52 has a negative regulatory effect on the NF-κB pathway. Moreover, in CVB virus infection, CALCOCO2, but not SQSTM1, suppresses antiviral type I IFN signaling by promoting autophagy-mediated degradation of the mitochondrial antiviral signaling (MAVS) protein (Mohamud et al., 2018). Therefore, we sought to explore the regulatory effect of NDP52 on NF-κB and IFN in swine fever virus infection and hypothesized that it plays an important role in CSFV infection.

Here, we found that CSFV infection activates the PINK1-Parkin pathway, resulting in NDP52 SUMOylation, which inhibits NDP52 and permits CSFV replication. Further, NDP52 colocalizes with viral protein E2, thereby inhibiting CD63 expression, promoting CSFV binding by NDP52 and increasing cytokine release and NF-κB signaling activation.



MATERIALS AND METHODS


Cells, Viruses, and Virus Titration Assays

The swine kidney cell line PK-15 (ATCC, CCL-33) was grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C in a 5% CO2 incubator. The CSFV strain (Shimen) used in the study was propagated in PK-15 cells. Viral titers in CSFV-infected cell culture media were determined as previously described (Hongchao et al., 2017). Briefly, cells cultivated in 96-well plates were inoculated with 10-fold serial dilutions of virus and incubated at 37°C for 3 days. Cells were fixed with 80% acetone at –20°C for 30 min, and viruses were detected by immunofluorescence assay using mouse anti-CSFV E2 antibody and FITC-conjugated goat anti-mouse secondary antibody. Viral titers are expressed as 50% tissue culture infective doses (TCID50)/0.1 ml.



Reagents and Antibodies

The chemical reagents MG-132 (M8699) and BAY (11-7082, S2913) were purchased from Sigma-Aldrich and Selleck. The following primary antibodies were used in this study: rabbit polyclonal anti-PARK2 (Abnova, PAB0714), rabbit polyclonal anti-LC3B (Cell Signaling, 2775), rabbit polyclonal anti-MFN2 (Santa Cruz, sc-50331), goat polyclonal anti-VDAC1 (Santa Cruz, sc-32063), goat polyclonal anti-TOM20 (Santa Cruz, sc-11021), mouse monoclonal anti-Beclin-1 (Cell Signaling, 2A4), rabbit polyclonal anti-CD63 (Beyotime, AF1471), mouse monoclonal anti-Ub(A-5) (Santa Cruz, sc-166553), mouse monoclonal anti-CSFV E2 (JBT, 9011), mouse monoclonal anti-IkBa (Cell Signaling, 112B2), mouse monoclonal anti-kB-Ras2 (Santa Cruz, sc-374311), rabbit monoclonal anti-P65 (Santa Cruz, sc-AF1870), mouse monoclonal anti-GAPDH (Beyotime, AG019), mouse monoclonal anti-tubulin (Beyotime, AT819), normal rabbit IgG (Beyotime, A7016), and normal goat IgG (Beyotime, A7007). The polyclonal anti-CSFV Npro was kindly provided by Dr. Xinglong Yu (Veterinary Department, Hunan Agricultural University, China). The secondary antibodies used for immunofluorescence were Alexa Fluor 350 goat anti-mouse IgG (Beyotime, A0412), Alexa Fluor 488 goat anti-mouse IgG (Beyotime, A0428), and Alexa Fluor 647 goat anti-rabbit IgG (Beyotime, A0468). The secondary antibodies used for immunoblotting analysis were HRP-conjugated goat anti-mouse IgG (Bioworld Technology, BS12478), HRP-conjugated goat anti-rabbit IgG (Bioworld Technology, BS13278), and HRP-conjugated rabbit anti-goat IgG (Bioworld Technology, BS30503).



Plasmids and RNA Interference

The EGFP-LC3 plasmid was prepared in our laboratory. Plasmid pAT016 (p-mito-mRFP-EGFP) was a kind gift from Dr. Andreas Till (University of California, United States). Parkin-targeting shRNAs and scrambled shRNA were obtained from Cyagen. Small interfering RNAs (siRNAs) for NDP52 were synthesized by Sangon Biotech. The shRNA and siRNA sequences are listed in Table 1. PK-15 cells grown to 60% confluence in six-well cell culture plates were transfected with siRNA and shRNA using Lipofectamine 3000 reagent (Thermo Fisher, L3000015). Targeted protein knockdown was evaluated by western blotting.


TABLE 1. shRNA and siRNA sequences of targeted genes.
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Virus Infection

Twenty-four hours after siNC or siRNA transfection, cells were infected with CSFV at a multiplicity of infection (MOI) of 0.1. Two hours later, the viral inoculum was removed and the infected cells were washed twice with phosphate-buffered saline (PBS) (pH 7.4). DMEM containing 2% FBS was then added to each culture. At various time points post-infection, cell-free culture supernatants and cell lysates were harvested and stored at −80°C until use.



Immunoprecipitation

For immunoprecipitation analysis, PK-15cells were infected with CSFV at an MOI of 0.1 for 24 h. SUMOylated NDP52 and ubiquitinated Parkin or NDP52 from whole cell lysates (WCL) were incubated on ice with IP lysis buffer (Beyotime, P0013) containing 1 mM PMSF (Beyotime, ST506) for 10 min. The precipitates were removed by centrifugation at 14,000 × g for 10 min at 4°C. The supernatant was immunoprecipitated with the appropriate antibodies (anti-Parkin or anti-NDP52) and protein A + G Sepharose (7sea biotech, P001-2). The immunoprecipitated proteins were then analyzed by western blotting with SUMO or ubiquitin antibodies.



Quantitative Real-Time RT-PCR (qPCR)

For targeted gene expression analysis, total RNA was prepared using a total RNA Kit I (Omega, R6834-01). Complementary DNA (cDNA) was synthesized using PrimeScript RT Master Mix (Takara, RR036A). Real-time qPCR was performed using SYBR Premix Ex Taq II (Takara, RR820A) using an iQ5 iCycler detection system (Bio-Rad, United States). Relative mRNA expression was assessed using the 2–ΔΔCt method and normalized to the housekeeping gene GAPDH. The primers used are described in Table 2. For virus copy detection, viral RNA was extracted using a MiniBEST Viral RNA/DNA Extraction Kit Ver.5.0 (Takara, 9766) and reverse-transcribed using PrimeScript RT Master Mix (Perfect Real Time; Takara, RR036A). The resulting cDNA was then amplified using SYBR Premix Ex Taq (Tli RNaseH Plus; Takara, RR420B) and an iQ5 iCycler detection system (Bio-Rad, United States). Primer sequences targeting the CSFV NS5B gene were: CSFV1: CCTGAGGACCAAACACATGTTG; CSFV2: TGGTGGAAGTTGGTTGTGTCTG. Viral copy number was calculated using a standard curve from a recombinant plasmid containing the CSFV NS5B gene.


TABLE 2. Primers used in this study.
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Western Blot Analysis

After treatment, cells were washed with cold PBS and incubated on ice with RIPA lysis buffer (Beyotime, P0013B) supplemented with 1 mM PMSF (Beyotime, ST506) for 10 min. Cell lysates were centrifuged at 14,500 × g for 20 min at 4°C. Protein concentration was determined using a BCA protein assay kit (Beyotime, P0012). Samples with equal protein amounts were diluted in 5× SDS-PAGE loading buffer and boiled for 5 min. Proteins (20 mg) were separated by SDS-PAGE and transferred onto polyvinylidene fluoride membranes (Beyotime, FFP30). After blocking with PBS containing 2% non-fat milk powder and 0.05% Tween 20 (Sigma-Aldrich, P2287) for 2 h at 25°C, the membrane was incubated with primary antibodies overnight at 4°C. Then, membranes were incubated with corresponding HRP-conjugated secondary antibodies at 37°C for 2 h at appropriate dilutions. The protein bands were visualized using an ECL Plus kit (Beyotime, P0018). Blots were imaged with a CanoScan LiDE 100 scanner (Canon, Japan) and quantified with Image Pro Plus 6.0 software.



Confocal Microscopy

Cells were grown in 35 mm glass-bottom petri dishes (NEST, GBD-35-20). The indicated interfering RNA was transfected at various time points. Cells were washed with PBS, fixed with 4% paraformaldehyde for 30 min, and washed with 0.2% Triton X-100 (Sigma-Aldrich, T8787) in PBS for 10 min. The cells were blocked in PBS containing 5% bovine serum albumin (BSA; Beyotime, ST023) for 30 min. Next, the cells were stained with primary antibodies and appropriate secondary antibodies for 1 h at 37°C. Wherever indicated, nuclei were stained with DAPI (Beyotime). Fluorescence was visualized with a TCS SP2 confocal fluorescence microscope (Leica).



Cell Viability Assay

Cell viability was detected by the CCK8 assay according to the manufacturer’s instructions (Dojindo, CK04). In brief, PK-15 cells were cultivated in 96-well plates at a density of 1 × 104 cells per well and cultured for 24 h at 37°C. The cells were transfected with siNDP52, siNC, shParkin or non-targeting shRNA using Lipofectamine 3000 reagent. After 48 h, the medium was replaced with 100 μl of fresh medium containing 10 μl of CCK8. The cells were further cultured for 1 h at 37°C, and the optical density was measured at 570 nm using a model 680 microplate reader (Bio-Rad).



Statistical Analysis

Statistical analysis was performed with unpaired Student’s t-tests, as implemented in GraphPad Prism 5 software (mean ± SD; n = 3; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; #P > 0.05).



RESULTS


CSFV Infection Inhibits NDP52 (CALCOCO2) Ubiquitination and SUMOylation

To explore whether CSFV infection affects NDP52, we first evaluated changes in NDP52 mRNA and protein expression after CSFV infection. PK-15 cells were tested at several time points post-CSFV infection. NDP52 mRNA and protein expression was decreased by CSFV infection at 24, 36, and 48 h post-infection (hpi) (Figures 1A,B). These results suggest that CSFV infection has a negative effect on the expression of NDP52. Several reports indicate that autophagy receptors undergo self-modification (Liu et al., 2014). Therefore, we examined NDP52 ubiquitination and SUMOylation after CSFV infection. CSFV-infected cell lysate was immunoprecipitated with an NDP52-specific antibody and immunoblotted with SUMO2-4 or Ub(A-5) antibody. These results showed that NDP52 ubiquitination and SUMOylation were decreased in CSFV-infected cells compared to that in un-infected PK-15 cells (Figures 1C,D). The above results indicate that CSFV infection not only inhibits the expression of NDP52, but also mediates the protein modification of NDP52.
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FIGURE 1. Classical swine fever virus (CSFV) inhibits NDP52 (CALCOCO2) ubiquitination and SUMOylation. (A) PK-15 cells were infected with CSFV (MOI = 0.1) or un-infected (MOCK) at the indicated time points. CALCOCO2, Npro, and GAPDH levels were analyzed by Western blot. (B) After CSFV infection, CALCOCO2 mRNA was detected by qRT-PCR. The data represent the mean ± SD of three independent experiments. Data were tested by one-way ANOVA with Fisher’s least significant difference (LSD) post hoc correction. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; #P > 0.05. (C) PK-15 cells were infected with CSFV. NDP52 SUMOylation was analyzed by immunoblot using anti-SUMO2-4 antibody. SUMO2-4 expression in CSFV-infected cells was used as the input control. (D) Ubiquitinated NDP52 was immunoblotted with anti-Ub(A-5) antibody. Ub(A-5) expression in CSFV-infected cells was used as the input control. GAPDH was used as the internal loading control.




CSFV Infection Promotes Ubiquitination of Parkin and Mediates NDP52 Modification via PINK1-Parkin

Several reports suggest that NDP52 is closely related to the PINK1-Parkin pathway (Heo et al., 2015). To verify whether CSFV infection affects NDP52 modification via the PINK1-Parkin pathway, we first examined Parkin expression and ubiquitination at 24 h post-CSFV infection. We observed that CSFV infection promotes Parkin2 protein expression and ubiquitination (Figures 2A,B). The shParkin interference plasmid (Table 1) was applied to PK-15 cells for 24 h. Then, cells were infected with CSFV at an MOI of 0.1. Cell lysate was immunoprecipitated with anti-NDP52 antibody and immunoblotted with SUMO2-4 antibody or Ub(A-5) antibody. The results showed that ubiquitinated and SUMOylation NDP52 were significantly increased with shParkin, suggesting that Parkin plays a key role in NDP52 protein modification (Figure 2C). Thus, CSFV can activate the PINK1-Parkin pathway and promote the expression of Parkin. After inhibition of Parkin, the protein modification of NDP52 induced by CSFV is attenuated. These results show that CSFV infection promotes the ubiquitination of Parkin and mediates NDP52 modification via the PINK1-Parkin pathway.
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FIGURE 2. CSFV infection promotes ubiquitination of Parkin2 and mediates NDP52 modification via the PINK1-Parkin pathway. (A) PK-15 cells were treated as in Figure1 A. Western blotting was used to examine Parkin2, Npro and GAPDH protein expression 24, 36, and 48 h after CSFV infection. (B) PK-15 cells were infected with CSFV (MOI = 0.1) for 24 h. Cell lysates were immunoprecipitated with an anti-Parkin antibody and assayed for Parkin2 with anti-Ub(A-5) antibody. (C) PK-15 cells were infected with CSFV (MOI = 0.1) for 24 h, followed by shParkin2 or shNC plasmid (MOI = 10) for 24 h. After immunoprecipitation with an anti-NDP52 antibody, NDP52 ubiquitination and SUMOylation were blotted with anti-Ub-5a and anti-SUMO2-4 antibodies.




NDP52 Inhibition Decreases CSFV Replication

To assess the functional effects of NDP52 on CSFV infection, we performed RNA knockdown experiments to silence endogenous NDP52 expression in CSFV-infected PK-15 cells. As shown in Figure 3A, the silencing effect on NDP52 expression was verified by western blotting. Decreased expression of CSFV Npro protein in NDP52-silenced cells suggested that CSFV replication is promoted by NDP52. To verify this finding, we analyzed CSFV replication after treatment with NDP52 siRNA, by measuring viral titers and RNA copy numbers. These results indicated that NDP52 silencing decreased viral replication in PK-15 cells (Figures 3B,C), demonstrating a positive role for NDP52 in CSFV replication. Moreover, we found that CSFV E2 protein and NDP52 colocalize to the cytoplasm by confocal microscopy (Figure 3D). The above results indicated that NDP52 promotes replication of CSFV and can colocalize with CSFV structural proteins.
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FIGURE 3. NDP52 inhibition reduces CSFV replication. (A) PK-15 cells were mock-infected or infected with CSFV (MOI = 0.1) after transfection with siNDP52 for 24 h. NDP52 expression was analyzed by Western blotting at 24 hpi. CSFV infection was verified by immunoblotting with anti-CSFV Npro antibody. GAPDH was used as an internal loading control. (B) Statistical analysis of the effect of NDP52 siRNA transfection on the viral copy numbers in CSFV-infected cells. PK-15 cells were transfected with scrambled or NDP52 siRNA for 24 h, followed by mock infection and CSFV infection (MOI = 0.1). At 48 hpi, CSFV RNA levels were analyzed by real-time qRT-PCR (mean ± SD; n = 3; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; #P > 0.05). P-values were calculated using an unpaired Student’s t-test. (C) Statistical analysis of the effect of NDP52 siRNA transfection on virus titers in CSFV-infected cells. PK-15 cells were transfected with scrambled or NDP52 siRNA for 24 h, followed by mock infection and CSFV infection (MOI = 0.1). At 48 hpi, CSFV titers were analyzed (mean ± SD; n = 3; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; #P ¿ 0.05). P-values were calculated using an unpaired Student’s t-test. (D) PK-15 cells were mock-infected or infected with CSFV (MOI = 0.1), after 24 h infection, cells were immunostained with antibodies against CSFV E2 (green) and NDP52 (red). In the merged images, protein colocalization is displayed as yellow.




NDP52 Inhibition Reduces Autophagy Related Proteins Expression, but Decreases Ubiquitin and LC3 Binding

Several studies show that NDP52 is essential for autophagosome maturation (Tumbarello et al., 2012; Verlhac et al., 2015b). To investigate the role of NDP52 in CSFV-mediated autophagy, we examined the effect of NDP52 on autophagy and mitophagy. We assessed expression of the autophagy marker LC3 by transfecting the plasmid of GFP-LC3 and observed by fluorescence microscopy (Figure 4A). We also used the plasmid of GFP-RFP-LC3 to detect its distribution in cells. The results showed that LC3B in the cytoplasm was reduced and the yellow spots more than red spots in NDP52-inhibited cells. Thus, inhibition of NDP52 reduced LC3 expression and the normal fusion of autophagosomes with lysosomes. We also assessed the mitochondrial autophagy marker Tom20 using laser confocal microscopy and found that inhibition of NDP52 enhanced Tom20 expression (Figure 4B), suggesting positive regulation of autophagy by NDP52. At the same time, we detected expression of cellular and mitochondrial autophagy markers LC3B and Beclin-1 expression decreased, while VDAC1 and Tom20 expression increased (Figure 4C), indicating that inhibition of NDP52 has an inhibitory effect on the expression of autophagy proteins. To explore the role of ubiquitin in this process, we co-transfected NDP52 interfering RNA with MG-132 (5 μM), a ubiquitin-proteasome system inhibitor. We found that in the cells treated with MG-132, the effect of SiNDP52 on the autophagy-related protein disappeared, indicated that ubiquitin-proteasome system affects the effect of NDP52 on autophagy. In selective autophagy, the function of NDP52 is closely related to LC3 and ubiquitin, so we examined the expression and colocalization of LC3 and Ub(A-5) in cells. Indeed, NDP52 inhibition also decreased LC3 expression and subsequent binding to Ub(A-5) (Figure 4D).
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FIGURE 4. Inhibition of NDP52 reduces autophagy and mitophagy, and decreases ubiquitin and LC3 binding. (A) PK-15 cells were transfected with scrambled or NDP52 siRNA for 24 h. Then, cells were transfected with EGFP-LC3 or GFP-RFP-LC3 plasmid or immunostained with antibodies against LC3 (red). After NDP52 inhibition, eGFP levels were significantly reduced, the yellow dots were more than red dots and the LC3B expression in the cytoplasm. (B) PK-15 cells were treated as above, after 24 h transfection, cells were immunostained with antibodies against Tom20 (red). After NDP52 inhibition, Tom20 expression was enhanced. (C) The expression of the autophagy markers, LC3 and Beclin-I, and mitophagy markers, Mfn2, VDAC, and Tom20, in PK-15 cells were analyzed by Western blotting after transfection with scrambled or NDP52 siRNA for 24 h. GAPDH was used as the internal loading control. The expression of IκB-a, LC3, VDAC, and Tom20 in PK-15 cells were analyzed by Western blotting after co-transfection with scrambled or NDP52 siRNA with DMSO or MG-132 for 24 h. Tubulin was used as the internal loading control. (D) Ub(A-5) (green) and LC3 (red) expression in PK-15 cells. In the merged images, protein colocalization is displayed as yellow.




Inhibition of NDP52 Reduces Colocalization of Autophagy Vesicle CD63 With CSFV E2 Protein

Our previous studies showed that CSFV induces autophagy, with autophagosomes as self-replication sites. However, the specific mechanism of CSFV-autophagosome entry is unclear (Pei et al., 2013). Because NDP52 regulates autophagy, we investigated the role of NDP52 in autophagic vesicles mediated by CSFV infection. We screened NDP52-interfering RNAs using western blotting and found that SiNDP52-1 had the best interference effect (Figure 5A). After NDP52 RNA interference for 24 h, PK-15 cells were infected with CSFV or mock-infected. Western blots showed that NDP52 inhibition decreased expression of CD63, a marker of autophagic vesicles (Figure 5B). Moreover, in the case of CSFV infection, this inhibition was more pronounced, indicating that NDP52 has a positive effect on the expression of CD63. To further verify the effect of NDP52 on CD63 and E2 colocalization, we used laser confocal microscopy to observe the localization of CD63. The results showed that CD63 binding to the CSFV E2 protein was decreased in the cytoplasm after NDP52 suppression (Figure 5C). We also found that Ub-5a binding to the CSFV E2 protein was reduced after NDP52 suppression (Figure 5D), suggesting that NDP52 plays an import role in CSFV entry into autophagosomes. These results indicate that NDP52 promotes colocalization of E2 with CD63 and Ub(A-5).
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FIGURE 5. Inhibition of NDP52 reduces CD63 and Ub(A-5) binding to E2. (A) Three different NDP52 interference plasmids were verified by Western blot. GAPDH was used as the internal loading control. siRNA-NDP52-1 was used to inhibit NDP52 expression for subsequent experiments. (B) PK-15 cells were transfected with scrambled or NDP52 siRNA for 24 h, followed by mock or CSFV infection (MOI = 0.1). CD63 protein expression was detected by Western blot. GAPDH was used as the internal loading control. (C) Treated PK-15 cells were immunostained with antibodies against CSFV E2 (green) and CD63 (red). (D) PK-15 cells were immunostained with antibodies against CSFV E2 (green) and Ub(A-5) (red).




Inhibition of NDP52 Activates the NF-κB Pathway to Release IFN/TNF Cytokines

NF-κB activation during viral infection is part of the protective response to pathogens (Santoro et al., 2003). Interestingly, CSFV replication in cells suppresses type I IFN-inducible antiviral activity and apoptosis by interfering with IFN production, thereby resulting in the persistent survival of CSFV in host cells in vitro (Bensaude, 2004). To examine the effect of NDP52 on the innate antiviral immune pathway, we first examined NF-κB signaling activation following NDP52 inhibition. We observed increased expression of NF-κB signaling pathway proteins after NDP52 inhibition, indicating that inhibition of NDP52 promotes the activation of the NF-κB signaling pathway (Figure 6A). We also found that inhibition of NDP52 promotes release of cytokines, including IFN-α, IFN-β, and TNF (Figure 6B), indicating that NDP52 also plays an important role in the innate immune response. Therefore, NDP52 may inhibit CSFV infection via the NF-κB signaling pathway. In order to verify whether the release of SiNDP52 on the above cytokines is regulated by the NF-κB pathway, we treated cells with NF-κB inhibitor BAY 11-7082 (5 μM) and found that BAY 11-7082 had no effect on cytokine release, but BAY 11-7082 affects the effect of SiNDP52 on IFN-α release (Figures 6C,D).


[image: image]

FIGURE 6. Inhibition of NDP52 promotes innate immunity through the NF-κB signaling pathway. (A) Inhibition of NDP52 has a positive effect on NF-κB signaling pathway. PK-15 cells were mock-infected or infected with CSFV (MOI = 0.1) after transfection with siNDP52 for 24 h. NF-κB signaling pathway proteins IκB-A, P65, IκB-Ras expression were analyzed by western blotting at 24 hpi. (B) PK-15 cells were treated as above. mRNA levels of the cytokines IFN-α, IFN-β, and TNF were detected by qRT-PCR. (C) PK-15 cells were co-transfection with scrambled or NDP52 siRNA with DMSO or BAY (5 μM) for 24 h. NF-κB signaling pathway proteins IκB-A, P65, p-IκB-A expression were analyzed by western blotting at 24 hpi. (D) PK-15 cells were treated as (C), mRNA levels of the cytokines IFN-α, IFN-β, and TNF were detected by qRT-PCR. The data represent mean ± SD in three independent experiments. Data were tested by one-way ANOVA with post hoc LSD (L). ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; #P > 0.05.




Cell Viability Was Not Affected by RNA Interference

To exclude the possibility that NDP52 siRNA inhibited CSFV replication or that Parkin shRNA inhibited NDP52 protein modification by downregulating cell viability, we assessed the effects of RNA interference on the viability of PK-15 cells. The results showed no significant changes in the viability of cells following silencing of NDP52 or Parkin (P > 0.05) (Figure 7).
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FIGURE 7. The effect of RNA interference on cell viability. The cell viability of PK-15 cells transfected with scrambled or Parkin shRNA (A) and siNC or NDP52 siRNA (B) was analyzed using the CCK8 assay as described in section “Materials and Methods” (mean ± SD; n = 3; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; #P > 0.05).




DISCUSSION

The body has several cellular immune mechanisms to maintain the internal environment and prevent invasion by pathogenic microorganisms. However, many viruses have evolved replication strategies to cope with the adverse host environment. Indeed, virus-induced autophagy as a protective mechanism has been widely reported (Sugden et al., 2005). In our previous study, we found that CSFV infection induces complete and high-yield autophagic flux and that CSFV replicates in the autophagosome. Together, these processes provide a suitable environment for long-term viral infection in host cells. Further research found that the viral E2 protein colocalizes with the autophagosome marker CD63 (Metzelaars et al., 1991), but the function of this interaction was unclear. As an autophagy receptor, NDP52 plays an important role both in bacterial and viral infection. NDP52 mediates targeting of cytosolic substrates to autophagy machinery, and promotes the maturation of autophagic vesicles (Von muhlinen et al., 2012; Cemma et al., 2014; Leymarie et al., 2017). Therefore, we wanted to define the role of the autophagy receptor NDP52 in CSFV infection. The current study provides further insights into the role of NDP52 in CSFV-autophagic vesicle entry and the mechanism of induction of virus-mediated autophagy.

In the case of viral infection, Mohamud et al. (2018) reported that NDP52 binds to the coxsackievirus B3 viral protein VP1 and mediates VP1 ubiquitination via the K48 ubiquitin pathway. Other studies have shown that CALCOCO2 binds the non-structural protein 2 of the Chikungunya virus to promote viral replication in humans (Judith et al., 2013), and plays a pro-viral role in measles viral infection (Petkova et al., 2017). In this study, our results showed that CSFV infection inhibits NDP52 expression. Moreover, NDP52-interfering RNA inhibits CSFV replication, indicating that NDP52 plays an important role in the infection of swine fever virus.

During viral infection, autophagy receptors can induce viral phagocytosis in a ubiquitin-dependent manner and can bind directly to viral capsid proteins or indirectly to host ubiquitin factors via E3 ubiquitin ligase (Mohamud et al., 2018). In the present study, we found that CSFV infection can reduce NDP52 ubiquitination and SUMO2-4 protein modification. Since the PINK1-Parkin pathway and autophagy receptors are closely related to functional ubiquitin modification, we examined the CSFV-mediated regulation of NDP52 protein modification after Parkin inhibition. CSFV can mediate NDP52 ubiquitination by PINK1-Parkin. Interestingly, when we inhibited NDP52 expression by RNA interference, we found that Ub(A-5) expression increased while LC3 expression decreased. Ubiquitin acts as a signaling molecule, which causes polyubiquitination of autophagic substrates (Lu et al., 2017a, b). Autophagy receptor proteins recognize and bind autophagic substrates through a ubiquitin domain-dependent or independent manner (Walinda et al., 2014). The substrate is anchored to the autophagosome membrane by its LIR, followed by autophagosome-lysosome fusion and substrate degradation. We speculate polyubiquitination is required to recruit NDP52 or other autophagy receptors and reduce LC3 expression, and thus virus-induced ubiquitin molecules persist within the cell.

Because NDP52 mediates bacterial entry into autophagosomes (Sudhakar et al., 2019), we investigated whether NDP52 plays a role in CSFV entry into autophagosomes. We first assessed the effect of NDP52 on autophagy and observed that autophagy markers LC3 and Beclin-I decreased. Further analyses revealed that after NDP52 inhibition, CD63 protein expression was reduced, leading to decreased binding of CD63 to the viral E2 protein. These results suggest that NDP52 plays an important role in the mechanism of CSFV entry into autophagic vesicles. However, it is unclear whether NDP52 is modified by self-protein or by modifying CSFV protein to promote CSFV entry into autophagic vesicles.

NDP52 is involved in the negative regulation of the classical NF-κB pathway (Inomata et al., 2011). Our previous studies confirmed that CSFV can bind to MDA5 and RIG-1, inducing NF-κB nuclear translocation via RIG-1 signaling (Xiao-Ying et al., 2013). Moreover, NF-κB signaling also regulates CSFV replication (Ling et al., 2018). However, the effect of NDP52 on the NF-κB signaling pathway during CSFV infection was unclear. Therefore, we used RNA interference to inhibit NDP52 after CSFV infection. We found that NDP52 inhibition activates the NF-κB pathway, including P65, Iκb-Ras, IκBa, and p-IκBa. Furthermore, NDP52 inhibition promotes TNF and type I IFN release. CSFV infection attenuates this activation, suggesting that CSFV may have an inhibitory effect on the NF-κB signaling pathway.

In summary, our study provides the first evidence that CSFV infection regulates and modifies the autophagy receptor NDP52. Further, we uncovered the dual CD63 and NF-κB-induced mechanisms used by NDP52 to promote viral propagation.
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