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UL11 Protein Is a Key Participant of the Duck Plague Virus in Its Life Cycle
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Tegument protein UL11 plays a critical role in the life cycle of herpesviruses. The UL11 protein of herpesviruses is important for viral particle entry, release, assembly, and secondary envelopment. Lipid raft is cholesterol-rich functional microdomains in cell membranes, which plays an important role in signal transduction and substance transport. Flotillin and prohibition, which are considered to be specific markers of lipid raft. However, little is known about the function of duck plague virus (DPV) UL11 in the life cycle of the viruses and the relationship between the lipid raft and UL11. In this study, an interference plasmid shRNA126 for UL11 was used. Results showed that UL11 is involved in the replication, cell to cell spread, viral particle assembly, and release processes. Furthermore, UL11 was verified that it could interact with the lipid raft through sucrose density gradient centrifugation and that function correlates with the second glycine of the UL11. When the lipid raft was depleted using the methyl-β-cyclodextrin, the release of the DPV was decreased. Moreover, UL11 can decrease several relative viral genes mRNA levels by qRT-PCR and Western blot test. Altogether, these results highlight an important role for UL11 protein in the viral replication cycle.
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INTRODUCTION

Herpesviruses are enveloped by double-stranded DNA viruses, which could cause medically and economically important diseases in humans and animals. Herpesviruses can be divided into three subfamilies, including Alphaherpesvirinae, Betaherpesvirinae, and Gammaherpesvirinae. Herpesviruses mainly affect the skin and mucosa and seriously harm humans and other animals’ health (Yuan et al., 2007; Qi et al., 2008, 2009). In Alphaherpesvirinae, which includes herpes simplex virus 1 and 2 (HSV-1/2), varicella-zoster virus (VSV), pseudorabies virus (PRV), Marek’s disease virus (MDV), equine herpesvirus (EHV), and duck plague virus (DPV). Duck plague, also known as duck viral enteritis (DVE), is an acute, febrile, and septic infectious disease in ducks, geese, and other Anseriformes (Cheng, 2015). The DPV is epidemic in all kinds of internal organs, blood, secretions, and excreta in infected ducks, and the highest amount was found in the liver, lung, and brain. Under natural conditions, the disease mainly occurs in ducks and is susceptible to ducks of different ages, genders, and breeds. Muscovy duck and mallard duck are the most susceptible, followed by Peking duck. The incubation period of natural infection is usually 2–4 days. Incidence of the disease is less in ducklings within 30 days old (Dhama et al., 2017).

Herpesviruses undergo two forms of replication, lytic replication, and latent infection. In the lytic replication cycle, before the virus enters a cell, it first attaches to a cell and invades into the cell, then the viral DNA begins to replicate after the capsid DNA is released into the nucleus. Subsequently, after assembly and genome packaging, the capsid leaves the nucleus (You et al., 2017). The viral particles undergo primary envelopment and de-envelopment at the nuclear envelope, with tegumentation and secondary envelopment occurring in the cytoplasm. Finally, the virions leave the host by exocytosis (Mettenleiter et al., 2009; Johnson and Baines, 2011; Zeev-Ben-Mordehai et al., 2014). In the herpes virus’s life cycle, many proteins participate in it, especially the tegument proteins. As we all know, herpesviruses are composed of three kinds of proteins; among them, tegument proteins play key roles in viral entry, secondary envelopment, viral capsid nuclear transportation during infection, and immune evasion (Owen et al., 2015; Yang et al., 2019). Although the absence of UL11 in HSV and PRV revealed only moderate defects in viral replication, the human cytomegalovirus (HCMV, or HHV-5) UL11 homolog UL99 is essential for viral replication (Britt et al., 2004). The function of UL11 includes affecting the primary and secondary envelopment of viral particles and the release of viral particles. Recent studies have found that UL11 can bind to rRNA to play a certain function (Claire et al., 2020). Nonetheless, there are few studies for DPV UL11.

Lipid rafts are composed of membrane microdomains that are riched in cholesterol and glycosphingolipids. It is also called DRMs (detergent-resistant membranes). These microdomains are specialized and heterogeneous cellular membrane subdomains defined by their resistance to solubilization with cold non-ionic detergents (Brown and Rose, 1992; Koshizuka et al., 2007). Lipid raft contained specific proteins, including stomatin, prohibitin, flotillin, and HflK/C (SPFH) domain proteins (alternatively termed stomatin-domain proteins) being found in lipid rafts in various cellular membranes (Browman et al., 2007). Lipid raft is located mainly on the plasma membrane, but raft assembly often occurs in the Golgi apparatus (Simons and Ikonen, 1997). Proteins with raft structures are key mediators of many biological events, such as trafficking and signal-transduction pathways. Moreover, lipid rafts affect several viruses’ replication cycles, such as platforms for virus entry, assembly, and budding (Briggs et al., 2003; Chazal and Gerlier, 2003; Lee et al., 2003; Manes et al., 2003).

We verified the function of UL11 by downregulating the UL11 expression by shRNA. By knocking down the expression of UL11 protein, we carried out a viral adsorption experiment, invasion experiment, replication experiment, assembly, release experiment, and cell to cell transmission experiment to verify the specific function of UL11 protein in the virus life cycle. Moreover, we identified that UL11 interacts with the prohibition and flotillin, providing a base for future studies about the correlation between the UL11 and the lipid raft.



MATERIALS AND METHODS


Cells and Viruses

Duck embryo fibroblasts (DEF) cells were cultured in the Dulbecco’s modified Eagle’s minimum essential medium (DMEM) supplemented with 10% newborn bovine serum calf serum (NBS) at 37°C. Human embryonic kidney (HEK) 293T cells were maintained in 1,640 (Gibco Thermo Fisher Scientific, United States) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, United States), 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C in a 5% CO2 atmosphere. DPV in this study was the stock in our lab.



Plasmids

The shRNA vectors are pGPU6-GFP and pGPU6. The interference plasmids shRNA-37 (CTGCAGAAGAAA CATATTAAC), shRNA-126 (CCGACAATGACAACTTTGA GA), shRNA218 (GATAGGCGTTCTTGTTATAGA), and shRNAneo (CCGACAATG ACAACTTTGAGA) were constructed by Gene Pharma (Gene Pharma, CHN). The pCAGGS-UL11-3 × Flag, pCAGGS-UL11G2A-3 × Flag, pEGFP-N1-UL11 plasmids were used in the homologous recombination method for cloning. pCAGGS-UL11G2A-3 × Flag (were site-directed mutated by point mutation kit (Transgen, CHN) (Yang et al., 2021).



Antibody

The rabbit antibodies of gB, UL21, gE, and mouse antibodies of Us3, UL16, ICP27, ICP22 were provided by our lab (Yang et al., 2021). Anti-Flag monoclonal antibody was bought at the MBL with a dilution of 1:3,000 (MBL, JPN). Anti-flotillin monoclonal antibody was purchased from Abcam with a dilution of 1:3,000 (Abcam, United States). The anti-GFP monoclonal antibody was purchased from Transgen with a dilution at 1:1,000 (Transgen, CHN), and the anti-prohibition antibody was purchased from Thermo with a dilution at 1:1,000 (Thermo Fisher Scientific, United States).



Viral Growth Curves

DEF cells were grown in 12-well plates, and the shRNA interference plasmids were transfected into the DEF cells. The cells were infected with 0.01 MOI DPV virus. After 1 h of infection, cells were washed with PBS three times and grown in a culture medium. At various time points post-infection, samples were harvested by freezing at −70°C.



Viral Adsorption and Invasion

When the DEF cells grew to 90% for the viral adsorption assay, the shRNA interference plasmids were transfected into the DEF cells. One hour before infection, the DEF cells were incubated at 4°C for 1 h. Then infected with 1 MOI DPV virus, and immediately incubated at 4°C for 2 h. The cells were washed with pre-cooled PBS 5 times. The cell samples were collected for virus copy number detection. When the DEF cells grew to 90% for the invasion test, the shRNA interfere plasmids were transfected into the DEF cells. One hour before infection, the DEF cells were incubated at 4°C for 1 h. Then inoculated with 1 MOI DPV virus and immediately incubated at 4°C for 2 h. The cells were washed with pre-cooled PBS 5 times, changed to a cell maintaining culture solution. After incubation for 3 h at 37°C, the cell samples were collected for virus copy number detection.



Plaque Assay

When the DEF cells grew to 90% for the plaque assays, the shRNA interfere plasmids were transfected into the DEF cells. The DPV was diluted to four gradients and infected with DEF cells, respectively. The cells were incubated at 37°C for 2 h. Then the supernatant was discarded and replaced with a 1% methylcellulose medium. The cells were cultured in a 37°C 5% CO2 incubator for 4–6 days. Then, the methylcellulose was discarded, and 4% paraformaldehyde was added to each well to fix at room temperature for 15 min; then, the cells were washed twice with sterilized PBS, stained with 0.5% crystal violet for 5 min, and washed with tap water to remove the staining solution, and the size of plaque was captured. The diameter of 25 plaques was measured by Photoshop software (Albecka et al., 2017).



Plaque Morphology Analysis

When the DEF cells grew to 90%, the shRNA interfere plasmids were transfected into the DEF cells. Then, cells were infected with 0.001 MOI DPV. After incubation at 37°C for 2 h, 1% methylcellulose (Solarbio, Beijing, China) was added to cover the cells. At 60 hpi, the cells were observed under a fluorescence microscope (Nikon TI-SR, Japan). Twenty selected green fluorescent plaques were photographed for each virus, and the average plaque size was measured using Image J.



Subcellular Fractionation

HEK 293T cells were transfected with pCAGGS-UL11-3 × Flag or pCAGGS-G2AUL11-3 × Flag. After 24 h post-transfection, cells were washed twice with ice-cold TNE buffer (25 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM EDTA) and lysed with TNE buffer containing 1% Triton X-100 and a protease inhibitor cocktail (Beyotime, CHN). Cell lysates were incubated on ice for 20 min and then were broken by passage through freeze-thaw. After centrifugation at 800 g for 5 min to remove the nuclei, the cell lysates were adjusted to 40% (w/w) sucrose, overlaid with 30 and 5% sucrose in TNE buffer centrifuged at 200,000 g for 16 h. The gradient was fractionated from the top (Fraction No. 1) to bottom (Fraction No. 9) and resuspended in sodium dodecyl sulfate-polyacrylamide gel (Koshizuka et al., 2007).



Immunofluorescence Analysis

Cells grown on coverslips were washed three times with PBS and fixed overnight with 4% paraformaldehyde in PBS at 4°C. For the indirect immunofluorescence analysis (IFA), the fixed cells were permeabilized with 1% Triton X-100 in PBS for 20 min at room temperature and then incubated with blocking buffer (3% bovine serum albumin in PBS) for 1 h at room temperature. Then, the cells were incubated with primary antibodies and Alexa Fluor-conjugated secondary antibodies (at a dilution of 1:1,000) in a blocking buffer for 60 min at room temperature. The samples were examined under a Nikon H550L fluorescence microscope (Yang et al., 2020).



Cholesterol Depletion Assay

Transiently expressing DEF cells were incubated at room temperature in either serum-free DMEM or serum-free DMEM supplemented with 7 mM methyl-β-cyclodextrin (MβCD) (Sigma, United States) to deplete cholesterol. After 30 min of incubation, cells were infected with DPV at an MOI of 1 and incubated for an additional 1 h at 37°C. Afterward, cells were washed with PBS and cultured with 2% NBS DMEM (Dietz et al., 2017).



Electron Microscopy

DEF cells in a 60 mm plate were first transfected with shRNAs, then after 12 h infected with 2 MOI DPV. Furthermore, harvested the cells at 14 h post-infection. After centrifugation at 1,500 rpm for 10 min, the supernatant was discarded. Slowly add 0.5% glutaraldehyde (diluted with PBS 1:6) along the tube wall with a pipette, and let it stay at 4°C for 10 min. Centrifugation was performed at 10,000–13,000 rpm for 10–15 min, and the supernatant was discarded. In addition, slowly added 3% glutaraldehyde fixed solution along the tube wall in the pipette. Lastly, we sent the samples to the LILAI Medical Experimental Center for electron microscopy (LILAI Biotechnology, CHN). The enveloped and membrane attached percentage result is based on the proportion of enveloped virus particles in the total number of enveloped and non-enveloped virus particles.



Cell Viability Detection

The 96 well plate monolayer cells were grown for 24 h and then incubated with different concentrations of drugs for 30 min at room temperature, then washed with PBS for 3 times, and incubated with cell activity detection solution CCK-8 (Boster Biological Technology Co., Ltd., United States) at 37°C for 1–2 h, eventually detected with 450 nm enzyme-labeled instrument (Bio-rad, United States).



Protein Mass Spectrometry

SDS-PAGE was used to separate UL11 IP protein. The products were sent to the PTM BIO (JINGJIE, CHN) stained 200 with Coomassie brilliant blue (Bio-Rad, United States) and then sent to PTM Bio Company (PTM Bio, CHN) for liquid chromatography-tandem mass 1.3. spectrometry Proteome Discoverer Tandem mass (LC-MS/MS) analysis.



Quantitative Reverse Transcription PCR

When the cells are grown for 24 h and then transfected with shRNAs. After transfection for 12 h, the cells were infected with the DPV. The total RNA was isolated from the DPV-infected DEFs, and reverse transcription was performed; an uninfected control was included. The primers were designed with Oligo 7 (Table 1). Quantitative reverse transcription PCR was performed in a 20-μL reaction volume containing 10 μL of SYBR Green mix (Takara, JPN), 1 μL of each primer, 1 μL of cDNA, and 7 μL of RNase-free water. Triplicate experiments were performed to analyze UL21, UL11, UL16, ICP4, ICP22, ICP27, US3, gE, gB, and β-actin gene expression, and the relative transcription levels were calculated using the 2-ΔCt method.


TABLE 1. Sequence and characteristics of qRT-PCR primers.
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Statistical Analysis

All statistical analyses were performed using GraphPad Prism 6.0 software (La Jolla, CA, United States). Unpaired t-test and multiple t-tests were used to determine statistical significance. All experiments were repeated at least three times individually. The data was expressed as the mean and standard error of the mean (SEM). Values of *P < 0.05 were considered statistically significant.




RESULTS


Growth Analysis of UL11 Knockdown Viruses

Viral growth kinetics were detected to investigate whether UL11 protein plays a role in DPV replication. Three shRNA plasmids were transfected into the DEF cells to knock down UL11. First, shRNAs knockdown efficiency was determined through the Western blot. As a result, we found that in the transfection test, the shRNA126 can greatly decrease the expression level of the UL11 compared to the other two shRNAs (Figures 1A,B and Supplementary Figure 1). The DEF cells were transfected with the shRNAneo, 12 h before the cells were infected with DPV at the 0.01 MOI. Twenty-four hours after being infected with DPV, the DEF cells were harvested, and the DPV was titered by the TCID50 assay. Results showed that the production of DPV between the shRNAneo-treated group and the control group did not have statistical significance (Figure 1C), indicating the vector did not affect the replication of the DPV. Subsequently, a slight fluctuation in titers was observed from 24 to 96 hpi. Virus growth was further assessed in a multistep growth kinetics analysis by coculture of infected with non-infected DEF cells (Figure 1D). Virus yields of shRNA126 were decreased at least 10-fold compared to those of the shRNAneo group. Detailed mean value and SD were provided in Table 2. These results suggest that UL11 downregulation impaired DPV growth.


[image: image]

FIGURE 1. DPV growth curve analysis of interfering UL11 in DEF cells. (A) In the transfection condition, DEF cells were transfected UL11 with shRNA37, shRNA126, shRNA218, and shRNAneo, respectively. After 24 h, cells were collected to do Western blot analysis. (B) Quantification of the UL11 downregulation ratio. **P < 0.01; nsP > 0.05. (C) The effect of the shRNAneo on the replication of DPV. nsP > 0.05. (D) Growth curve of the UL11 downregulated mutant. The DPV infection at 0.01 MOI. ****P < 0.0001.



TABLE 2. The mean and SEM value of the growth curve.
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UL11 Is Not Required for the Adsorption and Invasion of Duck Plague Virus

Because the virus adsorption process is mostly related to the envelope proteins of the viruses, UL11 is a membrane-anchored protein and can interact with the envelope glycoprotein E (Han et al., 2011; Yang et al., 2020). The viral adsorption and invasion experiment were conducted to explore whether UL11 is involved in the virus adsorption process and investigate the function of the UL11 protein in the viral life cycle. Viral genome copies between the control and the interfering RNA groups were analyzed through the qPCR test. As shown in Figure 2A, there is no significant difference in the number of virus copies between the two groups. So, UL11 is not required for the adsorption process. Then, the viral invasion process was also be detected (Figure 2B), and the result was the same as the adsorption experiment. There was no difference between the control group and the interfering RNA group. All the results indicated that UL11 is not required for the DPV adsorption and invasion.


[image: image]

FIGURE 2. UL11 in the viral adsorption, invasion, replication, release processes, and cell to cell spread. (A) DEF cells were transfected with shRNA126 and shRNAneo, then inoculated with 1 MOI DPV to undergo the adsorption experiment. The cell samples were collected for virus copy number detection. nsP > 0.05. (B) The shRNA126 and shRNAneo plasmids were transfected into the DEFs, then inoculated with 1 MOI DPV to detect invasion experiment. After incubation for 3 h, the cell samples were collected for virus copy number detection. nsP > 0.05. (C) The shRNA interference plasmid was transfected into the DEFs, and then the cells were incubated with 1 MOI DPV to detect DPV replication. Cells were cultured at 37°C for 6, 7, 8, 9, and 10 h, the cells samples were collected for virus copy number detection. ***P < 0.001; ****P < 0.0001. (D) The shRNA interference plasmids were transfected into the DEFs, then the cells were incubated with 1 MOI DPV to detect DPV egress. The supernatant was collected and tested TCID50 in the culture for 15, 30, 45, and 60 min. nsP > 0.05; *P < 0.05; **P < 0.01. (E) Green fluorescent plaques produced by the shRNA126 and shRNAneo. Statistical analysis of randomly selected viral green fluorescent plaques at the right. Plates were scanned, and plaque diameters were measured in Image J. ****P < 0.0001. (F) Crystal violet assay to test the cell to cell spread. Representative plaques are shown. 25 plaques per sample were measured to quantify the results at the right. Plates were scanned, and plaque diameters were measured in Photoshop. ****P < 0.0001.




UL11 Plays a Key Role in the Viral Replication and Release

A previous study verified that the US3 protein does not affect the production of viral genome copies (Deng et al., 2020). As a kind of herpesvirus tegument protein, whether DPV UL11 influences viral replication remains to be explored. As shown in Figure 2C, when the shRNA126 knocked down UL11, the viral copies number decreased greatly compared to the control group. There were significant differences between the two groups at 7, 8, 9, and 10 h after infection (P < 0.0001) (Figure 2C). Studies have reported that UL11 participated in the viral release process (Baines and Roizman, 1992). The viral release efficiency between the interfering and control groups was detected to investigate whether UL11 participates in the DPV release. Transfected DEF cells were infected with DPV and gathered the 15, 30, 45, 60 min samples after infection. The results showed that when UL11 decreased, the efficiency of the viral release decreased too (Figure 2D). However, the degree of decline is not as obvious as that of viral replication. Thus, the UL11 is important for the viral replication stage in the viral life cycle and slightly affects the release of mature virions.



Effect of the Duck Plague Virus UL11 Protein on Viral Cell-to-Cell Spread

A previous study has reported that UL11 participated in the cell fusion process cooperating with the UL16, UL21, and gE (Han et al., 2012). Nevertheless, the cell transmission ability of the DPV UL11 is unclear. Therefore, a plaque morphology assay was conducted to explore the effect of the DPV UL11 protein on the cell to cell process between adjacent cells. To better assess green fluorescent plaque sizes, randomly selected green fluorescent plaques generated by the two strains were statistically analyzed. As a result, when UL11 was knocked down, the plaque size decreased significantly compared to the control group through the fluorescent plaque area detection. Representative plaques were shown, and the quantitative analysis results are shown below (Figure 2E). There was a significant difference in the size of plaque between the two. Since green fluorescent plaques did not mirror viral plaques, the crystal violet plaque assay was also conducted. By detecting the plaque size of the interfering group and the control group, we found that the interfering group had a smaller plaque size.

In contrast to the shRNA126, plaque sizes for shRNAneo are much bigger. Representative plaques were shown, and the quantitative analysis results are shown below (Figure 2F). There was a significant difference in the size of plaque between the two. Collectively, these data indicated that the DPV UL11 protein influenced the viral cell-to-cell spread process, coinciding with the significant reduction in viral titers caused by the interfered of UL11.



UL11 Protein Participated in the Viral Secondary Envelopment Process

The underlying cause of the growth and release impairment of a UL11 knockdown mutant is based on a defect in the secondary envelopment of virus particles. To visualize possible defects of UL11 on the DPV assembly process, we performed electron microscopy of virus-infected cells at 13 hpi. Enveloped virus particles are capsids with a tegument fully enclosed by a double membrane (envelope and vesicle membrane). Membrane-attached capsids are capsids at the process of secondary envelopment, which was defined as close contact to membranes that wrap around the capsid. Free capsids are those that have no contact with membranes (Dietz et al., 2017). As shown in Figure 3, cells were transfected with shRNA126 showed normal capsid morphogenesis in the nucleus with no obvious accumulation of capsids at the inner lamella of the nuclear membrane. However, the membrane attached virions accumulated in the DPV UL11 protein in the shRNA126 group compared with the shRNA neo and DPV-infected cells group. Also, the release of the virions was reduced. In shRNAneo and DPV, 68 and 69% enveloped virions were found, and only 23 and 19% were found membrane-attached, respectively (Table 3). However, virions in the shRNA126 group enveloped virions (34.3%) and membrane-attached (55.2%) were significantly different compared to the control, with a nearly 2-fold increase in membrane-attached virions (Table 3). The result indicated that the DPV UL11 protein affected virion secondary envelopment, impaired virions maturation.
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FIGURE 3. Electron microscopy analysis of DPV, shRNA126, and shRNAneo. (A) Electron micrographs of a DEF cell for the UL11 interfering group shRNA126. (B) Higher magnifications with close-ups of selected areas show incompletely enveloped particles for shRNA126. (C) Electron micrographs of a DEF cell for the shRNAneo group. (D) Higher magnifications with close-ups of selected areas show fully enveloped particles for shRNAneo. (E) Electron micrographs of a DEF cell for the DPV group. (F) Higher magnifications with close-ups of selected areas show fully enveloped particles for DPV. The orange triangle indicates the viral particles with complete envelopes, and the green triangle indicates the viral particles with membrane-attached.



TABLE 3. Ultrastructural quantification of secondary envelopment stages of DPV particles in vACs of infected DEF at 12 h post-infection.
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UL11 Knockdown Can Reduce the mRNA Level of Viral Genes

With the above results, the reduced expression of the UL11 could affect the viral replication. The ICP22 (Fraser and Rice, 2007; Li et al., 2020), ICP27 (Tang et al., 2019), and ICP4 (Frasson et al., 2021) are immediate early genes, and UL11 (Yang et al., 2021), UL16 (Oshima et al., 1998; He et al., 2012), UL21 (Yang et al., 2020), gE (Po’ka et al., 2017) and gB (Ramachandran et al., 2010) are late genes, and the US3 (Labiuk et al., 2010) is an early gene. Nevertheless, how DPV UL11 takes part in the viral replication process, we still do not know. DEF cells were transfected with shRNA126 and then infected with 1 MOI DPV, and the transcription level of the UL11 was decreased a lot through the qRT-PCR. As shown in Figure 4A, the transcription level of the UL11, UL16, UL21, ICP4, ICP22, ICP27, US3, and gE decreased significantly, but gB did not change. The protein expression level of the proteins was also be analyzed through the Western blot (Supplementary Figure 2). Some genes’ mRNA levels may be decreased obviously, while the protein level has not changed much. Quantification of the protein level did not show significant change except UL11 and UL21 through grayscale value (Figure 4B). Thus, downregulation of UL11 can inhibit the UL16, UL21, ICP4, ICP22, ICP27, US3, and gE mRNA levels.


[image: image]

FIGURE 4. Effect on the other viral genes when downregulated the UL11. (A) mRNA level of UL11, UL16, UL21, gE, ICP22, ICP27, ICP4, US3, and gB. Transfected the shRNA126 into the DEF cells and then infected the cells with 1MOI DPV. After 24 h, the DEF cells were harvested and did the qRT-PCR. nsP > 0.05; ***P < 0.001; ****P < 0.0001. (B) Protein expression levels of UL11, UL16, UL21, gE, ICP22, ICP27, US3, and gB when interfering with the UL11 gene. Transfected the shRNA126 into the DEF cells and then infected the cells with 1MOI DPV. After 24 h, the DEF cells were harvested and did the Western blot to undergo grayscale value. nsP > 0.05; *P < 0.05.




UL11 Can Interact With the Lipid Raft and Depends on the Second Glycine

UL11 is a membrane-anchored protein. To determine whether UL11 associates with lipid raft, protein mass spectrometry detection was conducted. Surprisingly, protein mass spectrometry identified that UL11 could interact with the lipid raft marker prohibition (Table 4). UL11 was transfected into HEK 393T cells and analyzed by confocal microscopy and sucrose gradient fractionation 48 h post-transfection. Wild type UL11 located at the plasma membrane by microscopy. Lipid raft was located at the plasma membrane through co-localization analysis and partially co-localized with the plasma membrane located wild-type UL11 (Figure 5A).


TABLE 4. Mass spectrometric results of lipid raft protein in DEF interact with UL11 protein.
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FIGURE 5. UL11 can interact with the lipid raft marker, flotillin-1, and prohibition. (A) DEF cells were transfected with EGFP-N1-UL11 for 24 h, then cells were fixed and did the Immunofluorescence analysis. The primary antibody is an anti-FLOT-1 monoclonal antibody, and the secondary antibody is Alexa Fluor 594 Goat anti-Rabbit IgG. The nuclei were stained with DAPI. (B) The co-immunoprecipitation between the UL11 and PHB. HEK 293T cells were transfected with UL11 and pCAGGS for 24 h. Then the samples were collected to do the co-immunoprecipitation. (C) As described in materials and methods, HEK 293T cells were transfected with UL11 and collected 48 h post-transfection. After removed of cell nuclei, cell lysates were subjected to sucrose-gradient centrifugation. Fractions were collected from the top of the tube. Proteins in each fraction were separated by SDS-PAGE and analyzed by Western blotting. (D) As described in Materials and methods, HEK 293T cells were transfected with UL11G2A and fractionated at 48 h post-transfection. After removed of cell nuclei, cell lysates were subjected to sucrose-gradient centrifugation. Fractions were collected from the top of the tube. Proteins in each fraction were separated by SDS-PAGE and analyzed by Western blotting.


The samples were detected by co-immunoprecipitation assay further to verify the relationship between the UL11 and lipid raft. The result showed that the UL11 pulled down the prohibition. Also, the prohibition could precipitate the UL11 (Figure 5B). Previously we determined that UL11G2A is important for the Golgi-apparatus and membrane localization (Yang et al., 2021). So the relationship between the G2A and lipid raft is worth exploring. DPV UL11 and UL11G2A were transfected into HEK 293T cells to undergo a sucrose gradient fractionations experiment. The solution was divided into 9 fractions. Furthermore, the samples were separated by SDS-PAGE and analyzed by Western blotting using anti-Flag and anti-FLOT1. As shown in Figures 5C,D, fractions contained FLOT-1 and PHB layers, UL11 also contained. In contrast, UL11G2A cannot be detected in the lipid raft fractions (Figures 5C,D). Hence, UL11 could interact with the lipid raft, which depends on the second glycine of the UL11.



Effect of the Lipid Raft on Release and Spread

Lipid raft is a key component in viral infection. To determine the function of the lipid raft in the viral life cycle and the correlation with UL11, we did a drug experiment. Methyl-β-cyclodextrin (MβCD) is a well-known drug that depletes the lipid raft’s key composition cholesterol (Bender et al., 2003). As shown in Figure 6A, when treated DEF cells with 10 mM MβCD, the cell viability was impaired. So we chose 7 mM MβCD to treat the DEF cells. Because UL11 affected the viral cell to cell spread and release, whether lipid raft performed a similar function need to be determined. As Figure 6B, depleting the MβCD leads to the DPV release process being inhibited. So the lipid raft can take part in the viral life cycle of the release process. The lipid raft in the cell to cell spread process also is detected. As a result, the efficiency of the viral spread was decreased significantly, and the representative plaques were shown (Figure 6C) through crystal violet assay. Statistical analysis on the size of the plaques (Figure 6D) was analyzed. Similar to the viral release results, the viral cell to cell spread was also inhibited when depleted the cholesterol of the lipid raft consistent with the UL11. Thus, lipid raft is important for the viral release and cell transmission processes as the UL11.
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FIGURE 6. Lipid rafts take part in the DPV cell to cell spread and release processes. (A) Cell viability of adding MβCD. 1, 3, 5, 7, and 10 mM of MβCD was set, then the cell activity was detected. Moreover, 3 replicates were averaged. **P < 0.01. (B) MβCD was then diluted to a final concentration of 7 mM, a concentration that does not affect cells, and 1MOI DPV viruses were allowed to infect DEF cells. After incubation for 18 h at 37°C, the cell growth medium was replaced by a cell maintaining medium. The supernatant and cytoplasm were collected as samples, respectively, and the supernatant was put into 37°C for further culture. The supernatant and cytoplasm were collected and tested TCID50 separately in the culture for 15 and 30 min. The results presented are representative of three independent experiments. nsP > 0.05; *P < 0.05; ***P < 0.001; ****P < 0.0001. (C) MβCD was then diluted to a final concentration of 7 mM and different 10 x dilution gradient DPV were allowed to infect DEF cells for 5–6 days. After fixing, cells were stained with crystal violet. ****P < 0.0001. (D) Plates were scanned, and plaque diameters were measured in Adobe Photoshop. Data show plaque sizes on 25 plaques. ****P < 0.0001.


In summary, in this study, we found that the DPV UL11 protein played a pivotal role in the viral life cycle by regulating viral cell-to-cell spread and secondary envelopment. UL11 can associate with the lipid raft, and the lipid raft is important for the DPV cell transmission and release. We hope that this study provides basic information about the DPV UL11 protein and a foundation for UL11 function research and DPV prevention and control.




DISCUSSION

Previous studies have reported that UL11 is non-essential for replication of HSV-1 (Baines and Roizman, 1992), PRV (Kopp et al., 2003), but the EHV-1 study showed that ORF51 encoding protein UL11 is an essential gene (Badr et al., 2018). In DPV, although transfection of cultured cells with UL11 deletion mutant BAC was successful, no CPE occurred, and no progeny viruses were recovered. These results suggested that the UL11 protein is essential for DPV replication in cultured cells, consistent with the EHV-1 (Badr et al., 2018). Our study cannot rescue the deletion mutant of the UL11, suggesting that UL11 is an essential gene, but we did not have the UL11 constitutively expressing cell line to determine.

The viral replication cycle includes adsorption, invasion, viral nucleic acid replication, cell to cell spread, assembly of nucleocapsids, maturation, and virus release (Owen et al., 2015). Virus adsorption is the first step of viruses infecting cells. For herpesviruses, in the early stage of infection, viral envelope glycoproteins adsorbed on the specific receptor on the cell surface, adsorbed virus particles swelled, the viral envelope fuse with the cell membrane, the plasma membrane at the adsorption site thickens, and the electron density increases. After the herpesvirus enters the cell and begins to shell, the virus particles disappear and enter the hidden period of virus infection. This covert phase is the most important stage in the process of viral proliferation. At this time, the genetic information of the virus is transmitted to the cells. Under the control of the virus genetic information, the cells synthesize various components of the herpesviruses and the required enzymes (Kobty, 2015). The newly synthesized viral components gradually mature and assemble into complete virus particles in infected cells. The maturation of herpesvirus particles needs to go through the process of the primary envelopment, de-envelopment, and secondary envelopment; that is, the virus undergo DNA replication in the nucleus, transcribes virus, assembles and encapsulates nucleocapsid, and then the nucleocapsid formed in the nucleus interacts with the inner layer of the nuclear envelope to obtain an outer membrane, which mediates the viruses to release from the nucleus in the way of budding. UL11 has multiple functions, which involve facilitating nucleocapsid envelopment and viral particles egress from the cells in HSV-1 (Baines and Roizman, 1992).

Also, HSV-1 gM, and UL11 are required for virus-induced cell fusion and efficient virus entry (Kim et al., 2013). In addition to this, EHV-1 UL11 participated in the cell to cell spread process and promoted cell to cell spread (Schimmer and Neubauer, 2003). In PRV, secondary envelopment can be affected by UL11 and gM. When constructing the UL11 and gM deletion strain, huge intracytoplasmic inclusions were observed. Plaque formation was virtually abolished by the simultaneous absence of UL11 and gM, and one-step growth was significantly reduced (Kopp et al., 2004). Thus, UL11 plays a key role in the viral replication cycle. Our study found that UL11 can participate in the replication, cell to cell spread, and egress processes.

Lipid raft is participated in the viral replication cycle, serving as a viral entry site, function for virion assembly, and acting as a scaffold for viral budding from infected cells (Lu et al., 2008; Rossman and Lamb, 2011). Also, in the Influenza virus, the hemagglutinin concentrates in lipid raft microdomains lead to efficient viral fusion (Takeda et al., 2003). Lipid rafts also harbor specific proteins, with stomatin, prohibitin, flotillin, and HflK/C (SPFH) domain proteins (alternatively termed stomatin-domain proteins) being found in lipid rafts in various cellular membranes (Yokoyama and Matsui, 2020). In HSV-1, gB may interact with a cellular molecule associated with lipid raft to mediate entry (Bender et al., 2003). HSV-2 UL56, a virion-host shutoff protein, VP16, and HSV-1 gH, can be associated with lipid raft in infected cells (Koshizuka et al., 2002). In PRV infected cells, gB, gC, gD, and gE can interact with the lipid raft (Favoreel et al., 2004). Our results demonstrate that UL11 is also associated with lipid raft microdomains. We used flotillin-1 as the lipid raft marker, suggesting that lipid raft may also play a role in the process of secondary envelopment. The relationship between the UL11 and other lipid raft-associated proteins will be further investigated in the future.

Not clear is why does UL11 traffic to the plasma membrane and DRMs? Some studies showed there are three possibilities. First, there might not be any function for UL11 on the plasma membrane. A recovery mechanism may be needed to solve how this protein returns to the budding site whenever it leaves the cell periphery. The problem with this model is that it does not explain why UL11 contains two recycling motifs (Loomis et al., 2001), only one of which is needed for packaging (Loomis et al., 2006). Because it is similar to the Nef protein (mentioned above) (Pereira and daSilva, 2016), a second model emerges is that UL11 travels to the plasma membrane and back to internal membranes for one or more specific purposes (e.g., to downregulate a host protein, to acquire a modification, or to bring another protein to the site of budding), which could be the sole purpose of UL11, or it could be formed as a bridge connecting capsids and membranes. The third is that UL11 travels to the plasma membrane to promote the cell-to-cell spread, either by enabling the egress of vesicle-enclosed virions to the cell surface or by promoting a direct interaction of the capsid (via UL16) with the plasma membrane (Chadha et al., 2012). The third one may be true in our study in DPV because DPV UL11 can interact with the prohibition. Our study showed that prohibitin contributes to the cell-to-cell transmission of HSV-1 via the MAPK/ERK signaling pathway (Watanabe et al., 2021), and UL11 can interact with gE, so maybe UL11 also take part in the cell to cell transmission process.

In summary, this study found that the DPV UL11 is a key participant in the viral life cycle by regulating the viral replication, viral assembly, cell to cell spread, and release processes. However, UL11 does not take part in the adsorption and invasion processes. Through an electron microscope experiment, we found that UL11 could affect the secondary envelopment of the DPV. Moreover, UL11 interacts with the lipid raft, which depends on the second glycine of the UL11. Lipid raft plays a key role in the viral cell to cell transmission and release processes that may lay the base for the relationship between UL11 and lipid raft in the cell transmission and release processes.
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