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Circular RNA network plays a potential antiviral role in the early stage of JEV infection in mouse brain









 


	
	
TYPE Original Research
PUBLISHED 05 January 2024
DOI 10.3389/fmicb.2023.1165378






Circular RNA network plays a potential antiviral role in the early stage of JEV infection in mouse brain

Mengli Chen1,2, Lei Kang1,2, Tong Zhang1, Jiayang Zheng1, Dishi Chen3, Donghua Shao1, Zongjie Li1, Beibei Li1, Jianchao Wei1, Yafeng Qiu1, Xiuli Feng2*, Zhiyong Ma1* and Ke Liu1*


1Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Science, Shanghai, China

2Key Laboratory of Animal Disease Diagnostic and Immunology, Department of Veterinary Medicine College, Nanjing Agricultural University, Nanjing, Jiangsu, China

3Sichuan Animal Disease Prevention and Control Center, Chengdu, China

[image: image2]

OPEN ACCESS

EDITED BY
 Julianne H. Grose, Brigham Young University, United States

REVIEWED BY
 Zheng Chen, Jiangxi Agricultural University, China
 Arup Banerjee, Regional Centre for Biotechnology (RCB), India
 Dengyuan Zhou, Huazhong Agricultural University, China

*CORRESPONDENCE
 Ke Liu, liuke@shvri.ac.cn; Zhiyong Ma, zhiyongma@shvri.ac.cn; Xiuli Feng, xiulifeng@njau.edu.cn 

RECEIVED 14 February 2023
 ACCEPTED 11 December 2023
 PUBLISHED 05 January 2024

CITATION
 Chen M, Kang L, Zhang T, Zheng J, Chen D, Shao D, Li Z, Li B, Wei J, Qiu Y, Feng X, Ma Z and Liu K (2024) Circular RNA network plays a potential antiviral role in the early stage of JEV infection in mouse brain. Front. Microbiol. 14:1165378. doi: 10.3389/fmicb.2023.1165378

COPYRIGHT
 © 2024 Chen, Kang, Zhang, Zheng, Chen, Shao, Li, Li, Wei, Qiu, Feng, Ma and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Japanese encephalitis is one of the most important insect-borne infectious disease with public health concern. The virus can break the blood–brain barrier and cause death or long-term sequela in infected humans or animals. Viral encephalitis is an important clinical feature of JEV infection. In recent studies, CircRNAs and related ceRNAs data illustrated the regulative role in many aspects of biological process and disease duration. It is believed that CircRNA regulates JEV infection in a ceRNA-dependent mechanism. In this study, brain tissues of experimental mice were sequenced and analysised. 61 differentially expressed circRNAs, 172 differentially expressed miRNAs and 706 differentially expressed mRNAs were identified by RNA-Sequencing and statistical analysis. CX3CR1 was determined as a key host factor impact JEV infection by microRNA interference measurement. CX3CR1 interaction network indicated circStrbp/miR709/CX3CR1 as a functional regulation axis. Further sequencing in BV2 cell shown CX3CR1 is a special target of miR-709 only during JEV infection. In summary, our study presented a new ceRNA pathway that impact JEV infection in vivo and in vitro, which could be a therapeutic target to fight against JEV.
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1 Introduction

Japanese encephalitis is a zoonotic infectious disease transmitted by mosquitoes, and the pathogen, Japanese encephalitis virus (JEV), belong to Flaviviridae which is an important part of arboviruses (Huang et al., 2014). JEV infection can cause viral encephalitis in humans and nervous system or organ infection in animals (Daep et al., 2014). Related to mosquito-borne vectors, Japanese encephalitis mainly spreads in tropical and subtropical regions. Cases of Japanese encephalitis in China mainly occur in southern regions (Zheng et al., 2012; Le Flohic et al., 2013). JEV infection can cause fatal viral encephalitis or viral encephalitis with sequelae in humans, orchitis in boars and abortion in sows, and different diseases in birds (Di et al., 2020; Hameed et al., 2021; Bharucha et al., 2022; Pichl et al., 2022). Therefore, Japanese encephalitis is an infectious disease that endangers public health (Daep et al., 2014).

The greatest threat of JEV infection is the destruction of the host’s brain tissue. Once the virus invades the brain tissue, it will cause an uncontrollable inflammatory response in a short period of time, leading to host fatality (Yun and Lee, 2014). Even if the host survives, the risk of sequelae is 50%. From the perspective of cytokines, this process mainly involves TNF-α, interleukins, and chemokines (Liu et al., 2018). Among them, inflammatory chemokines and homeostasis-regulating chemokines play important roles. We found in previous studies that CCR5- and CCR2-related chemokines (CCL3, CCL4, and CCL5) play key roles in Japanese encephalitis and that these chemokines are potential targets for the treatment of viral encephalitis (Liu et al., 2018). We also found that the brain- and liver-specific chemokine CX3CL1 was downregulated during JEV infection. CX3CL1 is a bifunctional chemokine that participates in the regulation of inflammation and tissue homeostasis. No study has clarified the relationship between the downregulated expression of CX3CL1-CX3CR1 axis and JEV infection of brain. In this study, we explored this issue from the perspective of circRNA-miRNA-mRNA.

In 2013, a large number of circRNAs were discovered with the help of high-throughput sequencing technology, proving that circRNAs are important RNA components in organisms (Memczak et al., 2013). With advancements in research, circRNAs have been proven to act as miRNA sponges and protein sponges and affecting protein expression (Chen, 2016). circRNAs, which act as miRNA sponges, adsorb miRNAs and further regulate the expression of mRNAs, which is the most studied function of circRNAs (Hansen et al., 2013). circRNA-miRNA-mRNA has been proven to play an important role in chronic diseases such as cancer, brain tissue disease, and vascular disease (Wang et al., 2021; Zhu et al., 2021; Xie et al., 2022). The abnormal expression of circRNA slowly promotes changes in miRNA–mRNA expression and gradually leads to the occurrence of chronic diseases. Among the many studies on circRNA-miRNA-mRNA, only a few have focused on circRNA-miRNA-mRNA related to viral infection (Lu et al., 2020; Hu et al., 2021; Li et al., 2021; Shi et al., 2021; Zhao et al., 2021; Chen et al., 2022), in particular acute viral infection, probably due to the weak regulatory effect of circRNA-miRNA-mRNA on viruses. However, a JEV infection model has been shown to be useful for research on viral circRNA-miRNA-mRNA. JEV infection of mouse brain tissue can cause significant changes in circRNA_0000220 and the downstream targets of circRNA_0000220, i.e., miR-326-3p and BCL3/MK2/TRIM25, ultimately affecting the occurrence of viral encephalitis (Li et al., 2020).

In this study, we focused on the early stages of JEV infection of mouse brain tissue and mouse microglia cell. Through high-throughput sequencing, we discovered the network through which circRNA-miRNA regulates CX3CR1 and demonstrated the inhibitory effect of this regulation on JEV. The findings indicate that the changes in circRNA-miRNA in the early stage of infection can regulate the expression of CX3CR1 and affect the early stage of virus infection.



2 Materials and methods


2.1 Ethics statement

Mouse experiments were performed in compliance with the Guidelines on the Human Treatment of Laboratory Animals (Ministry of Science and Technology of the People’s Republic of China, Policy No. 2006 398) and were approved by the Institutional Animal Care and Use Committee at the Shanghai Veterinary Research Institute (IACUC No: Shvri-Pi-0124).



2.2 Cells, viruses and mice

Mouse microglia (BV2) cells, Baby hamster kidney (BHK-21) cells and African green monkey kidney (Vero) cells were purchased from the ATCC (Rockville, Maryland) and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C in a 5% CO2 incubator.

JEV NJ2008 strain (Genbank No. GQ918133) was used in study. Virus was propagated in BHK-21 cells and titrated in Vero cells.

8 weeks specific pathogen free (SPF) female C57BL/6 mice were grouped and infected in this study. Mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. and maintained under pathogen-free conditions.



2.3 Mouse infection and sampling

Grouped C57BL/6 mice were injected intraperitoneally (i.p.) with 4 × 106 PFU of JEV or phosphate buffered saline (PBS). All infected or mock infected mice were maintained under pathogen-free conditions in animal central of Shanghai Veterinary Research Institute. The mice were sacrificed at 5, 7, 8, 9 and 10 days after injection, then mouse brain, blood, lymph nodes were collected. Brain samples collected at 7 day post injection were send for CircRNA-miRNA-mRNA sequencing. Other samples for qPCR detection were stored at minus 80°C.



2.4 RNA sequencing analysis

Three biological replicates of the infected and mock infected samples at 7 day after injection were used for circRNA, miRNA and mRNA sequencing. For circRNA sequencing, total RNA was extracted and digested with RNase R to degest linear RNA and was further purified by using RNeasy MinElute Cleanup Kit (Qiagen). NEBNext Ultra Directional RNA Library Prep Kit for Illumina was used for constructing the strand-specific library according to the manufacturer’s instructions. The miRNA sequencing libraries were generated by using the Small RNA Sample Pre Kit (Illumina) and the mRNA were enriched by using Oligo(dT) magnetic beads. The next step was similar with circRNAs sequencing. To get the clean data (clean reads), reads containing poly-N or adapter sequence and reads of low-quality were removed. Candidate circRNAs were subjected to blast in the circBase database for annotation, and unannotated circRNAs were recognized as novel ones. miRNAs and mRNAs were aligned by using bowtie tools or to the mouse reference genome (GRCm38/mm10), respectively. The DESeq2 package and the edgeR package (http://www.r-project.org/, accessed 21 May 2019) were applied to analyze differentially expressed circRNAs and mRNAs, respectively. Candidates were considered significantly differentially expressed ones if a fold change 2 and a p value <0.05.

In addition to combined sequencing, BV2 cells transfected with siRNA were subjected to RNA-Seq sequencing. Three biological replicates of the infected and mock infected samples were collected, treated and analysed as above.



2.5 Quantitative PCR

For circRNA, miRNA, and mRNA expression analysis, total RNA was extracted from mice brain using TRIzol Reagent (Life Technologies). cDNA was immediately reverse-transcribed using RT Master Mix (TaKaRa, Tokyo, Japan). JEV or gene mRNA levels were detected by a SYBR quantitative PCR (qPCR). PCR was performed using an ABI Prism 7,900 sequence-detection system (Applied Biosystems, Foster City, CA, United States), using SYBR Green PCR Master Mix. The amount of target gene expression was calculated from the respective standard curves and normalized using glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and displayed as fold change. Briefly, mock infected mice collected at the same time points were measured and set as 1. Then, JEV infected mice were calculated referenced to mock and presented as fold change. Relative gene expression to the control was determined by the standard 2−ΔΔCt method. Mice chemokine primer was a kindly gift from Dr. Clive S. McKimmie and Dr. Gerard J. Graham.



2.6 RNA interference

Small interfering RNAs (siRNAs) targeting the indicated genes were synthesized chemically. A negative siRNA without known target genes was synthesized as control. The siRNA sequences are shown in S1 Table. BV2 cells were plated in DMEM medium containing 10% FBS at 37°C overnight, washed with PBS, and transfected with siRNA at a concentration of 20 nM using Lipofectamine 2000 (Thermo Fisher Scientific), according to the manufacturer’s protocol. The transfectants were re-cultured at 37°C for 24 h and subsequently inoculated with JEV at a MOI of 0.1. JEV replication in the transfectants was determined by qPCR at 24 h post-infection (hpi).



2.7 Statistical analysis

All the measurements were conducted in triplicate in at least three independent experiments. Mean values ± standard deviation (SD) was calculated using Microsoft Excel. Statistical analysis was done by Student’s t test or log rank test and values were considered significant when p < 0.05. Figures were made using the GraphPad™ Prism 5.0 software.




3 Results


3.1 Expression characteristics of circRNAs in JEV-infected mouse brain tissue

To analyze the characteristics of circRNA expression changes in JEV-infected mouse brain tissue in the early stage, JEV was intraperitoneally injected into mice, and brain tissue samples were collected 7 days after infection (Figure 1A). The samples were processed for high-throughput sequencing analysis.
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FIGURE 1
 The characteristics of circRNA during JEV infection in mouse brain. (A) Viral fold change in mouse brain. JEV (4 × 106 PFU) was injected intraperitoneally. The viral load was determined by detecting JEV envelope (E) gene and normalized with mouse GAPDH. All fold changes were measured by Real-time PCR. Data are shown as the mean ± standard error (SEM). Six mice for each group were detected, and the experiments were repeated three times. (B,C) Heat map (B) and Volcanic map (C) of differently expressed circRNAs enriched in mouse brain. Red color represents up-regulations and other colors represent down-regulatons. Difference were calculated as significant if a fold change >2 and a p value <0.05. (D) The genomic distribution of differently expressed circRNAs. Exonic, intron and unknown distribution were measured. (E) The length distribution of differently expressed circRNAs. Length range from 100 to more than 10,000 were analysed.


First, the differential expression of circRNAs in JEV-infected mouse brain tissue was analyzed. Through second-generation high-throughput sequencing, a total of 29,129 circRNAs were detected in mouse brain tissue samples (Supplementary Figure S1A). A total of 74.82% of these circRNAs were 100 to 2,500 nt long, and 15.86% of these circRNAs were longer than 10,000 nt (Supplementary Figure S1B). Therefore, most of the identified circRNAs fell within these 2 length ranges. Chromosomes derived from circRNAs were evenly distributed, and the chromosomal origins of circRNAs were not significantly different between the JEV-infected group and the uninfected group (mock group), both with chr2 as the main origin (Supplementary Figure S1C).

The differential expression of total circRNAs between the JEV-infected and mock groups was analyzed (2-fold change in expression, false discovery rate (FDR) < 0.05), and 61 circRNAs were found to be differentially expressed between the 2 groups (Figure 1B). In a comparison with the circRNAs in the mock group, there were 33 downregulated circRNAs and 28 upregulated circRNAs in the JEV-infected group (Figure 1C). A total of 90.16% of the 61 differentially expressed circRNAs were derived from exons (Figure 1D), and 88.52% of the 61 differentially expressed circRNAs were 100 to 2,500 nt long (Figure 1E). The small portion (61/29,129) of differentially expressed circRNAs after JEV infection indicates that the circRNAs were generally little affected by JEV infection. This result is consistent with the results of the previously published article (Li et al., 2020).



3.2 Cerna network in the brain tissue of JEV-infected mice

In addition to circRNAs, high-throughput sequencing of miRNAs and mRNAs in mouse brain tissue was also performed. A total of 172 differentially expressed (fold change>2, p < 0.05) miRNAs (Supplementary Figures S2A,B) and 706 differentially expressed mRNAs (Supplementary Figures S2C,D) were obtained from the analysis of total miRNAs and mRNAs. Then, the competing endogenous RNA (ceRNA) network was obtained from a correlation analysis of circRNAs, miRNAs and mRNAs. In the circRNA-miRNA-mRNA interaction network (Figure 2A), circRNAs act as adsorption sponges with mRNAs as the ultimate targets, and miRNAs bridge circRNAs and mRNAs and act as mediators that directly interact with circRNAs and mRNAs (Hansen et al., 2013). Therefore, we organized a structure of the ceRNA interaction network centered on miRNA. There were 136 miRNAs in the ceRNA network, most of which were upregulated, to a maximum fold change of 20. Each miRNA generally adsorbed 1–11 circRNAs, but most miRNAs adsorbed 2–5 circRNAs. Each miRNA generally targeted 1–42 mRNAs, but most miRNAs targeted approximately 10 mRNAs (Supplement files). The number of genes adsorbed and targeted and the binding efficiency of miRNAs are key factors that affect the effectiveness of miRNAs. Using circMir software, the free energy of an miRNA binding with circRNAs and mRNAs was analyzed to estimate the binding efficiency of the miRNA. miRNA background expression level and fold change are other factors that affect the effectiveness of miRNAs. Specifically, the higher the expression of a functional miRNA, the stronger is the potential biological effect of the miRNA. The binding targets of each miRNA were scored based on the targets, free energy, and expression levels in the ceRNA data. A ceRNA interaction network diagram was obtained using the ceRNA interaction network and these scores (Table 1).
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FIGURE 2
 Network of differently expressed ceRNA. (A). circRNA (green)-miRNA (blue)-mRNA (purple) interaction network. CircRNA is inside the circle with green frame, miRNA is in the middle of the circle with blue frame, mRNA is outside the circle with purple frame. (B,C). Validation of circRNAs, miRNAs and mRNAs expression in infected mouse. Mice were infected or mock infected with JEV. Mouse brain was sampled in the indicated time points, then representative circRNAs, miRNAs and mRNAs were detected by qPCR.




TABLE 1 Profile of ceRNA in JEV infected mouse brain based on miRNA.
[image: Table1]

For the ceRNA network, the circRNAs (downregulated) Tulp4 and zfyve9, miRNAs (upregulated) miR-6974-3p and miR-3547-5p, and mRNAs (downregulated) Bmp7, Kcne2, Nrarp, and Mlc1 were randomly selected for qPCR validation analysis. High-throughput sequencing samples indicated differential changes at one time point. To further understand these biological processes, we infected mice with the same titer of JEV for validation and collected tissue samples 5–10 days after infection to detect changes in gene expression in a time-dependent manner. The expression levels of Tulp4 and zfyve9 were significantly lower in the brain tissue of infected mice than in the brain tissue of mice in the mock group, and zfyve9 expression was generally stable in the infected mice, showing a slow downward trend over time after infection (Figure 2B). The expression levels of miR-6974-3p and miR-3547-5p were significantly higher in the brain tissue of infected mice than in the brain tissue of mice in the mock group and increased with over time after infection. The expression levels of Bmp7, Kcne2, Nrarp and Mlc1 were significantly lower in the JEV-infected group than in the mock group. Except for Nrarp, the expression levels of the other mRNAs decreased over time after infection (Figure 2C). These findings are mostly consistent with the ceRNA high-throughput sequencing results, indicating that the ceRNA high-throughput sequencing results were reliable and that the changes in expression for each gene in the ceRNA network after JEV infection are time dependent.



3.3 The chemokine CX3CR1 is regulated by circRNA-miRNA

The ceRNA network regulates many target genes and exerts complex biological functions. We sought to identify a ceRNA network related to viral encephalitis. The sequencing data indicted that CX3CR1 is affected by a series of miRNAs and circRNAs. To better analyze the central role of miRNAs, we scored individual miRNAs according to expression level, binding free energy and number of target genes. High expression levels and low free energy are important factors for adding scores. In addition, we hypothesized that too many target molecules of miRNA would reduce the biological functional strength of miRNAs, so the number of target molecules is negatively correlated with miRNA scoring (Yang et al., 2021). In our ceRNA network, 9 miRNAs targeted CX3CR1, and these 9 miRNAs were scored based on expression, binding free energy and number of targets comprehensively (Table 2). Among the 9 miRNAs, miR-709 had the highest score, implying that miR-709 is an important miRNA that may affect the expression of CX3CR1. These miRNAs are upregulated (4 to 8-fold) after JEV infection, and each miRNA adsorbed 2 to 9 circRNAs, among which Strbp, Tulp4, and Zfyve9 were the most frequently occurring circRNAs, indicating that these 3 circRNAs are likely to bind miRNAs through adsorption and further regulate the expression of CX3CR1.



TABLE 2 Cx3cr1 related miRNA-circRNA.
[image: Table2]

The ceRNA network is complex, and miRNAs and circRNAs targeting CX3CR1 also regulate other genes (Figure 3A; Table 2). From another perspective, the network serves to selectively regulates the expression of CX3CR1, further reflecting the complexity of biology. To confirm that CX3CR1 is regulated by circRNA-miRNA, we selected the highest scoring miRNA, miR-709, for in vitro validation. First, qPCR was used to analyze the expression of miR-709, circStrbp, and CX3CR1 in JEV-infected mouse brain tissue, with miR-3547 used as a control. The results indicated that the expression level of miR-709 increased over time after infection and that the expression levels of circStrbp and CX3CR1 decreased over time after infection (Figure 3B). The trend of circStrbp-miR-709-CX3CR1 expression detected by qPCR was consistent with the ceRNA results obtained by high-throughput sequencing, indicating a potential regulatory relationship among circStrbp-miR-709-CX3CR1.
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FIGURE 3
 Network of CX3CR1 related ceRNA. (A) circRNA (green)-miRNA (blue)-mRNA (purple) interaction network. (B) Validation of CX3CR1 related circRNAs, miRNAs and mRNAs expression in infected mouse. Each genes were measured by qPCR using 2−ΔΔCt method and then normalized by a mock sample at day 5 to calculate fold change. (C) RNA interference efficiency of circStrbp. CircStrbp gene was measured by qPCR with primers target to linkage sequences of circStrbp. (D) Detection of miR-709 levels in BV2 cell after circStrbp knock-down. (E) Detection of CX3CR1 mRNA levels in BV2 cell after circStrbp knock-down. (F) Detection of JEV mRNA levels in BV2 cell after circStrbp knock-down. All experiments were measured by qPCR using 2−ΔΔCt method and then normalized by a mock. All experiments were repeated three times. Data are shown as means ± standard errors of the means.


To further analysis the ceRNA network function in JEV infection, circStrbp RNAi method was employed. The BV2 cells were transfected with circStrbp siRNA or normal control (NC), then inoculated with 0.1 MOI of JEV 24 h after transfection, and collected for detection 24 h after infection. Interference efficiency of circStrbp siRNA was firstly measured by using qPCR. circStrbp was significantly decreased in siRNA transfeced cells (Figure 3C). As expected, circStrbp related miR-709 and CX3CR1 mRNA were significantly changed after circStrbp RNAi consistent with mouse results (Figures 3D,E). The same results were observed both in the JEV-infected and uninfected groups. Next, JEV mRNA levels were compared in circStrbp RNAi and NC cells. JEV mRNA levels were significantly decreased in circStrbp RNAi cells (Figure 3F). This results implied CX3CR1 enhance JEV infection in BV2 cell which regulated by circStrbp-miR709-CX3CR1 axis.



3.4 Mir-709 is an important regulatory miRNA in JEV infection

miR-709 has been shown to play a role in regulating JEV infection. As a multitarget miRNA, miR-709 has many potential targets. To further clarify the target molecules of miR-709 and the network of miR-709 in JEV infection, BV2 cells were employed to study miR-709. JEV mRNA levels were measured in 0 to 6 h after JEV infection (MOI = 0.5, 1, 5) (Figure 4A). JEV growth curve was observed in different time points. Therefore, we detected early JEV infection in BV2 cells, consistent with the stage of infection in mice brain. The expression of miR-709 was increased within 1 h of JEV infection, then gradually decreased, and remained relatively low after 6 h (Figures 4B–D). This gradually decreasing may be due to the characteristics of BV2 cells. During the entire infection process, the expression of miR-709 in the JEV-infected group was higher than that in the mock group, and the trend of miR-709 expression in BV2 cells was consistent with that in mouse brain tissue, indicating that BV2 cells can be used as a cell model for studying miR-709. Further validation of the targeting effect of miR-709 on CX3CR1 and JEV was performed using BV2 cells. The BV2 cells were transfected with miR-709 or normal control (NC), inoculated with 0.1 MOI of JEV 24 h after transfection, and collected for detection 24 h after inoculation. The results indicated that miR-709 interfered with the expression of CX3CR1 and that the CX3CR1 mRNA expression was significantly decreased in miR-709-transfected cells (Figure 4F). JEV mRNA expression was lower in CX3CR1 knockdown cells. CX3CR1 promoted the JEV infection of microglia (Figure 4E). The above results demonstrate that miR-709 is regulated by circRNAs and changes the expression of CX3CR1 in the ceRNA regulatory network. Changes in CX3CR1 expression can affect the process of JEV infection.
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FIGURE 4
 miR-709 targeted CX3CR1 during JEV infection. (A) JEV infection curve in BV2 cell. Three dose of JEV (MOI = 0.5, 1, 5) were inculated into BV2 cell, the infected or mock infected cells were collected at different time points. (B–D) miR-709 dynamic response after JEV infection in BV2 cell with different MOI. The infected or mock infected cells were collected at different time points, the relative expression of miR-709 was measured by qPCR. Data are shown as the mean ± standard error (SEM). The experiments were repeated three times. (E) JEV replication after miRNA transfection. miR-709, miR-6992-5p or NC were transfected in BV2 cell, JEV was inoculated at 24 h after transfection. 24 h post infection, cell samples were collected. (F) CX3CR1 mRNA changes after miRNA transfection. miR-709, miR-6992-5p or NC were transfected in BV2 cell, 24 h post transfection, cell samples were collected. *, p < 0.05 compared between groups. Data are shown as the mean ± standard error (SE). The experiments were repeated for three times. (G) Down-regulation of mRNAs of miR-709 transfected uninfected-BV2 cell. (H) Down-regulation of mRNAs of miR-709 transfected infected-BV2 cell. Red color represents up-regulations and blue colors represent down-regulatons. Difference were calculated as significant if a fold change >2 and a p value <0.05.


We then performed high-throughput RNA-seq of mRNAs in miR-709 transfected BV2 cells (Supplementary Figure S4). In uninfected BV2 cells, 123 genes were downregulated after miR-709 transfection (Figure 4G). In JEV-infected BV2 cells, 12 genes were downregulated after miR-709 transfection include CX3CR1 (Figure 4H). Hence, JEV infection greatly affects the performance of miR-709 on target genes through complex interactions. The downregulated genes in the mock and JEV-infected groups were not completely consistent. The CX3CR1 gene was significantly downregulated only in the JEV-infected group, a finding that was consistent with the results of the ceRNA sequencing analysis of mouse brain tissue. Interestingly, no significant downregulation of CX3CR1 was observed in the mock group. Hence, the downregulation of CX3CR1 was apparently related to JEV infection. We speculate that circRNA-miRNA-mRNA is a very complex regulatory network but not an evenly distributed network; neither the binding of circRNA to miRNAs nor the downstream regulatory target mRNAs are fixed. The regulatory effect of circRNA-miRNA-mRNA may be selective and can only be activated under certain conditions. The Strbp-miR-709-CX3CR1 regulatory pathway in mouse brain may activate by JEV infection.

Through high-throughput sequencing of miR-709-transfected BV2 cells, we further demonstrated the regulatory effect of miR-709 on CX3CR1, a finding that indicates that miR-709-CX3CR1 plays a role in the process of JEV infection in mouse brain. Additionally, as seen from the interaction network for miR-709, there is more than one circRNA that affects miR-709, and CX3CR1 is not the only mRNA targeted by miR-709. The regulatory pathway of X circRNA-miR-709-X mRNA may play different roles in different stages of JEV infection.

Finally, we demonstrate that the circStrbp-miR709-CX3CR1 axis changes in response to JEV infection and subsequently influence JEV replication (Figure 5) which is a representative ceRNA net in JEV infection.
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FIGURE 5
 Mode pattern of the effect of CirStrbp-miR-709-CX3CR1 network on the JEV infection in mouse brain.





4 Discussion

Japanese encephalitis is a zoonotic infectious disease that infects humans and animals and is a serious threat in the Asia-Pacific region (Le Flohic et al., 2013). The most important clinical infectious feature of Japanese encephalitis is the occurrence of viral encephalitis. The fine and complex structure of brain tissue has been a challenge of Japanese encephalitis research (Chen et al., 2019). At present, the precise pathogenic mechanism of viral encephalitis caused by JEV infection has not been fully elucidated. In this study, high-throughput sequencing analysis was performed to discover the regulatory role of ceRNAs in the process of JEV infection of brain tissue and to demonstrate the regulatory effect of Strbp-miR-709-CX3CR1 on JEV infection.

High-throughput sequencing was performed using JEV-infected mouse brain tissue, and changes in the expression levels of circRNAs, miRNAs and mRNAs were analyzed. The differentially expressed circRNA, miRNA, and mRNA data obtained herein were not identical to the data reported in previously published studies (Li et al., 2020; Lu et al., 2020; Hu et al., 2021). This difference may be caused by the difference in sampling time of infected mice and the presence of different differentially expressed genes at different stages of JEV infection. The ceRNA regulatory network may also change over time after infection. Li found that the ceRNA pathways of circ_0000220, miR-326-3p and BCL3/MK2/TRIM25 played roles in viral encephalitis, demonstrating that viral encephalitis caused by JEV infection is regulated by a complex ceRNA network (Li et al., 2020). Our study revealed that Strbp-miR-709-CX3CR1 had a regulatory effect on JEV infection. These results demonstrate that the ceRNA network plays different roles during JEV infection.

The abundant circRNAs indicate that ceRNAs are abundant in brain tissue. It is speculated that circRNA-miRNA-mRNA regulation plays an important role in brain tissue. From our experimental results, circRNA-miRNA-mRNA was greatly affected by JEV infection. The high-throughput sequencing results from miR-709 transfected BV2 cells showed that the cellular changes caused by JEV infection affect gene expression and ceRNA network. One possibility of this result is that JEV infection directly affects the production of circRNAs and the expression of miRNAs, resulting in the activation of some specific circRNA-miRNA-mRNA pathways. Another possibility is that JEV infection leads to changes in the expression of some terminal target mRNAs, resulting in the failure to detect the targeting effect of ceRNA network on mRNAs. Based on the results reported herein, the overall expression and differences in expression of miR-709 are more obvious in the early stage of infection, and thus, circRNA-miRNA-mRNA is more likely to play a role in the early stage of virus infection. In the late stage of infection, the regulatory effect of various cytokines and proteins seems to be greater (Bian et al., 2020).

In circRNA-miRNA-mRNA interactions, miRNAs are intermediate molecules. miRNAs can be adsorbed on circRNA sponges and can target mRNAs to generate RNAi(Hansen et al., 2013). We believe that ceRNA analysis centered on miR-709 can explain and validate the circRNA-miRNA-mRNA pathway and its role. Therefore, we transfected miR-709 into BV2 cells and performed high-throughput RNA-seq of mRNAs from transfected cells. The results showed that the changes in CX3CR1 in BV2 cells were the same as the changes in CX3CR1 in mouse brain tissue. Based on the bifunctional chemokine role of CX3CR1, CX3CR1 may play an important role during JEV infection (Liu et al., 2018). Although there is no direct evidence that CX3CR1 is involved in viral inflammation caused by JEV infection, we speculate that changes in CX3CR1 may be associated with inflammation (Doggrell, 2011; Sutti et al., 2019). However, the clear mechanism needs to be further analyzed and verified. By transfecting miR-709 into BV2 cells, we found that miR-709 has a significant anti-JEV effect in BV2 cells. Bioinformatics analysis of the ceRNA network further proved that the antiviral effect of miR-709 is related to CX3CR1. miR-709 also has the potential to target other genes and thus suppress JEV infection (Surendran et al., 2016; Xiong et al., 2022), an issue that requires further experimental verification.

The ceRNA network consisting of circRNA-miRNA-mRNA is very complex, and ceRNAs within the cell generate many potential connections. The biological effects of these ceRNA networks are also complex and multiple. ceRNAs change depending on the organism or cellular state. There are many more ceRNA networks of circStrbp, miR-709, and CX3CR1 were listed in this study (Tables 12), and the changes of molecules related to these networks and the biological effects they produce may have potential roles in JEV infection, which need to be further investigated.

In conclusion, in this study, the circRNA-miRNA-mRNA interaction network in JEV-infected mouse brain tissue and JEV-infected mouse microglia cells was analyzed. The results indicate that the role of circRNA-miRNA-mRNA may change dynamically in different stages of infection and that the circStrbp-miR709-CX3CR1 pathway is associated with the JEV infection process (Figure 5).
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