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Two Putative Cypovirus-Encoded miRNAs Co-regulate the Host Gene of GTP-Binding Nuclear Protein Ran and Facilitate Virus Replication
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microRNA (miRNA) plays important roles in regulating various biological processes, including host-pathogen interaction. Recent studies have demonstrated that virus-encoded miRNAs can manipulate host gene expression to ensure viral effective multiplication. Bombyx mori cypovirus (BmCPV), a double-stranded RNA virus with a segmented genome, is one of the important pathogens for the economically important insect silkworm. Our present study indicated that two putative miRNAs encoded by BmCPV could promote viral replication by inhibiting the gene expression of B. mori GTP-binding nuclear protein Ran (BmRan), an essential component of the exportin-5-mediated nucleocytoplasmic transport of small RNAs. BmCPV-miR-1 and BmCPV-miR-3 are two of the BmCPV-encoded miRNAs identified in our previous studies. BmRan is a common target gene of them with binding sites all located in the 3′-untranslated region (3′-UTR) of its mRNA. The expression levels of the two miRNAs in the midgut of larvae infected with BmCPV gradually increased with the advance of infection, while the expression of the target gene BmRan decreased gradually. The miRNAs and the recombinant target gene consisting of reporter gene mCherry and 3′-UTR of BmRan mRNA were expressed in HEK293T cells for validating the interaction between the miRNAs and the target gene. qRT-PCR results revealed that BmCPV-miR-1 and BmCPV-miR-3 negatively regulate target gene expression not only separately but also cooperatively by binding to the 3′-UTR of BmRan mRNA. By transfecting miRNA mimics into BmN cells and injecting the mimics into the body of silkworm larvae, it was indicated that both BmCPV-miR-1 and BmCPV-miR-3 could repress the expression of BmRan in BmN cells and in the silkworm, and the cooperative action of the two miRNAs could enhance the repression of BmRan expression. Furthermore, the repression of BmRan could facilitate the replication of BmCPV genomic RNAs. It is speculated that BmCPV-miR-1 and BmCPV-miR-3 might reduce the generation of host miRNAs by inhibiting expression of BmRan, thus creating a favorable intracellular environment for virus replication. Our results are helpful to better understand the pathogenic mechanism of BmCPV to the silkworm, and provide insights into one of the evasion strategies used by viruses to counter the host defense for their effective multiplication.
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INTRODUCTION

Bombyx mori cypovirus (BmCPV) is one of the important pathogens of the silkworm (Cao et al., 2012). It is a typical RNA virus belonging to the Cypovirus genus of Reoviridae. Its genome consists of 10 segmented double-stranded RNAs with a total length of more than 24 kbp, each encoding a structural or non-structural protein (Hagiwara et al., 2002; Hu et al., 2019). The virus infects only midgut epithelial cells in the silkworm and produces polyhedra in the cytoplasm. The intact virus particles are generally embedded in the polyhedra and must be released in the larval midgut to infect the silkworm. The infection of the virus to the silkworm always causes serious cytoplasmic polyhedrosis disease resulting in big losses to the commercial sericultural production. The mechanism of interaction between the virus and silkworm needs to be further explored for the development of effective strategies to control the occurrence and prevalence of the disease. In the silkworm, major antiviral defense mechanisms such as RNA interference (RNAi), NF-kB-mediated, Imd (immune deficiency), stimulator of interferon gene (STING), and Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathways have been shown to play important roles in antiviral immunity (Jiang, 2021). In contrast, viruses can modulate prophenol oxidase (PPO), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), and extracellular signal-regulated kinase (ERK) signaling pathways of the host to elevate their proliferation in the silkworm (Jiang, 2021). Transcriptome studies of silkworm have revealed a complex response against BmCPV infection. While, studies of deep sequencing of viral small RNAs have indicated the importance of the RNAi pathway in the control of cypovirus infection although many functional aspects still need to be elucidated and conclusive evidence is lacking (Swevers et al., 2020).

microRNA (miRNA) is a type of 19–25 nt single-stranded non-coding small RNAs, which is widely found in animals, plants, and nematodes, and regulates the expression of target genes at the post-transcriptional level (Filipowicz et al., 2008). A miRNA can target and regulate multiple target genes, and a target gene may also be regulated by multiple miRNAs. At the same time, studies have shown that the increase in the number of miRNA binding sites in mRNA 3′-untranslated region (3′-UTR) can enhance the translational repression of a target gene (Heiss et al., 2012). Similar studies also showed that co-operativity between two or more miRNA-binding sites enhanced repression of mRNA translation via an unknown mechanism when sites were separated by 13–35 nucleotides (Saetrom et al., 2007). Many viruses also encode miRNAs and 569 miRNAs of virus origin have been registered in the miRBase database version 22.1 (2018)1. Virus-encoded miRNAs play an important role in the intricate interaction between virus and hosts, including regulation of host immune response, evasion from recognition by the host immune system (Liang et al., 2014), inhibition of apoptosis (Zhao et al., 2011), regulation of cell cycle (Gottwein et al., 2007), mimicking host miRNAs (Grimson et al., 2007; Zhao et al., 2009), and so on. At present, most viral miRNAs reported are encoded by DNA viruses, but some RNA viruses can also encode functional miRNAs (Swaminathan et al., 2013; Qiu et al., 2018). Our previous deep sequencing of small RNA in the midgut of silkworm larvae infected by BmCPV virus identified some virus-derived non-coding RNA sequences similar to miRNA. Further study proved that a BmCPV-encoded miRNA can regulate the expression of host genes and affect the replication and proliferation of the virus (Guo et al., 2020).

The present work studies the functions of two putative BmCPV-encoded miRNAs, namely BmCPV-miR-1 and BmCPV-miR-3. Target gene prediction against the silkworm genome identified that the B. mori GTP-binding nuclear protein ran gene (BmRan) is the common target gene of the two miRNAs. Their regulation on the target gene and its influence on BmCPV virus replication were analyzed. Studying the BmCPV-encoded functional miRNAs and revealing their functions in the process of pathogen-host interaction would enrich the miRNA family encoded by viruses and help to reveal the miRNA-mediated new mechanism of regulation on RNA virus replication and proliferation.



MATERIALS AND METHODS


Silkworm Strain, Cell Lines, and Virus

The domesticated silkworm of strain 4008 used in this study was supplied by Silkworm Germplasm Conservation Center, Chinese Academy of Agricultural Sciences. BmCPV, BmN cell, and HEK293T cell (human embryonic kidney cells) lines were maintained in our laboratory. miRNA mimics, inhibitors, and negative controls (NCs) were synthesized and chemically modified by Shanghai GenePharma Co., Ltd. The pmCherry-N1 plasmid, lentiviral expression vector pLNHX, pLKO.3G, and packaging plasmids pVSV-G, pSPAX2, and pMD2.G were purchased from Wuhan MiaoLingBio Inc. and kept in our laboratory.



Virus Inoculation and Tissue Collection

Bombyx mori cypovirus polyhedra suspension at a concentration of 1.0 × 108 mL–1 was coated on fresh mulberry leaves cut into 5 × 3 cm. The leaves coated with the virus suspension were fed to the 5th instar silkworm larvae and the average amount of virus ingested by each larva was calculated to be about 1.0 × 106 polyhedra. Another group of larvae fed with mulberry leaves coated with sterile water were used as blank control. When the mulberry leaves coated with virus or water were all eaten up (about 6 h), the larvae were given fresh mulberry leaves and reared under the standard condition of 14 h light and 10 h darkness and relative humidity of about 90%.

The larvae were dissected at 12, 24, 48, 72, and 96 h, respectively after inoculation to collect midguts. The collected midgut was rinsed in DEPC water to remove the attached mulberry leaf pieces and put into a cryotube after the extra water was absorbed with tissue paper. The midguts of every five larvae were mixed as one sample and three samples were taken at each time point. Then the samples were stored at −80°C after quick freezing in liquid nitrogen.



RNA Extraction

In this study, the expression level of both the virus-derived miRNAs and the host target gene, and the replication level of viral genome in the midgut of the silkworm larvae needed to be quantitatively detected, respectively. Therefore, total RNA was extracted with a classic manual method of the following steps. The frozen silkworm larval midguts were ground into fine powder with liquid nitrogen, put into an RNase free centrifuge tube. A total of 1 mL of lysate RL was added into the tube, and the mixture was shaken and mixed, then incubated at room temperature for 5 min. It was centrifuged at 4°C, 12000 rpm for 15 min. Then the supernatant was mixed with 200 μL of chloroform in a new tube, shaken sufficiently, and kept at room temperature for 10 min, followed by centrifugation at 4°C, 12000 rpm for 15 min. The upper aqueous phase was mixed with an equal volume of pre-cooled isopropanol in a new RNase free centrifuge tube, kept at 4°C for 10 min, then centrifuged at 4°C, 12000 rpm for 10 min. The supernatant was discarded, the pellet was washed with 1 mL of 75% ethanol and centrifuged at 4°C, 7500 rpm for 5 min. Then, the supernatant was discarded and the pellet was kept at room temperature for 5–10 min to allow the RNA pellet to dry. The RNA precipitate was dissolved with 30–50 μL of RNase-free water, and stored at −80°C after the concentration was measured.



cDNA Synthesis

cDNA was synthesized with a TaKaRa Primer ScriptTM RT reagent kit for reverse transcription (Takara Biomedical Technology Co., Ltd., China) according to the manufacturer’s instructions. For the first step, 2 μL of 5 × gDNA Eraser Buffer, 1 μL of gDNA Eraser, and 1 μg of RNA were mixed in the reaction tube to a total volume of 10 μL by adding ddH2O, then kept at 42°C for reaction for 2 min. Then, 10 μL of the reaction solution, 4 μL of 5 × Prime Script Buffer 2, 1 μL of Prime Script RT Enzyme Mix I, 1 μL of RT Primer, and 4 μL of ddH2O were mixed, and the reaction was performed with the program 37°C, 15 min, 85°C, 5 s, and 4°C + ∞. After the reaction, the synthesized cDNA was stored at −20°C. The cDNA for miRNA detection was synthesized with stem-loop RT primers. The stem-loop primers were designed with reference to literature (Chen et al., 2005) and the sequences are shown in Table 1.


TABLE 1. Primer sequences for qRT-PCR.
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qRT-PCR

Primer Premier 5.0 software was used to design quantitative primers (Table 1) for target gene BmRan, reporter gene mCherry, and internal reference gene β-actin (Table 1), and the stem-loop primers for miRNA quantitative detection were designed with reference to literature (Chen et al., 2005). The reaction system was prepared according to the instructions of the SYBR premix Ex TaqTM kit (Takara Biomedical Technology Co., Ltd., China) (2 × SYBR Premix Ex TaqTM: 10 μL, ROX Reference Dye: 0.4 μL, upstream primer: 0.8 μL, downstream primer: 0.8 μL, cDNA: 1 μL, ddH2O: 7 μL, total volume: 20 μL). Three technical replicates were set for each quantitative reaction and the reaction was run on an ABI Prism fluorescence quantitative PCR instrument (Applied Biosystems, Foster City, CA, United States). The reaction program was 95°C for 45 s followed by 45 cycles of 95°C for 5 s, and 60°C for 31 s. Bmβ-actin and BmTIF-4A were used as internal reference genes for detection of target gene expression. The differences in gene expression levels were calculated using the relative quantitative 2–ΔΔCT method (Chang et al., 2009).



Target Gene Prediction

The target genes of BmCPV-miR-1 and BmCPV-miR-3 was predicted against the silkworm genome by the miRanda and Targetscan2 software. The genes that could be predicted by both the two software programs and that mainly participated in immune response, escape of immune recognition, regulation of cell apoptosis, regulation of cell cycle, etc. were selected as the candidate target genes. The minimum free energy of hybridization between miRNA and target gene mRNA was calculated via software RNAhybrid3.



Construction of Lentiviral Expression Vectors and Transfection of HEK293T Cells

To verify the miRNA regulation on target gene expression by binding to its target site in 3′-UTR of mRNA, the lentiviral expression vectors for expression of the target gene and the miRNAs were constructed respectively and transfected into HEK293T cells. The reporter gene mCherry sequence (731 bp) was obtained from the plasmid pmCherry-N1. The 570 bp sequence encoding 3′-UTR of the target gene (BmRan) mRNA was amplified from the midgut cDNA of the experimental silkworm strain 4008. They were ligated into lentiviral vector pLNHX sequentially to construct the expression vectors pLNHX-mCherry-RanUTR, carrying a recombinant target gene consisting of the reporter gene mCherry and the 3′-UTR of BmRan mRNA. The mCherry gene serves not only as the reporter for successful transfection but also as the substituent target gene for miRNA regulation. At the same time, the miRNA binding sites on the target gene mRNA 3′-UTR were mutated by Mut Express II Fast Mutagenesis Kit V2 (Vazyme Biotech Co., Ltd., China) to construct the expression vector pLNHX-mCherry-RanUTR-mut, in which the miRNA binding sites were destroyed. On the other hand, the miRNA precursor sequence was cloned from the BmCPV genome and inserted into the lentiviral vector pLKO.3G (carrying EGFP reporter gene) to construct the expression vectors pLKO.3G-miR-1 and pLKO.3G-miR-3. The lentiviral vector inserts and primer sequences are shown in Table 2.


TABLE 2. Sequences for construction of lentivirus expression vectors.
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BmN Cell Transfection

To verify the miRNA regulation on target gene expression in BmN cells, miRNA mimics were transfected into the BmN cells to detect the changes in expression of the target gene. miRNA mimics and NC (sequences shown in Table 3) were synthesized by Shanghai GenePharma Co., Ltd. BmN cells were inoculated into a six-well plate 16 h before transfection in which the cell density should be over 60%, and they were divided into three groups, i.e., blank control, NC, and mimics, each group was set for three replicates. In a 1.5 mL EP tube, 3.33 μg of mimics or NC was mixed with serum-free TC-100 medium (Sangon Biotech Co., Ltd., Shanghai, China) up to 25 μL. In another tube, 5 μL of transfection reagent (EntransterTM-R4000, Beijing Engreen) was mixed with 20 μL of serum-free medium and kept at room temperature for 5 min. The solution in the two tubes was mixed thoroughly and left to stand for 15 min before transfection. For the transfection, the medium in the six-well cell culture plate was removed, the mixture solution was added to the cells, and culture medium was added up to 2.5 mL. Cells were collected at 24, 48, and 72 h after the transfection for RNA extraction and qRT-PCR detection of the changes in target gene expression with Bmβ-actin as internal reference.


TABLE 3. Sequences of miRNA mimics, inhibitors, and NC.
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Verification of miRNA Function in Silkworm

To study the regulation of miRNAs on target genes and their influence on virus replication and proliferation in silkworm larvae, the synthesized miRNA mimics, inhibitors (sequence shown in Table 3), and NC were respectively injected into the fifth instar larvae of normal silkworm, 2 μg for each larva. The midgut was dissected at 24, 48, 72, and 96 h after the injection. Total RNA was extracted as described above and the expression level of target gene was detected by qRT-PCR with Bmβ-actin as the internal reference gene.

At the same time, the 5th instar larvae of the silkworm were orally infected with BmCPV, 12 h later, miRNA mimics, inhibitors, and NC were injected respectively into the body cavity of the larvae. At 24, 48, 72, and 96 h after the injection, the midgut tissues were dissected for RNA extraction. Then the replication levels of the second, fifth, and tenth segment of BmCPV genomic RNA were detected respectively by qRT-PCR with Bmβ-actin as internal reference.



Statistical Analysis Methods

One-way ANOVA analysis in the GraphPad Prism package was used to analyze the experimental data statistically. The results are shown as the mean ± standard error (SE) of three independent treatments. Asterisks denote significant differences as compared with the control group, as indicated by ∗p ≤ 0.05, ∗∗p ≤ 0.01, and ∗∗∗p ≤ 0.001.



RESULTS


Stem-Loop PCR Identification of BmCPV-miR-1 and BmCPV-miR-3

In our previous small RNA sequencing data (data deposited in NCBI Sequence Read Archive Database4, accession number SRP158739) of the midgut of BmCPV-infected silkworm larvae, we found two miRNA-like small RNAs encoded by the first and third segment of BmCPV genomic RNA, with the sequencing abundances 1375 and 2710, respectively. They were named BmCPV-miR-1 (sequence: GAAAUGGACACAGGCACACUA, located at the 5P arm of its precursor sequence) and BmCPV-miR-3 (sequence: UAGGAGAAUUAGCGCGGCUUGAU, located at the 3P arm of its precursor sequence). With stem-loop RT-PCR detection, obvious bands were detected in midgut tissue of the 5th instar silkworm larvae infected with BmCPV (Figure 1A), with a band size of 70–80 bp respectively, while no bands were detected in midgut tissues of normal larvae, indicating that both BmCPV-miR-1 and BmCPV-miR-3 are derived from BmCPV.
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FIGURE 1. Detection of expression patterns of BmCPV-miRNAs and target gene BmRan in the midgut of silkworm larvae infected with BmCPV. (A) BmCPV-miR-1 and BmCPV-miR-3 detected by stem-loop RT-PCR. The bands sized about 70–80 bps were the putative miRNAs. c: control; t: BmCPV infected; t1: BmCPV-miR-1; t2: BmCPV-miR-3. (B) Expression pattern of BmCPV-miR-1. (C) Expression pattern of BmCPV-miR-3. (D) Expression pattern of BmRan with normalization to different internal reference genes. The expression of BmCPV-miRNAs gradually increased, while the expression of the target gene BmRan gradually decreased, as the infection advanced (n = 3 replicate samples, each containing five larvae).




Target Gene Prediction

miRanda and Targetscan software were used to predict the target genes of both BmCPV-miR-1 and BmCPV-miR-3 against the silkworm genome5. As a result, B. mori GTP-binding nuclear protein Ran gene (BmRan, NCBI accession number: NM_001046809.1) was predicted to be the common target gene of these two miRNAs. The binding sites for the two miRNAs are all located in the 3′-UTR region of the BmRan mRNA sequence with an interval of 284 nt. The binding site of BmCPV-miR-1 is located at 11∼34 nt and that of BmCPV-miR-3 is located at 319∼339 nt, both with an individual specific region complementary to the seed sequence of the miRNAs. The binding free energy of the two miRNAs to their respective target sites is lower than −20 kcal/mol (BmCPV-miR-1: −20.8 kcal/mol, BmCPV-miR-3: −22.7 kcal/mol). GTP-binding nuclear protein Ran is a 25 kDa protein and an important component of exportin-5-mediated nucleocytoplasmic transport. It is mainly involved in the transport of small RNA from nucleus to cytoplasm (Bischoff and Ponstingl, 1991). In the process of nuclear export of pre-miRNA, exportin-5 binds pre-miRNA in a Ran-GTP dependent manner. The depletion of Ran protein level leads to a significant reduction in nuclear export of pre-miRNA (Yi et al., 2003; Bohnsack et al., 2004; Lund et al., 2004; Wang et al., 2011). Drosophila exportin-5 can transport pre-miRNA and tRNA (Shibata et al., 2006). However, the mechanism of small RNA transport in the silkworm and its influence factors have not been reported yet. Therefore, the BmRan gene of the silkworm was selected in this study to evaluate the function of the two BmCPV-derived miRNAs.



Expression of BmRan Is Inversely Correlated With Both BmCPV-miR-1 and BmCPV-miR-3 Levels in the Larvae Infected With BmCPV

Fifth-instar silkworm larvae were inoculated per os with BmCPV, and midgut tissues were collected at 12, 24, 48, 72, and 96 h post-infection. Total RNA was extracted for reverse transcription and for detection of the expressional changes of miRNAs and the target gene. The results indicated that the expression level of BmCPV-miR-1 and BmCPV-miR-3 in the virus-infected midgut gradually increased with the advance of infection (Figures 1B,C), while the expression of the target gene BmRan was gradually downregulated as the time advanced after infection (Figure 1D). To ensure the detection objectivity of the target gene expression, two internal reference genes (Bmβ-actin and BmTIF-4A) were used to normalize the qRT-PCR detection data. The overall trend in changes of the target gene expression among the different time points after BmCPV infection was the same, although the calculated expression level of the target genes was slightly different at a specific time point as normalized to different reference genes (Figure 1D). It implies that BmCPV-miR-1 and BmCPV-miR-3 might be inversely correlated with the expression of the target gene BmRan. It can be speculated that BmCPV-miR-1 and BmCPV-miR-3 have negative regulatory effects on BmRan.



BmCPV-miR-1 and BmCPV-miR-3 Negatively Co-regulate Target Gene Expression by Binding to 3′-UTR of BmRan mRNA

The constructed expression vectors pLNHX-mCherry-RanUTR and pLNHX-mCherry-RanUTR-mut, both carrying the recombinant target gene consisting of the 731 bp mCherry reporter gene and the 570 bp sequence encoding the BmRan mRNA 3′-UTR, were confirmed to be correct by restriction enzyme digestion and sequencing of the inserted fragments. The mCherry gene serves here not only as the reporter for successful transfection but also as the substituent target gene for miRNA regulation. On the other hand, the constructed miRNA expression vectors pLKO.3G-miR-1 and pLKO.3G-miR-3 were confirmed by PCR amplification and the specific bands of 87 bp pre-miR-1 and 88 bp pre-miR-3 were detected, then the PCR products were further sequenced as the miRNA precursors of the two miRNAs. These results indicated that the expression vectors were all constructed successfully.

To evaluate the effect of BmCPV-miR-1 and BmCPV-miR-3 bound to the binding sites in 3′-UTR on the expression of the mCherry gene (that served as a substituent target gene), HEK293T cells were transfected successively with the above constructed lentiviral expression vectors for mCherry, BmCPV-miR-1, and BmCPV-miR-3. HEK293T cells were firstly co-transfected with the recombinant plasmid pLNHX-mCherry-RanUTR or pLNHX-mCherry-RanUTR-mut and packaging plasmid pVSV-G. After 48 h, about 80% of cells showed red fluorescence (Figures 2A,B), indicating that the recombinant expression vector was successfully transfected into the cells and the red fluorescent protein was stably expressed. Then, the HEK293T cells were further transfected with the plasmid pLKO.3G-miR-1 and pLKO.3G-miR-3 respectively, meanwhile another group of cells transfected with the pLKO.3G plasmid were used as NC. The transfection efficiency was about 60% (Figures 2C–F) at 20 h post-transfection based on the number of cells showing green fluorescence. Then, cells were collected at 24 and 48 h after transfection of the miRNA expression vectors, and the expression of the miRNAs and the red fluorescent protein gene was quantitatively detected. The expression level of both the miRNAs BmCPV-miR-1 and BmCPV-miR-3 gradually increased with the progression of time after transfection of the miRNA expression vectors as detected by qRT-PCR, indicating that the miRNA expression vectors were not only successfully transfected into HEK293T cells, but the miRNAs were also expressed (Figure 3A). At the same time, the expression of the mCherry gene in the experimental groups transfected with the miRNA expression vectors decreased (Figure 3B), furthermore the downregulated expression of the mCherry gene in the cells co-transfected with both pLKO.3G-miR-1 and pLKO.3G-miR-3 was more significant than that in the cells transfected with only pLKO.3G-miR-1 or pLKO.3G-miR-3 (Figure 4B). While, the expression level of the mCherry gene in the NC cells transfected with pLKO.3G was stable (Figure 3B). However, neither pLKO.3G-miR-1 nor pLKO.3G-miR-3 could downregulate the expression of the mCherry gene after mutation of the miRNA binding sites on 3′-UTR (Figure 3B). These results implied that both pLKO.3G-miR-1 and pLKO.3G-miR-3 could inhibit the expression of the target gene by binding to 3′-UTR of mRNA, and their cooperative action could enhance the repression of the target gene expression.


[image: image]

FIGURE 2. HEK293T cells transfected with the targe gene expression vector pLNHX-mCherry-RanUTR (A,B), the miRNA expression vectors pLKO.3G-miR-1 (C,D) and pLKO.3G-miR-3 (E,F) respectively. (A,C,E) Observed under fluorescent microscope (A, under green light; C,E, under red light); (B,D,F) Observed under optical microscope. Cells showing red fluorescence indicate successful transfection and transfection efficiency of target gene expression vector (A); cells showing green fluorescence indicate the successful transfection and transfection efficiency of miRNA expression vectors (C,E).
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FIGURE 3. Regulation of BmCPV-miRNAs on the target gene in HEK293T cells and in BmN cells. (A) BmCPV-miRNAs were expressed in the transfected HEK293T cells. (B) BmCPV-miRNAs downregulate the expression of the substituent target gene mCherry in HEK293T cells. pLNHX-Ran: pLNHX-mCherry-RanUTR; pLNHX-Ran-mut: pLNHX-mCherry-RanUTR-mut. (C) Regulation of BmCPV-miRNA mimics on expression of target gene BmRan in BmN cells (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 4. Regulation of miRNA mimics on expression of target gene BmRan in midgut of silkworm larvae. Result shows that BmCPV-miRNAs downregulate the expression of BmRan in vivo in the silkworm. (A) In midgut of normal silkworm larvae. (B) In midgut of silkworm larvae infected with BmCPV. (C) Regulation of BmCPV-miRNA inhibitors on expression of BmRan in midgut of silkworm larvae infected with BmCPV (n = 3 replicate samples, each containing five larvae, *p < 0.05, **p < 0.01, ***p < 0.001).




BmCPV-miR-1 and BmCPV-miR-3 Mimics Negatively Regulate BmRan Expression in BmN Cells

In order to validate the regulation effect of the two BmCPV-miRNAs on target gene BmRan, BmN cells were transfected respectively with BmCPV-miR-1 and BmCPV-miR-3 mimics or NC. Cells were collected at 24, 48, and 72 h after transfection, and the expression changes of the target gene were detected by qRT-PCR. The quantitative detection results (Figure 3C) showed that compared with the cells transfected with NC, the expression of the target gene BmRan was downregulated in the cells transfected with the BmCPV-miR-1 mimics or BmCPV-miR-3 mimics. At the same time, the expression of the target gene BmRan was downregulated more significantly in the cells co-transfected with both the two miRNA mimics (Figure 3C). It indicated that the mimics of BmCPV-miR-1 and BmCPV-miR-3 could effectively repress the expression of the BmRan gene, and furthermore the repression of the expression was enhanced when the mimics of the two miRNAs acted cooperatively. This is consistent with the regulatory effect of BmCPV-miRNAs on the target gene verified by lentiviral expression vectors in HEK293T cells. These results implied the negative regulation of both BmCPV-miR-1 and BmCPV-miR-3 on expression of the target gene BmRan.



BmCPV-miR-1 and BmCPV-miR-3 Downregulate BmRan Expression in the Midgut of Silkworm Larvae

To verify the regulatory effects of BmCPV-miR-1 and BmCPV-miR-3 on the expression of the target gene in vivo in the silkworm, the mimics of BmCPV-miR-1 and BmCPV-miR-3 were injected into the normal fifth instar larvae separately or jointly to detect the expressional changes of BmRan. The larvae injected with NC were used as NC. The results showed that the expression level of the target gene BmRan in the midgut of larvae injected with mimics was lower than that in the NC injection group at all the time points of 24, 48, 72, and 96 h after the injection (Figure 4A), and further lower in the larvae injected with both the two miRNA mimics. The results indicated that BmCPV-miR-1 and BmCPV-miR-3 could also inhibit the expression of the target gene BmRan in silkworm larvae and have a co-operativity in the repression.

At the same time, the mimics and the inhibitors of BmCPV-miR-1 and BmCPV-miR-3 and the NC were injected into the fifth instar larvae infected with BmCPV to further validate the expression changes of the BmRan gene. The results showed that the expression level of the BmRan gene in the mimic injection groups was also lower than that in the NC group, with the largest decrease of 40.9 times at 48 h (Figure 4B), while the expression level in the inhibitor injection groups was higher than that in the NC group (Figure 4C) with the highest increase of 4.28 times at 72 h. Furthermore, in the larvae injected with both the two miRNA mimics, the repression of BmRan expression was more significantly enhanced, while inhibition of both the miRNAs by injecting both miRNA inhibitors resulted in a much higher BmRan expression level. These implied that increasing the level of the BmCPV-miRNAs could inhibit the expression of the BmRan gene, while inhibiting the effect of the miRNAs could effectively increase the expression level of the target gene.



Effect of the BmCPV-miRNAs on BmCPV Replication in the Midgut of Silkworm Larvae

The above results verified the negative regulation of the two BmCPV-miRNAs, BmCPV-miR-1 and BmCPV-miR-3, on the target gene BmRan both in BmN cells and in vivo in the silkworm body. Whether the regulation of BmCPV-miR-1 and BmCPV-miR-3 on the BmRan gene affects the replication of the BmCPV genome was also evaluated by injecting the miRNA mimics, inhibitors, and NC into the fifth instar larvae infected with BmCPV and detecting the replication of the second (S2), fifth (S5), and tenth (S10) segment of BmCPV genomic RNA at the time points of 24, 48, 72, and 96 h post-injection. The results showed that the replication levels of the three RNA segments of the viral genome exhibited the same trend, and they all gradually increased with advanced time (Figure 5), which indicated viral replication. While, compared with the NC group, the replication level of the three RNA segments in the silkworm larvae injected with the miRNA mimics increased much faster (Figures 5A1,B1,A2,B2,A3,B3). However, the replication level of the three RNA segments in the larvae injected with inhibitors was lower than that in the NC group (Figures 5A1,B1,A2,B2,A3,B3). Furthermore, increasing the level of both the miRNAs by injecting the two mimics promoted viral replication more significantly than by any single miRNA, while inhibition of both the two miRNAs resulted in further lower replication than inhibition of any single miRNA (Figures 5C1–C3). This indicated that the replication of BmCPV was enhanced by increasing the level of miRNAs, but repressed by a decrease of the miRNA level. Therefore, it can be speculated that BmCPV-miR-1 and BmCPV-miR-3 could create a favorable intracellular environment and thus promote virus replication by inhibiting the expression of the target gene BmRan.
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FIGURE 5. Regulation of miRNA mimics and inhibitors on replication of the BmCPV genome in midgut of silkworm larvae. Result shows that the BmCPV-miRNAs could enhance the replication of BmCPV genomic RNAs. (A1) BmCPV-miR-1 to S2; (B1) BmCPV-miR-3 to S2; (C1) BmCPV-miR-1 + BmCPV-miR-3 to S2; (A2) BmCPV-miR-1 to S5; (B2) BmCPV-miR-3 to S5; (C2) BmCPV-miR-1 + BmCPV-miR-3 to S5; (A3) BmCPV-miR-1 to S10; (B3) BmCPV-miR-3 to S10; (C3) BmCPV-miR-1 + BmCPV-miR-3 to S10. S2, S5, and S10 represent the 2nd, 5th, and 10th segment of BmCPV genomic RNA, respectively (n = 3 replicate samples, each containing five larvae, *p < 0.05, **p < 0.01, ***p < 0.001).




DISCUSSION

Virus-encoded miRNA plays an important role in the process of virus-host interaction. Its small molecules, non-antigenicity, and target specificity make it a potential strategy for the virus to counter host defense mechanisms. Most of the presently reported viral miRNAs are encoded by DNA viruses, but some RNA viruses can also encode functional miRNAs (Swaminathan et al., 2013; Fani et al., 2018), such as Ebola virus (EBOV) (Liang et al., 2014; Chen et al., 2016; Qiu et al., 2018), hepatitis A virus (HAV) (Shi et al., 2014), bovine leukemia virus (BLV) (Rosewick et al., 2013), and Marek’s disease virus (MDV) (Zhao et al., 2011), etc. Studies have shown that one miRNA can target multiple genes, and a target gene can also be regulated by several miRNAs. Generally, miRNA mainly binds to the 3′-UTR of mRNA to repress the target gene translation, and co-operativity between two or more miRNA-binding sites can enhance repression of the mRNA translation (Saetrom et al., 2007; Fang and Rajewsky, 2011; Trobaugh et al., 2014; Liu et al., 2015). On the other hand, some miRNAs bind to the 5′-UTR of mRNA and upregulate the expression of target genes (Jopling et al., 2005; Ørom et al., 2008; Helwak et al., 2013; Hussain et al., 2013). In addition, some miRNAs can also bind to the CDS region and downregulate the expression of the target gene (Hausser et al., 2013; Pan et al., 2017).

Bombyx mori cypovirus has a larger and double-stranded RNA genome, which makes the virus potentially able to encode functional miRNAs, and the miRNAs encoded by the virus might play an important role in the virus-host interaction and in virus replication. In the present study, two miRNAs namely BmCPV-miR-1 and BmCPV-miR-3, which are encoded by the first and third segment of BmCPV genomic RNA, respectively, and their regulatory effects on target genes and then on virus replication and proliferation were studied. BmCPV-miR-1 and BmCPV-miR-3 share a common target gene, B. mori GTP-binding nuclear protein Ran (BmRan), and their binding sites on BmRan mRNA are all located in the 3′-UTR region. qPCR results showed that the expression levels of BmCPV-miR-1 and BmCPV-miR-3 in the midgut of virus-infected larvae gradually increased with the progression of infection, while the expression level of the target gene BmRan gradually decreased, indicating that both the two miRNAs were negatively correlated with the expression of target gene BmRan. Many virally encoded miRNAs were reported to downregulate the expression of host target genes via binding to the 3′-UTR of their mRNA (Stern-Ginossar et al., 2007; Singh et al., 2012; Skalsky et al., 2012; Fani et al., 2018). Therefore, our results implied that BmCPV-miR-1 and BmCPV-miR-3 might downregulate the expression of the target gene BmRan.

At present, the regulation of miRNAs on target genes is mostly verified using the dual luciferase reporter system, but both miRNA and the target gene can only be expressed transiently. However, the lentivirus expression system has the characteristics of high transfection efficiency and expression stability. Therefore, we employed the lentivirus expression vectors to express the miRNAs and the target gene respectively, and to evaluate the interaction between the BmCPV-encoded miRNAs and their shared target gene. In the system, the mCherry gene and the cDNA sequence encoding 3′-UTR of BmRan mRNA were combined into an expression vector, in which the mCherry gene served as both the reporter gene for successful transfection and the substituent target gene for the miRNAs. The results showed that both BmCPV-miR-1 and BmCPV-miR-3 could downregulate the expression of the target gene, and furthermore they had a co-operativity in the regulation.

At the same time, the negative regulation of BmCPV-miR-1 and BmCPV-miR-3 on the target gene BmRan was also confirmed in the cultured BmN cells by transfection of miRNA mimics, and in vivo in the silkworm by injecting miRNA mimics into both the normal and BmCPV-infected silkworm larvae. Furthermore, injecting miRNA mimics into the larvae enhanced the replication of the tested second, fifth, and tenth segment of the viral genome RNA. This implied that BmCPV-miR-1 and BmCPV-miR-3 encoded by BmCPV might promote the replication and proliferation of the virus by inhibiting the expression of the target gene BmRan.

In plants and invertebrates such as insects, host miRNAs serve as an important antiviral mechanism and degrade viral RNA into siRNAs, which then bind to the virus genome to inhibit viral replication (Ding and Voinnet, 2007; Carl et al., 2013; Bernier and Sagan, 2018). The biological generation of host miRNAs includes the transcription of pri-miRNA containing a stem-loop structure (Lagos-Quintana et al., 2003), which is then digested into pre-miRNA containing a hairpin structure by the Drosha enzyme in the nucleus. Then the pre-miRNA is transported from the nucleus to the cytoplasm, where it is cleaved into mature miRNA by the Dicer enzyme.

GTP-binding nuclear protein Ran is a 25 kDa transporter and serves as an important part of the exportin-5-mediated nucleocytoplasmic transport. It plays an important role in the transport of various non-coding RNAs and proteins from the nucleus to the cytoplasm, and mainly participates in the transport of small RNAs (Bischoff and Ponstingl, 1991). The exportin-5 of Drosophila can transport pre-miRNA and tRNA (Shibata et al., 2006). Research has shown that the nuclear export protein exportin-5 (Exp5) binds specifically to pre-miRNA in a Ran-GTP dependent manner (Yi et al., 2003; Bohnsack et al., 2004; Lund et al., 2004). Then, the pre-miRNA/Exp5/Ran-GTP complex migrates to cytoplasm, where the hydrolysis of Ran-GTP to Ran-GDP induces the release of pre-miRNA. The released pre-miRNA is further processed by the RNase III enzyme called Dicer to release the mature miRNAs (Hutvágner et al., 2001; Ketting et al., 2001). The depletion of Ran results in significant reduction of pre-miRNA export (Yi et al., 2003; Bohnsack et al., 2004; Lund et al., 2004). Other studies have shown that the combination of the pre-miRNA/Exp5/Ran-GTP complex can significantly reduce the efficiency of Dicer cutting pre-miRNA (Kim, 2004; Zeng and Cullen, 2004). In addition, overexpression of the pre-miRNA/Exp5/Ran-GTP complex increased the level of miRNA in the transfected cells, while RNAi-mediated knock-down of the pre-miRNA/Exp5/Ran-GTP complex inhibited the production of mature miRNA. Therefore, the pre-miRNA/Exp5/Ran-GTP complex not only acts as a nuclear export factor for pre-miRNA, but also protects pre-miRNA from degradation, thus promoting the formation of miRNA. Our results indicate that BmCPV-miR-1 and BmCPV-miR-3 may enhance the replication and proliferation of BmCPV by inhibiting the expression of target gene BmRan. The probable reason is that BmCPV-miR-1 and BmCPV-miR-3 bind to the 3′-UTR region of BmRan mRNA, negatively regulate the translation of the BmRan protein, thus inhibit the transport of pre-miRNA from the nucleus to the cytoplasm in host cells, reduce the population of host miRNAs, and consequently create a favorable intracellular environment for BmCPV genome replication and virus multiplication. Based on this speculation, the function mechanism of BmCPV-miR-1 and BmCPV-miR-3 on regulation of target gene BmRan and on replication of BmCPV is proposed (Figure 6). B. mori nuclear polyhedrosis virus (BmNPV) is another important virus pathogen of the silkworm, which is a double-stranded DNA virus belonging to Baculoviridae. The miRNA bmnpv-miR-1 encoded by BmNPV also represses the expression of Ran in the silkworm, leading to the reduction in the host small RNA population, as a consequence, the BmNPV load increases significantly in the infected larvae (Singh et al., 2012). In contrast, blockage of the host miRNA, bmo-miR-8, which targets the immediate-early gene of the virus and whose production was repressed upon bmnpv-miR-1 and Ran dsRNA administration, also resulted in a significant increase in the virus load in the infected silkworm larvae. While inhibition of BmNPV-miR-1 resulted in the significant expression of Ran and the decrease in BmNPV load in the BmNPV-infected larvae (Singh et al., 2012). These results, including those in our present study, provide insights into one of the evasion strategies used by these viruses to counter the host defense for their effective multiplication.


[image: image]

FIGURE 6. Proposed function mechanism of BmCPV-miR-1 and BmCPV-miR-3 on regulation of the target gene BmRan and on replication of BmCPV. BmCPV-miR-1 and BmCPV-miR-3 negatively regulate the translation of the BmRan protein, thus inhibit the transport of pre-miRNA from the nucleus to the cytoplasm in host cells, thereby the population of host miRNAs decreases, consequently creating a favorable intracellular environment for BmCPV genome replication and virus multiplication is enhanced.


Research on the mechanism of biogenesis of miRNAs by RNA viruses indicated that RNA viruses generate functional miRNAs through non-canonical miRNA biosynthesis pathways. For example, the Drosha enzyme also exists in cytoplasm to cleave pri-miRNA to form pre-miRNA (Shapiro et al., 2012), viruses can encode a protein with the function of the Drosha enzyme to cleave the initial transcripts of miRNA (Kreuze et al., 2005), the tRNase Z in the cytoplasm can cut pri-miRNA into pre-miRNA (Bogerd et al., 2010), and the small stem-loop structure transcripts of the viral genome in the cytoplasm can be directly processed into miRNAs or miRNA-like molecules by the Dicer enzyme (Okamura et al., 2007). Our previous studies identified several miRNAs encoded by BmCPV and have proven that they can regulate the expression of silkworm target genes (Pan et al., 2017; Guo et al., 2020). For example, BmCPV-miR-1 upregulated the expression of another target gene, B. mori inhibitor of apoptosis protein (BmIAP), by binding to the 5′-UTR of its mRNA and then inhibited the apoptosis of the infected cells, thus facilitating the replication of BmCPV (Pan et al., 2017; Guo et al., 2020). The enhanced replication of the BmCPV genome in the present study should include the contribution from the BmCPV-miR-1 upregulation on BmIAP. However, the mechanism with which BmCPV generates the miRNAs requires a further in-depth study in the future.

In summary, the present study revealed the negatively regulatory and co-regulatory function of two BmCPV-encoded putative miRNAs, BmCPV-miR-1 and BmCPV-miR-3, on the host target gene BmRan. Furthermore, repression of BmRan expression by the two BmCPV-miRNAs enhanced replication of the viral genome. The results might imply one of the strategies employed by the insect virus to modulate miRNA-mediated host antiviral defense by generating miRNAs that inhibits Ran, an important component in miRNA generation.
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Primer name

Sequence (5'-3')

Stem-loop reverse-transcribed PCR for BmCPV-miR-1

RT: GTCGTATCCAGTGCAGGGTCCGAGGT
ATTCGCACTGGATACGACTAGTGT

F: ACACTCCAGCTGGGGAAATGGACACAGGC

Stem-loop reverse-transcribed PCR for BmCPV-miR-3

Universal
mCherry

Human B-actin

BmRan

Genomic RNA S2

Genomic RNA S5

Genomic RNA S10

Bmp-actin

RT: GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCA
CTGGATACGACATCAAGCC

F: ACACTCCAGCTGGGTAGGAGAATTAGCGCGG
R: CCAGTGCAGGGTCCGAGGTA

F: CTCAGTTCATGTACGGCTCCAAGG
R: GGAGTCCTGGGTCACGGTCAC

F: CTCCATCCTGGCCTCGCTGT

R: GCTGTCACCTTCACCGTTCC

F: GCCGTAACGACTTTGCTTTGGAAC
R: TTGCCAGTACCACCATCTCCTACC
F: GTTGAGCGTCAGCAGTCAGATCG
R: TGTTTACCCTGAGCAGCGTTATCG
F: CGCTTACAGGCAGTGGAATAGGAC
R: GCTCTAACACATCGCTGGGCTAAG
F: ACCGTCAGTGATTGCTCGTGTAAC
R: AGCGTCACCCTATCCGAAGACC

F: CCGTATGAGAAAGGAAATCA

R: TTGGAAGGTAGAGAGGGAGG
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Sequences for construction of lentivirus vectors

BmRan-3'UTR GTCGACGCACAAAATACTGCTCTTCCTGAGGAAGATGAAGACT TATAAATATGATCAACGGATGTACCCAGTGCCCATTTTGTGA
TTGGAGGATCATGCAAATGTGTTCAGTGTAGCGTACACTAAATTTTTTCATTCCATTAGGTGATCGCAAATGAACATTATTTTAATAA
CTTATTAAACCTTCAATCATTTGCTTTAATTAATGTAAAATCATTAGATAATTTAACACGTAGCTCCTCTAGTTTGAGTTTTATAAAACT
GTAATTCTAAACTTTTATATTGAAAGGCAACAAAAATATGAGTATTATTTATGTGTAGTTCATTTTTGTTACAGT TGTCATAAAAACATT
TTGCATTGATTGCCCAATATGTGTTAATGCCTATTTGGTCACTGTTATTTATAATACACATGTAAACAAATTTGTATGATAACTCTTTG
TAAACCCATAGCATGTACACACATAATATTATAATCTTGAAATTATTTCTTACTTTTGTTACATGCAAGGACTGACAATATTTCACTGA
AAAATTGAATTGTGGTGATACTTTTTAAATAAAGTGTAAAAAATGAAGCTT

pre-miR-1 GCCCCTAG CTCATAT‘G.AAATG GACACAGGCACACTA TFCAAGGAATG GTGATTTACTCTATAGTCCAGTTGCGAATGGGCAAGTCGGG
pre-miR-3 CTCAAGACGTFAATCGCGGACTATAATI‘I’AAGAATGCGCAGAGATGCACTGdTAGGAGAATI’AGCGCGGCTI’GAT GAGTTGAGAGATA
Primer sequences for constructed lentiviral expression vectors
mCherry F: CGGGATCCCCACCGGTCGCCACCAT
R: ACGCGTCGACGGCCGCTACTTGTACAGC
BmRan-3'UTR F: ACGCGTCGACCCAGAAGTTACAATGGATCC
R: CCCAAGCTTTGTCAGTCCTTGCATGTAAC
3'UTR-miR-1-mut F: AGAGGCAACCAAGGCTAGCGCGGTGATTGGAGGATCAT GCAAATG
R: CTAGCCTTGGTTGCCTCTGTTGATCATATGTCGA CCTTGTACAGC
3'UTR-miR-3-mut F: AGATACAGAGCCGCGAAGGTTTGGTCACTGTTATTTATA ATACACATGTAA
R: TTCGCGGCTCTGTATCTGGCAATCAATGCAAAATGTTTIT ATG
pre-miR-1 F: GGAATTCGCCCCTAGCTCATATG
R: TTAATTAACCCGACTTGCCCATTC
pre-miR-3 F: GGAATTCCTCAAGACGTTAATCGC

R: TTAATTAATATCTCTCAACTCATCAAGCC

The single-underlined sequence is the restriction site, the double-underlined is the binding site for BmCPV-miR-1, the wavy-underlined is the binding site for BmCPV-miR-3,
the boxed sequences are mature miRNAs.
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