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Chicken IFI6 inhibits avian reovirus replication and affects related innate immune signaling pathways
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Interferon-alpha inducible protein 6 (IFI6) is an important interferon-stimulated gene. To date, research on IFI6 has mainly focused on human malignant tumors, virus-related diseases and autoimmune diseases. Previous studies have shown that IFI6 plays an important role in antiviral, antiapoptotic and tumor-promoting cellular functions, but few studies have focused on the structure or function of avian IFI6. Avian reovirus (ARV) is an important virus that can exert immunosuppressive effects on poultry. Preliminary studies have shown that IFI6 expression is upregulated in various tissues and organs of specific-pathogen-free chickens infected with ARV, suggesting that IFI6 plays an important role in ARV infection. To analyze the function of avian IFI6, particularly in ARV infection, the chicken IFI6 gene was cloned, a bioinformatics analysis was conducted, and the roles of IFI6 in ARV replication and the innate immune response were investigated after the overexpression or knockdown of IFI6 in vitro. The results indicated that the molecular weight of the chicken IFI6 protein was approximately 11 kDa and that its structure was similar to that of the human IFI27L1 protein. A phylogenetic tree analysis of the IFI6 amino acid sequence revealed that the evolution of mammals and birds was clearly divided into two branches. The evolutionary history and homology of chickens are similar to those of other birds. Avian IFI6 localized to the cytoplasm and was abundantly expressed in the chicken lung, intestine, pancreas, liver, spleen, glandular stomach, thymus, bursa of Fabricius and trachea. Further studies demonstrated that IFI6 overexpression in DF-1 cells inhibited ARV replication and that the inhibition of IFI6 expression promoted ARV replication. After ARV infection, IFI6 modulated the expression of various innate immunity-related factors. Notably, the expression patterns of MAVS and IFI6 were similar, and the expression patterns of IRF1 and IFN-β were opposite to those of IFI6. The results of this study further advance the research on avian IFI6 and provide a theoretical basis for further research on the role of IFI6 in avian virus infection and innate immunity.
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Introduction

Innate immunity is the body’s first line of immune defense against pathogen invasion. After infection of a host, a virus is sensed by pattern recognition receptors, and this sensing triggers a series of intracellular signaling pathways and induces the expression and secretion of a variety of cytokines, such as proinflammatory factors, chemokines, and interferons (IFNs) (Ivashkiv and Donlin, 2014). As important cytokines, IFNs mediate an antiviral response and play an extremely important role in innate immunity (William et al., 2014). IFNs themselves exert no antiviral effects; in contrast, IFNs induce antiviral activity by inducing the expression of a variety of interferon-stimulated genes (ISGs) (Borden et al., 2007). Therefore, in-depth research on the expression of ISGs and their mechanisms of action is expected to increase the understanding of host antiviral immune responses and suggest distinct drug targets in the treatment of specific infectious diseases (Ivashkiv and Donlin, 2014). Hundreds of ISGs have been identified thus far, and these play important roles in host antiviral infection responses, including immune system regulation. The gene encoding interferon-alpha inducible protein 6 (IFI6), which is also known as G1P3 and IFI6-16, is an important ISG. IFI6 expression can be upregulated by type I IFNs and belongs to the FAM14 family (Parker and Porter, 2004; Cheriyath et al., 2011). IFI6 is found only in eukaryotes. Studies have shown that human IFI6 is located on chromosome 1 and comprises 812 bp that encode 130 amino acids with a molecular weight of approximately 13 kDa. The protein structure of IFI6 is sequentially composed of signal peptides in the N-terminus, a hydrophilic region, a transmembrane region, a connecting region, a transmembrane region, and a hydrophilic region (Cheriyath et al., 2011). The structure and function of human IFI6 are clearly understood, and studies have shown that IFI6 plays an important role in a variety of human diseases. In recent years, several studies have shown that IFI6 is associated with a variety of malignant diseases; notably, IFI6 is highly expressed in various malignant tumors, virus-related diseases and autoimmune diseases (Tahara et al., 2005; Cheriyath et al., 2007). Further research has revealed that IFI6 plays an important role in many processes, such as antiviral, antiapoptotic and tumor-promoting activities. For example, IFI6 is highly expressed in gastric cancer cell lines and tissues, is enriched mainly in the inner mitochondrial membrane, colocalizes with cytochrome c in mitochondria, and can inhibit caspase-3 activity by inhibiting mitochondrial membrane depolarization and the release of cytochrome c, which results in the inhibition of apoptosis (Tahara et al., 2005). Other studies have found that the expression of IFI6 is significantly elevated in esophageal squamous cell carcinoma (ESCC) patients and ESCC cell lines cultured in vitro. Further in-depth studies have revealed that high expression of IFI6 in ESCC cells exerts an oncogenic effect and that the knockdown of IFI6 expression increases the accumulation of reactive oxygen species, which leads to inhibition of the proliferation of cancer cells and induction of apoptosis (Liu et al., 2020). In terms of its antiviral activity, IFI6 confers protection to uninfected cells by blocking yellow fever virus-, West Nile virus-, dengue virus- and Zika virus-induced endoplasmic reticulum membrane invagination; i.e., IFI6 interacts with Bip, which is a companion to endoplasmic reticulum heat shock protein 70 encoded by HSPA5, to prevent virus-induced endoplasmic reticulum membrane invagination and protect uninfected cells and thereby achieves antiviral effects (Richardson et al., 2018). Studies of influenza A virus, severe acute respiratory syndrome coronavirus 2, and Sendai virus found that IFI6 negatively regulates the innate immune response induced by these viruses by affecting RIG-1 activation (Villamayor et al., 2023). However, little is known about the role of avian IFI6 in avian diseases; therefore, the structure and function of avian IFI6 are worth exploring.

Avian reovirus (ARV), which is a double-stranded RNA virus that exists widely in nature and can infect chickens, ducks, geese, turkeys and other birds, has been detected in some wild birds (Olson, 1959; van der Heide, 2000; Zhang et al., 2019). ARV infection can cause viral arthritis/tenosynovitis, short stature syndrome, and malabsorption syndrome (Czekaj et al., 2018). In addition, ARV infection can lead to immunosuppression, causing cell damage in various immune-related organs, such as the bursa of Fabricius, thymus, and spleen of chickens (Sharma et al., 1994). ARV infection makes the host more susceptible to infection with other pathogens, resulting in increased mortality due to coinfection and posing serious threats to healthy poultry development and to the poultry industry (Roessler and Rosenberger, 1989). Innate immunity plays an important role in host defense against ARV infection, and considerable research has investigated ARV and the innate immunity of hosts. Studies have found that ARV infection activates the expression of many innate immune response-related factors in a host. ARV S1133 infection in specific-pathogen-free chickens can induce changes in the expression of various innate immunity-related factors, including IFN-α, IFN-β, IFN-γ, IL-6, IL-17, IL-18, MX, IFITM3, PKR, OAS, IFIT5, ISG12, VIPERIN, and IFI6, in chicken peripheral blood lymphocytes and joints (Xie et al., 2019; Wang et al., 2021, 2022). In addition, many studies have aimed to understand the intracellular molecular mechanisms underlying the effects of ARV infection. The host protein NME2 affects the replication of ARV in chicken embryo fibroblasts (CEFs) by binding to the structural ARV protein σA (Xie et al., 2021); ARV induces apoptosis by activating UPR-related signaling pathways through ATF6 (Zhang et al., 2021); and in CEFs, ARV induces IFN production through caspases (Lostale-Seijo et al., 2016).

In this study, we cloned the chicken IFI6 gene, performed bioinformatics analysis and subcellular localization assays of IFI6, determined the expression distribution of IFI6 in different chicken tissues, and investigated the effect of IFI6 on ARV replication and the expression of innate immunity signaling pathway-related factors after IFI6 overexpression and knockdown. The results of the study increase the understanding of the function of avian IFI6 and provide a theoretical basis for further studies on the pathogenic mechanism of the effects of ARV and for developing specific drugs to fight ARV infection.



Materials and methods


Ethics statement

All research and regulatory licenses were approved by the Animal Protection and Experiment Ethics Committee of Guangxi Veterinary Research Institute (approval number: 2019C0407).



Chicken, cells, and virus

Specific-pathogen-free Bai Laihang chicken embryos were purchased from Merial Vital Laboratory Animal Technology Co., Ltd. (Beijing, China), and hatched using an automatic incubator. After hatching, the chicks were transferred to a specific-pathogen-free chicken incubator for rearing. Three 14-day-old specific-pathogen-free chickens that exhibited good growth were selected, and specimens from 15 tissues were collected: heart, liver, lung, bursa of Fabricius, thymus, spleen, intestine, glandular stomach, gizzard, muscle, trachea, brain, kidney, joint and pancreas. The specimens were snap frozen in liquid nitrogen and stored at −70°C. The virus strain ARV S1133 used in this study was purchased from the China Academy of Veterinary Drug Inspection (Beijing, China). DF-1 cells were cultured in Dulbecco’s modified Eagle’s medium: nutrient mixture F-12 (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco), 100 μg/mL streptomycin sulfate and 100 U/mL penicillin sodium (Beyotime Biotechnology, China).



Cloning and bioinformatics analysis of the IFI6 gene

The gene and amino acid sequences of IFI6 were downloaded from the National Center for Biotechnology Information (NCBI) database. Sequence alignment was performed, and primers (IFI6-U and IFI6-D) were designed (Table 1). The avian IFI6 gene was cloned using cDNA obtained by reverse transcription of mRNA extracted from DF-1 cells and used as the template. DNAStar, MEGA software and the online tools GOR41 and SWISS-MODEL2 were used to perform the sequence alignment, phylogenetic tree construction, homology analysis, and secondary and tertiary structure prediction analysis based on the IFI6 gene sequence.


TABLE 1    Primers used in this study.
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Plasmid construction and transfection

IFI 6-U and IFI6-D primers were designed using the pEF1α-Myc and IFI6 gene sequences (Table 1). The IFI6 gene was cloned and inserted into a pEF1α-Myc plasmid, and its accurate insertion was confirmed by RayBiotech (Guangzhou, China). Then, 2 μg of the correctly sequenced plasmid was transfected into 1 × 106 DF-1 cells using a Lipofectamine™ 3000 Transfection Kit (Thermo Scientific, USA), and protein from DF-1 cells transfected with the pEF1α-Myc plasmid was used as the blank control. The overexpression of IFI6 was verified by Western blotting 48 h after transfection.



RNA interference

Using the chicken IFI6 gene sequence, three specific short interfering RNAs (siRNAs) (si54, si156, and si274) and siRNAs directed to an unrelated molecule, siNC, were designed and synthesized by Suzhou GenePharma Co., Ltd. The siRNA sequences are shown in Table 2. Lipofectamine™ RNAiMAX Reagent (Thermo Scientific) was used for the transfection of 30 pmol of si54, si156, and si274 into DF-1 cells to inhibit IFI6 expression. Using siNC-transfected DF-1 cells as the control cells, we performed real-time fluorescence quantitative PCR to identify the siRNA that exerted the greatest inhibitory effect 24 h after transfection.


TABLE 2    Short interfering RNA (siRNA) sequences targeting the IFI6 gene.
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RNA extraction and real-time fluorescence quantitative PCR

Total RNA was extracted from cells and chicken tissue specimens using a Thermo Scientific GeneJET RNA Purification Kit (Thermo Scientific), and cDNA was synthesized by reverse transcription. The relative expression levels of IFI6, GAPDH, MAVS, IRF1, IRF7, STING, TBK1, NF-κB, MDA5, LGP2, IFN-α, IFN-β, and IFN-γ were quantified by real-time fluorescence quantitative PCR with specific primers as previously reported (He et al., 2016). Real-time fluorescent quantitative PCRs were performed in 96-well plates using PowerUp SYBR Green Master Mix (Thermo Scientific). The reaction conditions were as follows: 94°C for 2 min and 40 cycles of 94°C for 15 s, and 60°C for 30 s. Using the GAPDH housekeeping gene as the reference, the expression levels of target genes were normalized, and the relative expression levels of the genes were calculated using the 2–ΔΔCT method.



Protein extraction and western blotting

Forty-eight hours after transfection, the culture medium was discarded, and the cells were washed three times with 1 × PBS and then lysed in lysis buffer (Beyotime Biotechnology) on ice for 30 min. After lysis, the cell supernatant was obtained by centrifugation at 4°C and processed for use in SDS-PAGE. After electrophoresis, the protein was transferred to a polyvinylidene fluoride membrane, and the membrane was incubated with Western blot blocking solution for 6 h. The membranes were incubated with diluted mouse anti-Myc monoclonal antibody (Abcam, UK) and β-actin monoclonal antibody (Abcam) at 37°C for 2 h, and the membrane was then washed 3 times (10 min each time) with 1 × TBST buffer (Beyotime Biotechnology), incubated with HRP-labeled IgG (Beyotime Biotechnology) at 37°C for 1 h and washed 3 times with 1 × TBST buffer (Beyotime Biotechnology). Photographs were taken after color development using a 3,3′-diaminobenzidine (DAB) horseradish peroxidase color development kit (Beyotime Biotechnology).



Confocal microscopy analysis of the subcellular localization of target proteins

The cells were cultured in a special dish designed for use in laser confocal microscopy. Forty-eight hours after transfection, the culture medium was discarded, and the cells were fixed with a 4% tissue cell fixative solution for 10 min, permeabilized with 0.1% Triton X-100 (Beyotime Biotechnology) for 15 min, and blocked with 5% bovine serum albumin (Beyotime Biotechnology) for 1 h. The cells were then incubated with diluted mouse anti-Myc monoclonal antibody (Abcam) at 37°C for 2 h, washed three times (5 min each) with 1 × TBST buffer (Beyotime Biotechnology) and incubated with Alexa Fluor 488-labeled goat anti-mouse IgG (H + L) cross-adsorbed secondary antibody (Invitrogen, USA) for 1 h at 37°C. After three washes with 1 × TBST buffer (Beyotime Biotechnology), DAPI (Beyotime Biotechnology) was added to stain the nuclei. The stain was discarded after 10 min, and the cells were washed 3 times (5 min each time) with 1 × PBS buffer (Beyotime Biotechnology). Subsequently, an appropriate amount of 1 × PBS buffer (Beyotime Biotechnology) was added to the cells, and the cells were then observed and photographed using a laser confocal microscope at 63 × magnification and excitation wavelengths of 405 nm and 488 nm.



Statistical analysis

All data represent the results from at least three independent experiments. Statistical analyses were performed by t-test with GraphPad Prism 5.0 software. The results are presented as follows: * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and **** indicates P < 0.0001.




Results


Cloning and bioinformatics analysis of IFI6

The IFI6 gene was amplified using cDNA reverse transcribed from mRNA extracted from DF-1 cells as a template and the primers IFI6-U and IFI6-R (Figure 1). The sequence was uploaded to the NCBI-Blast online website for alignment. The cloned sequence was confirmed to be the full-length sequence encoded by the IFI6 gene of Gallus gallus located on chicken chromosome 2, and its coding DNA sequence (CDS) consisted of 324 bases encoding a total of 107 amino acids.


[image: image]

FIGURE 1
Cloning of the IFI6 gene. Lane 1: DL2000 DNA marker; lane 2: PCR amplification product. The red arrow indicates the amplified IFI6 fragment, which is 324 bp.


Using DNAStar software, sequence homology analysis was performed with the full-length cloned sequence of the chicken IFI6 gene coding region and corresponding sequences from other species (Table 3). The similarity of the cloned sequence with the corresponding sequences of Merops nubicus and Taeniopygia guttata birds was generally higher than the similarity of the cloned sequence with the corresponding sequences of mammals.


TABLE 3    Sequence homology of the coding region of the IFI6 gene in different species.
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The primary structure analysis of the chicken IFI6 protein showed that the polypeptide chain encoded by the gene consisted of 107 amino acids and had a molecular weight of approximately 10.18 kDa (Figure 2A). GOR4 was used to predict the secondary structure of the IFI6 protein (Figure 2B): alpha helices, 23.36%; extended strands, 10.28%; beta turns, 19.63%; and random coils, 46.73%. The specific distribution is shown in Figure 2C, where blue represents alpha helices, purple represents random coils, red represents extended strands, and green represents beta turns.
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FIGURE 2
Structural prediction of the IFI6 protein. Primary structure showing the polypeptide chain encoded by the gene consisting of 107 amino acids (A). Secondary structure (B). Amino acid sequence analysis (blue represents alpha helices, purple represents random coils, red represents extended strands, and green represents beta turns) (C). Prediction of the three-dimensional structural model of the IFI6 protein: backbone structure (D), ribbon structure (E), and spherical structure (F). The global model quality estimation (GMQE) score for the predicted IFI6 protein structure and interferon alpha-inducible protein 27-like protein 1 (IFI27L1) structure was 0.30 and the coverage was 51%.


SWISS-MODEL was used to construct a three-dimensional structural model of the amino acid sequence of the IFI6 protein (Figures 2D–F). The global model quality estimation (GMQE) score for the predicted IFI6 protein structure and interferon alpha-inducible protein 27-like protein 1 (IFI27L1) structure was 0.30 and the coverage rate was 51%.

National Center for Biotechnology Information, DNAStar and other software packages were used to analyze the homology between the amino acid sequence encoded by the chicken IFI6 gene and the corresponding amino acid sequences in other species. The homology of the amino acid sequences of chicken IFI6 with that of Homo sapiens, Bos taurus, Ornithorhynchus anatinus, Ovis aries, Canis lupus familiaris, Sus scrofa, M. nubicus, and T. guttata IFI6 was 29.6, 26.8, 21.8, 26.1, 26.8, 26.1, 67.6, and 83.1%, respectively.

After multiple alignment of the amino acid sequences of the abovementioned species, a phylogenetic tree of the IFI6 amino acid sequence was constructed using MEGA software with the neighbor-joining (NJ) method and 1000 bootstrap replicates. The results are shown in Figure 3. Mammals and birds were clearly clustered in their respective categories, and O. anatinus was positioned between the two branches but closer to the mammalian branch.


[image: image]

FIGURE 3
Evolutionary analysis of the amino acid sequence of IFI6 among different species. A phylogenetic tree was constructed using the neighbor-joining (NJ) method with MEGA software. The scale bars represent the branch lengths, and bootstrap confidence values are displayed at the nodes of the tree.




Subcellular localization

Alexa Fluor 488 (green)-labeled goat anti-mouse IgG (H + L) cross-adsorbed secondary antibody (Invitrogen) was used to label the IFI6 protein. Nuclei were stained with DAPI (blue) (Beyotime Biotechnology). The subcellular localization of the IFI6 protein was observed by laser confocal microscopy, and the results are shown in Figure 4. DF-1 cells transfected with a pEF1α-Myc-IFI6 plasmid emitted green fluorescence throughout the cytoplasm, indicating that the IFI6 protein localized to the cytoplasm. After receiving the same treatment, DF-1 cells transfected with an empty plasmid, pEF1α-Myc, emitted no fluorescence.
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FIGURE 4
Subcellular localization of the IFI6 protein (63 × magnification). DF-1 cells were transfected with pEF1α-Myc-IFI6 or pEF1α-Myc. Forty-eight hours after transfection, the cells were incubated with a mouse anti-Myc monoclonal antibody for 2 h and then incubated with an Alexa Fluor 488 (green)-labeled goat anti-mouse IgG (H + L) cross-adsorbed secondary antibody for 1 h. Nuclei were stained with DAPI (blue), and the fluorescence intensity was detected by confocal microscopy and used to assess the location of expressed IFI6.




Distribution of IFI6 in different chicken tissues

Real-time fluorescence quantitative PCR was used to detect the distribution of IFI6 in different tissues of 14-day-old specific-pathogen-free chickens. The highest expression of IFI6 was found in the lung, followed by the intestine, pancreas, liver, spleen, glandular stomach, thymus, bursa of Fabricius and trachea; a weak signal was detected in the heart, kidney, brain, gizzard and joints; and the lowest signal was detected in muscle (Figure 5).
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FIGURE 5
Expression analysis of chicken IFI6 in various tissues. Real-time fluorescence quantitative PCR was used to measure the IFI6 mRNA levels in the heart, liver, lung, bursa of Fabricius, thymus, spleen, glandular stomach, gizzard, muscle, trachea, brain, kidney, joint and pancreas of 14-day-old specific-pathogen-free chickens.




High expression of IFI6 reduced ARV replication

To examine the effect of IFI6 on ARV replication, the pEF1α-Myc-IFI6 plasmid was transfected into DF-1 cells, and the cells were then infected with ARV. Twenty-four hours after infection, the expression of the target protein was verified by Western blotting and real-time fluorescence quantitative PCR. Due to the lack of an IFI6 monoclonal antibody, anti-Myc monoclonal antibody tags fused to the N-terminus of IFI6 were used to detect the expression of the target proteins. IFI6 protein expression (approximately 11 kDa) was confirmed in the cells transfected with pEF1α-Myc-IFI6, and target protein expression was not detected in the cells transfected with the empty vector (Vec) (Figure 6A). Real-time fluorescence quantitative PCR was used to measure the relative expression of IFI6 24 h after infection, and the expression level was found to be increased by approximately 196-fold in the experimental group compared with the control group (Figure 6B). As shown in Figure 6C, the viral load, which is represented by the σC gene level of ARV as measured by real-time fluorescence quantitative PCR, was significantly decreased after infection (P < 0.0001). In addition, the supernatant of the cells transfected with pEF1α-Myc-IFI6 showed a lower virus level than that of the control group cells, as determined by a viral titer assay (Figure 6D). Although viral proliferation was observed, the overexpression of IFI6 significantly inhibited ARV replication compared with that observed in control cells.
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FIGURE 6
Interferon-alpha inducible protein 6 (IFI6) impedes ARV replication in DF-1 cells. DF-1 cells were transfected with pEF1α-Myc-IFI6 or pEF1α-Myc (Vec). High IFI6 expression in DF-1 cells was confirmed by Western blotting (A) and real-time fluorescence quantitative PCR (B). DF-1 cells were transfected with pEF1α-Myc-IFI6 or pEF1α-Myc (Vec) and then infected with ARV at a multiplicity of infection (MOI) of 1. The number of virions was assessed by real-time fluorescence quantitative PCR (C), and the viral titer (D) was measured 24 h after infection. DF-1 cells were transfected with IFI6-targeting short interfering RNA (siRNA) and untargeted control siRNA (siNC), and the interference efficiencies of the three siRNAs were determined by real-time fluorescence quantitative PCR and compared (E). DF-1 cells were transfected with si274 or siNC and then infected with ARV at an MOI of 1; the number of virions was assessed by real-time fluorescence quantitative PCR (F), and the virus titer (G) was measured 24 h after infection. The data are presented as the means ± standard deviations of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.


Therefore, we hypothesized that IFI6 negatively regulates ARV replication and that the inhibition of IFI6 expression promotes ARV replication. Three different siRNAs were used to downregulate IFI6 expression, and of these, si274 exhibited the greatest inhibitory effect (Figure 6E). Therefore, si274 was transfected into DF-1 cells, and the cells were then infected with ARV. Both the RNA and virus titers were significantly increased (P < 0.01 or P < 0.05), demonstrating that the downregulation of IFI6 expression increased ARV amplification in cells (Figures 6F, G). Taken together, these results suggest that ARV infection stimulates upregulation of the expression of IFI6 and that IFI6 exhibits anti-ARV activity.



Effects of IFI6 on innate immune signaling pathway-related factors during ARV infection

The aforementioned results suggest that chicken IFI6 inhibits ARV replication, but the relevant mechanism remains unknown. To explore the mechanism, we transfected the pEF1α-Myc-IFI6 recombinant plasmid and si274 against IFI6 into DF-1 cells, overexpressed or inhibited the expression of the IFI6 gene in these DF-1 cells, infected the cells with ARV 24 h after transfection, and collected infected cell samples 24 h after infection. The effect of IFI6 on the expression of innate immune signaling pathway-related factors after ARV infection was assessed by real-time fluorescence quantitative PCR, and the results are shown in Figure 7. IFI6 overexpression and knockdown significantly increased the IRF7 mRNA expression level (P < 0.01 or P < 0.0001) and downregulated the TBK1, LGP2, IFN-α, and IFN-γ mRNA expression levels (P < 0.05, P < 0.01, P < 0.001, or P < 0.0001). MDA5, MAVS, STING, and NF-κB mRNA expression was upregulated after IFI6 overexpression and downregulated after IFI6 knockdown (P < 0.05, P < 0.01, or P < 0.001). The expression levels of IRF1 and IFN-β mRNA were significantly downregulated after IFI6 overexpression and significantly upregulated after IFI6 knockdown (P < 0.05 or P < 0.001). Therefore, we hypothesized that changes in IFI6 expression may affect the expression of MDA5, MAVS, STING, NF-κB, IRF1, and IFN-β in ARV infection but may not affect IRF7, TBK1, LGP2, IFN-α, and IFN-γ expression or that IFI6 may either enhance or attenuate the ARV-mediated regulation of IRF7, TBK1, LGP2, IFN-α, and IFN-γ expression.
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FIGURE 7
Effects of IFI6 on the expression of innate immune signaling pathway-related genes during ARV infection. DF-1 cells were transfected with pEF1α-Myc-IFI6 or pEF1α-Myc (Vec) and then infected with ARV at a multiplicity of infection (MOI) of 1. Twenty-four hours after infection, the mRNA expression levels of MAVS, IRF1, IRF7, STING, TBK1, NF-κB, MDA5, LGP2, IFN-α, IFN-β, and IFN-γ were measured by real-time fluorescence quantitative PCR (A). DF-1 cells were transfected with short interfering RNA (si274) or untargeted control siRNA (siNC) and then infected with ARV at an MOI of 1. Twenty-four hours after infection, the MAVS, IRF1, IRF7, STING, TBK1, NF-κB, MDA5, LGP2, IFN-α, IFN-β, and IFN-γ mRNA levels were measured by real-time fluorescence quantitative PCR (B). The results are presented as the means ± standard deviations of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.





Discussion

Interferon-alpha inducible protein 6 is an ISG. In this study, we cloned the IFI6 gene and compared the full CDS of the cloned IFI6 gene with the corresponding nucleotide sequences of corresponding genes in other species. This analysis revealed that the cloned sequence was completely consistent with the corresponding sequence in G. gallus. The IFI6 nucleotide sequence showed 73.6 and 87.4% homology with the corresponding sequences in M. nubicus and T. guttata, respectively, and its homology with the corresponding amino acid sequences in H. sapiens, B. taurus, O. aries, S. scrofa and other mammals did not exceed 50%. Multiple alignment analysis of the deduced amino acid sequence indicated 67.6 and 83.1% similarity with the M. nubicus and T. guttata sequences, respectively, and its similarity with H. sapiens, B. taurus, O. aries, S. scrofa and other mammals did not exceed 30%. These findings were clearly reflected in the evolutionary tree. Mammals and birds were clearly divided into two branches. Chickens and other birds showed more similar evolutionary histories and greater homology. This finding is consistent with the recognized evolutionary history and reflects the high variability of the IFI6 gene, suggesting that the IFI6 gene may have undergone strong natural selection during evolution. In addition, the chicken IFI6 gene is located in a different branch than the mammalian IFI6 gene, suggesting that its function in birds during viral infection may be different from that in mammals. The protein structure of IFI6 was predicted to be similar to that of IFI27L1, with a coverage rate of 51%. IFI27L1 also known as FAM14B or ISG12c, it consists of 104 amino acids with a molecular weight of about 9.5 kDa and can encode a small hydrophobic protein. IFI27L1 belongs to the FAM14 family along with IFIT6 (Parker and Porter, 2004; Cheriyath et al., 2011). The sequence that is similar between IFI6 and IFI27L1 is the transmembrane region. Understanding the related functions of IFI27L1 is of guiding significance for the study of IFI6. A few literatures have shown that IFI27L1 is a protein that can promote apoptosis (Xie et al., 2022). This provides clues for future research on the function of avian IFI6. The function of a protein is related not only to its structure but also to its distribution upon expression (Yang et al., 2015). Recent studies have found that the human IFI6 protein is located in the endoplasmic reticulum in human hepatoma cells and blocks yellow fever virus replication by blocking the invagination of the endoplasmic reticulum membrane (Richardson et al., 2018). The porcine IFI6 protein is located in the membrane of muscle cells, and its mRNA is abundantly expressed in muscle, where it is expressed at a significantly higher level than it is in the brain. IFI6 is a candidate gene for use to increase the pork quality (Kayan et al., 2011). The shrimp IFI6 protein is localized to the cytoplasm of Drosophila embryonic cells, and its mRNA expression is highest in the intestine, followed by the hepatopancreas, stomach, heart and gills, whereas low expression is observed in the epithelium, pyloric cecum, blood cells, nerves, muscles and eye stalks, which indicates that this protein plays a key role in defense against white spot syndrome virus in shrimp (Lu et al., 2022). We also studied the distribution of the expression of chicken IFI6. IFI6 was transfected into DF-1 cells and found to be a cytoplasmic protein. IFI6 mRNA expression was highest in the chicken lung, followed by the intestine, pancreas, liver, spleen, glandular stomach, thymus, bursa of Fabricius and trachea; weak signals were detected in the heart, kidney, brain, gizzard and joints; and the lowest expression was observed in the chicken muscle. These findings indicate that the IFI6 gene exhibits obvious tissue and species specificity, leading to the hypothesis that its functions also differ among different species.

Avian reovirus is mainly transmitted horizontally through the fecal-oral route but also vertically through eggs. After infection, ARV can replicate in the thymus, liver, spleen, bursa of Fabricius, intestine and other tissues and organs and can cause many diseases, such as hepatitis, enteritis, arthritis, myocarditis, and atrophy of the thymus and bursa of Fabricius (Roessler and Rosenberger, 1989; Wang et al., 2022). The distribution of innate immune-related genes in different parts of the host body is closely related to its antiviral effect (Cheng et al., 2015; Lin et al., 2021). In this study, we examined the expression of IFI6 in various tissues and organs of specific-pathogen-free chickens. We found that IFI6 was highly expressed in immune-related organs (spleen, thymus, and bursa of Fabricius), respiratory tract-related organs (lung and trachea), and digestive tract-related organs (pancreas, liver, intestine, and glandular stomach). Therefore, we speculate that IFI6 may play an important role in the innate immune response against ARV infection in chickens.

In addition, the overexpression of IFI6 in human liver cancer cells promotes hepatitis C virus replication and weakens the antiviral activity of IFN-α (Chen et al., 2016), and the same findings have been observed in liver cancer cells. IFI6 inhibits hepatitis B virus replication by binding to the promoter of hepatitis B virus (Sajid et al., 2021). IFI6 plays different roles in different viral infections, and it has been speculated that the antiviral effect of IFI6 is specific.

To study the antiviral effect of avian IFI6, we overexpressed and inhibited IFI6 expression in DF-1 cells and then infected these cells with ARV. IFI6 overexpression inhibited viral replication, and IFI6 inhibition promoted viral replication (as determined by the σC expression level), indicating that avian IFI6 exhibits an antiviral function. To further understand the antiviral role of IFI6, we assessed the expression levels of innate immunity-related molecules and found that the overexpression and inhibition of IFI6 upregulated and downregulated the expression levels of various innate immunity-related molecules, respectively.

The host’s pattern recognition receptors play an important role in sensing pathogen invasion. The current study found that the reovirus family is recognized by RIG-I or MDA5 (Kato et al., 2008). Only MDA5 and LGP2 are found in poultry, and RIG-I is missing (Kato et al., 2008; Barber et al., 2010); thus, in this study, we examined two nucleic acid receptors, MDA5 and LGP2. The results showed that the expression of MDA5 was upregulated after IFI6 overexpression and downregulated after IFI6 inhibition, and the expression of LGP2 was always downregulated. It is speculated that IFI6 may affect induction of the expression of MDA5 and MAVS.

In our study, overexpression or inhibition of IFI6 upregulated IRF7 expression and downregulated TBK1, LGP2, IFN-α, and IFN-γ expression after infection with ARV. The upregulated or downregulated expression of these factors was identified in comparison with the corresponding controls, which were different, and thus, the magnitude of the changes after overexpression or inhibition could not be compared to determine the involvement of IFI6 in the regulation of IRF7, TBK1, LGP2, IFN-α, and IFN-γ expression after infection with ARV. We hypothesize that changes in IFI6 expression may not affect the expression of IRF7, TBK1, LGP2, IFN-α, and IFN-γ in ARV infection and may also enhance or weaken the regulation of IRF7 and IFN-γ expression by ARV.

We were more interested in the changes in the expression of MAVS, IRF1 and IFN-β. The differences in the MAVS, IRF1, and IFN-β levels were notable. After IFI6 was overexpressed in cells that were then infected with ARV, MAVS expression was significantly upregulated, and IRF1 and IFN-β expression was significantly downregulated. After IFI6 knockdown and ARV infection, MAVS expression was significantly downregulated, and the expression of IRF1 and IFN-β was significantly upregulated.

As an important linker molecule in the innate immune signal transduction pathway that mainly recognizes RNA viruses, MAVS plays a crucial role in the innate immune response (Ren et al., 2020). For example, after RIG-I-like receptors recognize the virus, they interact with MAVS, and this interaction triggers a series of signal transduction cascades and ultimately leads to the expression of various proinflammatory factors and antiviral genes, such as IFNs and ISGs, which inhibit viral replication and spread (Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005; Kumar et al., 2006; Song et al., 2019). MAVS exhibits an expression pattern similar to that of IFI6; presumably, ARV infection significantly upregulates the expression of IFI6, and after upregulation, IFI6 regulates the expression of MAVS and thus affects antiviral signaling cascades.

IRF1 is the first member of the IRF family found to activate type I IFN genes via their promoters (Dou et al., 2014). Studies have shown that IRF1 drives reprogramming of bone marrow dendritic cells and macrophages and thus triggers an antiviral signaling pathway; that is, IRF1 interacts with myeloid differentiation factor 88 or IL-1 receptor-related kinase-1 to activate IFN-β (Schmitz et al., 2007). In this study, IRF1 and IFN-β showed similar expression patterns, and in contrast to IFI6, ISGs negatively regulate the immune response of IFNs, such as SOCS1 and USP18, two well-characterized ISGs that negatively regulate IFN signaling by inhibiting the JAK-STAT signaling pathway (Malakhov et al., 2002; Malakhova et al., 2006; Yoshimura et al., 2007; William et al., 2014; Yu et al., 2018). Therefore, we hypothesized that IFI6 negatively regulates the JAK-STAT signaling pathway by inhibiting the expression of IFN-β. These findings provide clues for improving our understanding of the function of IFI6, revealing the signaling pathways involving IFI6, and laying a theoretical foundation for understanding the pathogenesis of ARV infection and for blocking ARV replication. To acquire a greater understanding of IFI6 function, further investigation is needed.



Data availability statement

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



Ethics statement

The animal study was approved by the Animal Protection and Experiment Ethics Committee of Guangxi Veterinary Research Institute. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

ZXX designed and co-ordinated the study and helped review the manuscript. LW performed the experiments, analyzed the data, and wrote the manuscript. SW assisted in completing the experiments and revised the manuscript. HR, LX, SL, ML, ZQX, QF, TZ, YZ, MZ, JH, and YW assisted with the animal experiments. All authors contributed to the article and approved the submitted version.



Funding

This work was supported Guangxi Science and Technology Projects (AA23062050), Guangxi Key Laboratory of Veterinary Biotechnology Projects (23-035-32-A-01), Guangxi Basic Research Funds supported by the Special Project (Guike special23-1), the Guangxi BaGui Scholars Program Foundation (2019A50), and the Natural Science Foundation of China (project 32300148).



Conflict of interest

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



Publisher’s note

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


Footnotes

1     https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_gor4.html

2     https://swissmodel.expasy.org/interactive


References

Barber, M. R., Aldridge, J. J., Webster, R. G., and Magor, K. E. (2010). Association of RIG-I with innate immunity of ducks to influenza. Proc. Natl. Acad. Sci. U. S. A. 107, 5913–5918. doi: 10.1073/pnas.1001755107

Borden, E. C., Sen, G. C., Uze, G., Silverman, R. H., Ransohoff, R. M., Foster, G. R., et al. (2007). Interferons at age 50: Past, current and future impact on biomedicine. Nat. Rev. Drug Discov. 6, 975–990. doi: 10.1038/nrd2422

Chen, S., Li, S., and Chen, L. (2016). Interferon-inducible Protein 6-16 (IFI-6-16, ISG16) promotes Hepatitis C virus replication in vitro. J. Med. Virol. 88, 109–114. doi: 10.1002/jmv.24302

Cheng, Y., Sun, Y., Wang, H., Yan, Y., Ding, C., and Sun, J. (2015). Chicken STING mediates activation of the IFN gene independently of the RIG-I gene. J. Immunol. 195, 3922–3936. doi: 10.4049/jimmunol.1500638

Cheriyath, V., Glaser, K. B., Waring, J. F., Baz, R., Hussein, M. A., and Borden, E. C. (2007). G1P3, an IFN-induced survival factor, antagonizes TRAIL-induced apoptosis in human myeloma cells. J. Clin. Invest. 117, 3107–3117. doi: 10.1172/JCI31122

Cheriyath, V., Leaman, D. W., and Borden, E. C. (2011). Emerging roles of FAM14 family members (G1P3/ISG 6-16 and ISG12/IFI27) in innate immunity and cancer. J. Interferon Cytokine Res. 31, 173–181. doi: 10.1089/jir.2010.0105

Czekaj, H., Kozdrun, W., Stys-Fijol, N., Niczyporuk, J. S., and Piekarska, K. (2018). Occurrence of reovirus (ARV) infections in poultry flocks in Poland in 2010-2017. J. Vet. Res. 62, 421–426. doi: 10.2478/jvetres-2018-0079

Dou, L., Liang, H. F., Geller, D. A., Chen, Y. F., and Chen, X. P. (2014). The regulation role of interferon regulatory factor-1 gene and clinical relevance. Hum. Immunol. 75, 1110–1114. doi: 10.1016/j.humimm.2014.09.015

He, Y., Xie, Z., Dai, J., Cao, Y., Hou, J., Zheng, Y., et al. (2016). Responses of the Toll-like receptor and melanoma differentiation-associated protein 5 signaling pathways to avian infectious bronchitis virus infection in chicks. Virol. Sin. 31, 57–68. doi: 10.1007/s12250-015-3696-y

Ivashkiv, L. B., and Donlin, L. T. (2014). Regulation of type I interferon responses. Nat. Rev. Immunol. 14, 36–49. doi: 10.1038/nri3581

Kato, H., Takeuchi, O., Mikamo-Satoh, E., Hirai, R., Kawai, T., Matsushita, K., et al. (2008). Length-dependent recognition of double-stranded ribonucleic acids by retinoic acid-inducible gene-I and melanoma differentiation-associated gene 5. J. Exp. Med. 205, 1601–1610. doi: 10.1084/jem.20080091

Kayan, A., Uddin, M. J., Cinar, M. U., Grosse-Brinkhaus, C., Phatsara, C., Wimmers, K., et al. (2011). Investigation on interferon alpha-inducible protein 6 (IFI6) gene as a candidate for meat and carcass quality in pig. Meat Sci. 88, 755–760. doi: 10.1016/j.meatsci.2011.03.009

Kumar, H., Kawai, T., Kato, H., Sato, S., Takahashi, K., Coban, C., et al. (2006). Essential role of IPS-1 in innate immune responses against RNA viruses. J. Exp. Med. 203, 1795–1803. doi: 10.1084/jem.20060792

Lin, Z., Wang, J., Zhu, W., Yu, X., Wang, Z., Ma, J., et al. (2021). Chicken DDX1 acts as an RNA sensor to mediate IFN-beta signaling pathway activation in antiviral innate immunity. Front. Immunol. 12:742074. doi: 10.3389/fimmu.2021.742074

Liu, Z., Gu, S., Lu, T., Wu, K., Li, L., Dong, C., et al. (2020). IFI6 depletion inhibits esophageal squamous cell carcinoma progression through reactive oxygen species accumulation via mitochondrial dysfunction and endoplasmic reticulum stress. J. Exp. Clin. Cancer Res. 39:144. doi: 10.1186/s13046-020-01646-3

Lostale-Seijo, I., Martinez-Costas, J., and Benavente, J. (2016). Interferon induction by avian reovirus. Virology 487, 104–111. doi: 10.1016/j.virol.2015.10.009

Lu, K., Li, H., Wang, S., Li, A., Weng, S., He, J., et al. (2022). Interferon-induced protein 6-16 (IFI6-16) from Litopenaeus vannamei regulate antiviral immunity via apoptosis-related genes. Viruses 14:1062. doi: 10.3390/v14051062

Malakhov, M. P., Malakhova, O. A., Kim, K. I., Ritchie, K. J., and Zhang, D. E. (2002). UBP43 (USP18) specifically removes ISG15 from conjugated proteins. J. Biol. Chem. 277, 9976–9981. doi: 10.1074/jbc.M109078200

Malakhova, O. A., Kim, K. I., Luo, J. K., Zou, W., Kumar, K. G., Fuchs, S. Y., et al. (2006). UBP43 is a novel regulator of interferon signaling independent of its ISG15 isopeptidase activity. EMBO J. 25, 2358–2367. doi: 10.1038/sj.emboj.7601149

Meylan, E., Curran, J., Hofmann, K., Moradpour, D., Binder, M., Bartenschlager, R., et al. (2005). Cardif is an adaptor protein in the RIG-I antiviral pathway and is targeted by hepatitis C virus. Nature 437, 1167–1172. doi: 10.1038/nature04193

Olson, N. O. (1959). Transmissible synovitis of poultry. Lab. Invest. 8, 1384–1393.

Parker, N., and Porter, A. C. (2004). Identification of a novel gene family that includes the interferon-inducible human genes 6-16 and ISG12. BMC Genomics 5:8. doi: 10.1186/1471-2164-5-8

Ren, Z., Ding, T., Zuo, Z., Xu, Z., Deng, J., and Wei, Z. (2020). Regulation of MAVS expression and signaling function in the antiviral innate immune response. Front. Immunol. 11:1030. doi: 10.3389/fimmu.2020.01030

Richardson, R. B., Ohlson, M. B., Eitson, J. L., Kumar, A., McDougal, M. B., Boys, I. N., et al. (2018). A CRISPR screen identifies IFI6 as an ER-resident interferon effector that blocks flavivirus replication. Nat. Microbiol. 3, 1214–1223. doi: 10.1038/s41564-018-0244-1

Roessler, D. E., and Rosenberger, J. K. (1989). In vitro and in vivo characterization of avian reoviruses. III. Host factors affecting virulence and persistence. Avian Dis. 33, 555–565.

Sajid, M., Ullah, H., Yan, K., He, M., Feng, J., Shereen, M. A., et al. (2021). The functional and antiviral activity of interferon alpha-inducible IFI6 against hepatitis B virus replication and gene expression. Front. Immunol. 12:634937. doi: 10.3389/fimmu.2021.634937

Schmitz, F., Heit, A., Guggemoos, S., Krug, A., Mages, J., Schiemann, M., et al. (2007). Interferon-regulatory-factor 1 controls Toll-like receptor 9-mediated IFN-beta production in myeloid dendritic cells. Eur. J. Immunol. 37, 315–327. doi: 10.1002/eji.200636767

Seth, R. B., Sun, L., Ea, C. K., and Chen, Z. J. (2005). Identification and characterization of MAVS, a mitochondrial antiviral signaling protein that activates NF-kappaB and IRF 3. Cell 122, 669–682. doi: 10.1016/j.cell.2005.08.012

Sharma, J. M., Karaca, K., and Pertile, T. (1994). Virus-induced immunosuppression in chickens. Poult. Sci. 73, 1082–1086. doi: 10.3382/ps.0731082

Song, N., Qi, Q., Cao, R., Qin, B., Wang, B., Wang, Y., et al. (2019). MAVS O-GlcNAcylation is essential for host antiviral immunity against lethal RNA viruses. Cell Rep. 28, 2386–2396. doi: 10.1016/j.celrep.2019.07.085

Tahara, E. J., Tahara, H., Kanno, M., Naka, K., Takeda, Y., Matsuzaki, T., et al. (2005). G1P3, an interferon inducible gene 6-16, is expressed in gastric cancers and inhibits mitochondrial-mediated apoptosis in gastric cancer cell line TMK-1 cell. Cancer Immunol. Immunother. 54, 729–740. doi: 10.1007/s00262-004-0645-2

van der Heide, L. (2000). The history of avian reovirus. Avian Dis. 44, 638–641.

Villamayor, L., Rivero, V., Lopez-Garcia, D., Topham, D. J., Martinez-Sobrido, L., Nogales, A., et al. (2023). Interferon alpha inducible protein 6 is a negative regulator of innate immune responses by modulating RIG-I activation. Front. Immunol. 14:1105309. doi: 10.3389/fimmu.2023.1105309

Wang, S., Wan, L., Ren, H., Xie, Z., Xie, L., Huang, J., et al. (2022). Screening of interferon-stimulated genes against avian reovirus infection and mechanistic exploration of the antiviral activity of IFIT5. Front. Microbiol. 13:998505. doi: 10.3389/fmicb.2022.998505

Wang, S., Xie, L., Xie, Z., Wan, L., Huang, J., Deng, X., et al. (2021). Dynamic changes in the expression of interferon-stimulated genes in joints of SPF chickens infected with avian reovirus. Front. Vet. Sci. 8:618124. doi: 10.3389/fvets.2021.618124

William, M. S., Meike, D. C., and Charles, M. R. (2014). Interferon-stimulated genes: A complex web of host defenses. Annu. Rev. Immunol. 32, 513–545. doi: 10.1146/annurev-immunol-032713-120231

Xie, L., Wang, S., Xie, Z., Wang, X., Wan, L., Deng, X., et al. (2021). Gallus NME/NM23 nucleoside diphosphate kinase 2 interacts with viral sigmaA and affects the replication of avian reovirus. Vet. Microbiol. 252:108926. doi: 10.1016/j.vetmic.2020.108926

Xie, L., Xie, Z., Wang, S., Huang, J., Deng, X., Xie, Z., et al. (2019). Altered gene expression profiles of the MDA5 signaling pathway in peripheral blood lymphocytes of chickens infected with avian reovirus. Arch. Virol. 164, 2451–2458. doi: 10.1007/s00705-019-04340-8

Xie, Q., Tang, Z., Liang, X., Shi, Z., Yao, Y., Huang, X., et al. (2022). An immune-related gene prognostic index for acute myeloid leukemia associated with regulatory T cells infiltration. Hematology 27, 1088–1100. doi: 10.1080/16078454.2022.2122281

Xu, L. G., Wang, Y. Y., Han, K. J., Li, L. Y., Zhai, Z., and Shu, H. B. (2005). VISA is an adapter protein required for virus-triggered IFN-beta signaling. Mol. Cell 19, 727–740. doi: 10.1016/j.molcel.2005.08.014

Yang, H. L., Feng, Z. Q., Zeng, S. Q., Li, S. M., Zhu, Q., and Liu, Y. P. (2015). Molecular cloning and expression analysis of TRAF3 in chicken. Genet. Mol. Res. 14, 4408–4419. doi: 10.4238/2015.April.30.14

Yoshimura, A., Naka, T., and Kubo, M. (2007). SOCS proteins, cytokine signalling and immune regulation. Nat. Rev. Immunol. 7, 454–465. doi: 10.1038/nri2093

Yu, C. F., Peng, W. M., Schlee, M., Barchet, W., Eis-Hubinger, A. M., Kolanus, W., et al. (2018). SOCS1 and SOCS3 target IRF7 degradation to suppress TLR7-mediated type I IFN production of human plasmacytoid dendritic cells. J. Immunol. 200, 4024–4035. doi: 10.4049/jimmunol.1700510

Zhang, C., Hu, J., Wang, X., Wang, Y., Guo, M., Zhang, X., et al. (2021). Avian reovirus infection activate the cellular unfold protein response and induced apoptosis via ATF6-dependent mechanism. Virus Res. 297:198346. doi: 10.1016/j.virusres.2021.198346

Zhang, X., Lei, X., Ma, L., Wu, J., and Bao, E. (2019). Genetic and pathogenic characteristics of newly emerging avian reovirus from infected chickens with clinical arthritis in China. Poult. Sci. 98, 5321–5329. doi: 10.3382/ps/pez319



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Chicken IFI6 inhibits avian reovirus replication and affects related innate immune signaling pathways



		Introduction



		Materials and methods



		Ethics statement



		Chicken, cells, and virus



		Cloning and bioinformatics analysis of the IFI6 gene



		Plasmid construction and transfection



		RNA interference



		RNA extraction and real-time fluorescence quantitative PCR



		Protein extraction and western blotting



		Confocal microscopy analysis of the subcellular localization of target proteins



		Statistical analysis







		Results



		Cloning and bioinformatics analysis of IFI6



		Subcellular localization



		Distribution of IFI6 in different chicken tissues



		High expression of IFI6 reduced ARV replication



		Effects of IFI6 on innate immune signaling pathway-related factors during ARV infection







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Microbiology

Chicken IFI6 inhibits avian
reovirus replication and affects
related innate immune
signaling pathways











OPS/images/fmicb-14-1237438-g002.jpg
B SOPMA :

A 10 20 30 40 50 60 70

| | | Alpha helix (Hh) : 25 is 23.36%

MSDQNVHKAGF TSSGIARGSLASSIMSGEAKSFGGGVPSGGT TATLQE! THSSGFTSSGISGGSR 31¢ helix (6g) : @ is 0.00%
ccccteeettcccttccccccchhhhhhhhhcttccccttcchhhhhhhttttoccccttecccccccech Pi helix (1i) : @ is ©.00%
ASQMMSNEATSCGGGVPKGGTTSTIQSIS! Beta bridge (8b) : 0 is ©.00%
hhhhhhhhcccttccccttccceeeeeeeettecccc Extended strand (Ee) : 11 is 1e.28%
Beta turn (Tt) : 21 is 19.63%

Bend region (Ss) : 9 is ©0.00%

Random coil (Ec) = 50 is 46.73%
Ambiguous states (?) : 0 is ©0.00%

Other states : @ is ©0.00%

II||||||III||IIIIIIIIHII”HI”IIlI||II”IH”HHIIII||IIIIIIIIII””“MIII||IIII||II|||||H||I|IIIII
20 " 0 0 '







OPS/images/fmicb-14-1237438-g003.jpg
Bos taurus
100 ‘ & &
Ovis aries

Sus scrofa

Canis lupus familiaris

Homo sapiens

Ornithorhynchus anatinus

Gallus gallus
100 zlwlel ops nubicus
;l . g
T aeniopygia guttata

0.01





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






OPS/images/fmicb-14-1237438-g001.jpg






OPS/images/fmicb-14-1237438-g006.jpg
| | | |
W e v o w
wn wn 3 < ™

(Tw 10/%QioL 67) 49313 SNIIA

o

* e
1
e

150~
1004
S

VNNW 90 J0 uoissaidxe aAle|oy

(&

o e ok

|

| 1 1
o o o o
wn o n
1 1

VNYW 914 Jo uoissaidxa aAleleY

=
=
—
v
Y
=,

anti-Myc¢

Vec

IFI6

<

" s

»

O

—Z

"

| | |

© ®©w o ®w
n < < ™

(w L 0/%QioL 67) 18313 SNJIA

si274

siNC

2000~
1500 -
1000 -

500+

VNYW D0 o uoissaidxa aAe|ey

*kok

siNC si54 si156 si274

| 1
o o
wn

150~
100~

VNYW 94| J0 uoissaidxe aAneey





OPS/images/fmicb-14-1237438-g007.jpg
Vec
Bl pEF1a-Myc-IFI6

%k

*

ok %k

400+

300

200+

100-
0
D

<C yNYW JOo uo|ssaidxa aAle|oy

siNC
Bl si274

| | | | I | | |
o O O O O O O O
o O O O n O
o o o o - -
<t M N

VNY W JO uojssaidxa aAlje|oy






OPS/images/fmicb-14-1237438-g004.jpg
Anti-Myc AP Merge

- 1:6. . .

pEFl OMyc. . .





OPS/images/fmicb-14-1237438-g005.jpg
$
I I | T l ) v
o o o o o % 2
<t o N —

9l4] Jo uojssaidxa aAjle|oy





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fmicb-14-1237438-t001.jpg
Primer Sequence (5’-3') Amplified

name sequence length

IFI6-U GCGTCGACCATGTCTGA 324 bp
CCAGAACGTCCAC

IF16-D GCGCGGCCGCTCAGCGCCT

TCCTCCTTTGCCA






OPS/images/fmicb-14-1237438-t002.jpg
siRNA

Sequence (5’-3')

Sequence (3’-5)

si54 GCAAGAGGUUCUCU AAGCAAGAGAACCUCU
UGCUUTT UGCTT

si156 GCCAAAGGCUCAAC AGUGUGUUGAGCCUU
ACACUTT UGGCTT

si274 GCACAACUUCCACUA UGGAUAGUGGAAGUU
UCCATT GUGCTT

siNC UUCUCCGAACGUGUCA ACGUGACACGUUCGGA
CGUTT GAATT






OPS/images/fmicb-14-1237438-t003.jpg
Species Accession number Identity
Merops nubicus XM_008944065.1 73.6%
Taeniopygia guttata NM_001197179.2 87.4%
Homo sapiens NM_022873.3 37.9%

Bos taurus NM_001075588.1 40.0%
Ornithorhynchus XM_029080218.2 34.8%
anatinus

Ovis aries XM_027965432.2 40.0%
Canis lupus familiaris XM_535344.7 39.8%

Sus scrofa XM_021095658.1 40.3%






