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Caprine parainfluenza virus type 3 (CPIV3) is a newly emerging pathogenic respiratory agent infecting both young and adult goats, and it was identified in eastern China in 2013. Cellular microRNAs (miRNAs) have been reported to be important modulators of the intricate virus-host interactions. In order to elucidate the role of miRNAs in madin-darby bovine kidney (MDBK) cells during CPIV3 infection. In this study, we performed high-throughput sequencing technology to analyze small RNA libraries in CPIV3-infected and mock-infected MDBK cells. The results showed that a total of 249 known and 152 novel candidate miRNAs were differentially expressed in MDBK cells after CPIV3 infection, and 22,981 and 22,572 target genes were predicted, respectively. In addition, RT-qPCR assay was used to further confirm the expression patterns of 13 of these differentially expressed miRNAs and their mRNA targets. Functional annotation analysis showed these up- and downregulated target genes were mainly involved in MAPK signaling pathway, Jak-STAT signaling pathway, Toll-like receptor signaling pathway, p53 signaling pathway, focal adhesion, NF-kappa B signaling pathway, and apoptosis, et al. To our knowledge, this is the first report of the comparative expression of miRNAs in MDBK cells after CPIV3 infection. Our finding provides information concerning miRNAs expression profile in response to CPIV3 infection, and offers clues for identifying potential candidates for antiviral therapies against CPIV3.
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INTRODUCTION

Parainfluenza virus type 3 (PIV3) is an enveloped, single-stranded negative sense RNA virus within the Respirovirus genus of the Paramyxiviridae family, which is one of the most common causative agents of respiratory infection in different host species (Maidana et al., 2012). Three Respirovirus genus species are known to infect human (human parainfluenza virus type 1 and 3, HPIV1, and HPIV3), bovine (bovine parainfluenza virus type 3, BPIV3) and mouse (Sendai virus) (Ellis, 2010). The clinical features of bovine infection with BPIV3 varies considerably, ranging from subclinical infection to severe respiratory disease. In most of the cases where BPIV3 is implicated in disease, mild clinical signs characterized by coughing, pyrexia, nasal, and ocular discharge are observed (Horwood et al., 2008). In some circumstances, when animals undergo high stress, such as during temperature, humidity, stocking density, transportation, and other factors, BPIV3 infection contribute to tissue lesion and immunosuppression, leading to severe bronchopneumonia from secondary bacterial infections (Haanes et al., 1997; Wen et al., 2012). The resulting infection is part of the bovine respiratory disease complex (BRDC) and it is considered as the most important illness associated with feedlot cattle in China (Shi et al., 2014), USA (Snowder et al., 2006), and possibly worldwide (Maidana et al., 2012).

Since August 2013, a novel PIV3 (caprine PIV3, CPIV3) was detected from goat herds with respiratory illness around China through RT-PCR assay and nucleotide sequence analysis (Li et al., 2014; Li J. et al., 2016; Yang et al., 2016), the diseased animals associated with coughing, nasal discharge and dyspnea. Subsequently, the following study revealed the detailed pathogenicity characterization and horizontal transmission ability of the CPIV3 strain JS2013 in conventional goats (Li W. et al., 2016). However, most research is mainly concentrated on the epidemiology, phylogeny, transmission, pathogenicity, and immune response (Li J. et al., 2016; Li W. et al., 2016), with few studies focusing on its pathogenic mechanism. Therefore, this study focusing on non-coding RNAs during CPIV3 infection and it would provide new insight into understanding the molecular mechanisms of virus pathogenesis.

MicroRNAs (miRNAs), produced by both hosts and viruses, are an abundant class of short, endogenous, non-coding RNA molecules (19–24 nt in length). Mature miRNAs are incorporated into the RNA-induced silencing complex (RISC), leading to either mRNA degradation or translational repression by binding semi-complementarity to target mRNAs, and usually located in the 3′ untranslated regions (3′ UTR) (Bartel, 2004, 2009). These miRNAs are involved in a wide range of biological processes such as developmental timing, immunity, tumorigenesis, apoptosis, signal transduction and cell proliferation (Carrington and Ambros, 2003; Ambros, 2004; Schickel et al., 2008; Inui et al., 2010). Therefore, many studies have focused on the roles of miRNAs as modulators of host cell-virus interaction networks (Scaria et al., 2006; Grassmann and Jeang, 2008). Since virus infection can trigger changes of cellular miRNAs profile and these miRNAs can highly influence viral propagation and pathogenesis (Zhang et al., 2015). In recent years, researchers have demonstrated the impact of viral infections on the cellular miRNA profile; such as hepatitis C virus (Norman and Sarnow, 2010), Japanese encephalitis virus (Zhang et al., 2015), dengue fever virus (DENV) (Liu et al., 2015), and bluetongue virus (Xing et al., 2016). In silico analysis of the overall miRNAs and their targets suggest that they may be involved in viral latency.

The madin-darby bovine kidney (MDBK) cells was the ideal cell line for isolating and identifying a large number of virus, such as bluetongue virus (BTV) (Wang J. et al., 2017), orf virus (ORFV) (Zhao et al., 2017), hobi-like pestivirus (Mao et al., 2012), border disease virus (BDV) (Mao et al., 2015), bovine viral diarrhea virus 1 (BVDV-1) (Ni et al., 2015), and bovine herpesvirus 1 (BoHV-1) (Saha et al., 2013), moreover, the pathogenic mechanism of some of these virus were further evaluated in this host cell line (Zhao et al., 2017; Zhu et al., 2017; Shi et al., 2018). Recently, a great number of miRNAs have been reported to show altered profiles during infection and regulate the host immune responses (Fu et al., 2017; Lai et al., 2017). After the MDBK cells were infected with bovine viral diarrhea virus (BVDV), bta-miR-29b was significantly upregulated, and overexpression of bta-miR-29b led to the attenuation of BVDV infection-related autophagy, moreover, two key autophagy-associated proteins, ATG14 and ATG9A were downregulated (Fu et al., 2015). Another miRNA, bta-miR-375, decreased BMPR2, and ALK7 expression, resulted in attenuated proliferation ability and boosted the apoptosis rate of bovine cumulus cells (Chen et al., 2017). The MDBK cells is an important cell line for CPIV3 proliferation in our laboratory and it is efficient to produce CPIV3 in high titers. However, the relationship between the host cells miRNA and CPIV3 infection remains unclear. In the current study, in order to gain a better understanding of CPIV3 infection in MDBK cells at the miRNA level, high-throughput sequencing technology was used for small RNAs (sRNAs) in MDBK cells upon CPIV3 infection. We integrated analysis of miRNA profiles, and showed these miRNAs play an important role in regulating mRNA gene expression during CPIV3 infection. These data may provide a new method for the diagnostic and prevention of CPIV3-induced disease.

MATERIALS AND METHODS

Cell Culture and Virus Strain

MDBK cells were maintained in Dulbecco′s modified Eagle medium (DMEM; SIGMA, USA) supplemented with 10% fetal bovine serum (FBS; HyClone, USA). The cultures were incubated at 37°C with 5% CO2. The CPIV3 JS2013 strain which was isolated in Jiangsu Province was used for virus infections.

Virus Infection and RNA Isolation

MDBK cells grown to approximately 80–90% confluence, washed three times with phosphate-buffered saline (PBS), and infected with CPIV3 at a multiplicity of infection (MOI) of 10. After 1 h of adsorption, infected cells were maintained in fresh medium containing 2% FBS. Uninfected cells were used as a control. Each group was performed in triplicates. The CPIV3-infected and mock-infected group cells were harvested at 24 h post infection (hpi) and used for subsequent total RNA extraction.

RNA Isolation and sRNA Sequencing

The total RNA from each group of MDBK cells was extracted using TRIzol UP reagent (Invitrogen, Carlsbad, USA) according to manufacturer′s instructions. The quantity and the concentration of total RNA in both samples were measured with an Agilent 2100 Bioanalyzer (Agilent Technoligies, Santa Clara, CA, USA) and a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). sRNA sequencing was further performed in Huada Genomics Institute using the Illumina Genome Analyzer (Shenzhen, China). The steps were as follows: sRNA fragments between 18 and 30 nt were isolated from 15% denaturing polyacrylamide gel and ligated to a 5′ adaptor and 3′ adaptor. The ligated products were used as the templates for cDNA synthesis and amplified by PCR to enrich the libraries that were then used for cluster generation and sequencing.

Analysis of Sequencing Data

The sRNA sequencing reads from the high-throughput sequencing were first cleaned by removing low-quality tags, adapter sequences and several types of contaminants. The clean reads from 18 to 30 nt were then mapped to the GenBank database (http://www.ncbi.nlm.nih.gov/), Rfam database (http://rfam.janelia.org/), and Repbase database (http://girinst.org/repbase/). After the sRNAs screened with the above-mentioned processes were excluded, the remaining short sRNAs were mapped to the miRNA precursors of the reference species (B. taurus), and the mature miRNAs were deposited in the miRBase 19.0 database (http://www.mirbase.org/). The unannotated short reads not mapped to miRBase 19.0 were subjected to novel candidate miRNAs prediction potentially using the Mfold RNA folding prediction web server (http://mfold.rna.albany.edu/).

Differentially-Expressed Profile of miRNAs in Resonse to CPIV3

In order to compare the differential miRNA expression in CPIV3-infected and Mock-infected MDBK cells, the numbers of raw tags in the two libraries were normalized using tags per million of the total miRNA reads (TPM). The miRNAs expressed at very low levels, a given low number (TPM < 10) to each miRNA value were excluded from the analysis. Changes in miRNA expression in CPIV3-infected vs. Mock-infected MDBK cells were considered significant when their p values were below 0.01. miRNAs with |log2 (fold changes)|>1 were designated as significantly upregulated or downregulated.

Target Prediction of miRNAs and Fuctional Analysis

The RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/) and miRanda (http://www.microrna.org/) were used to predict the target genes. Gene ontology (GO) functional analysis against cell components, biological processes, and molecular functions were implemented (Ye et al., 2006). The KOBAS 2.0 annotation tool (http://www.genome.jp/kegg/pathway.html) was used to analyze a Kyoto Encyclopedia of Genes Genomes (KEGG) pathways.

Analysis of the miRNAs and Their mRNA Targets by RT-qPCR

The expression of miRNAs were identified by high-throughput sequencing and then subjected to RT-qPCR assay. The RNA samples used for the high-throughput sequencing assays were also used for the RT-qPCR assay. Total RNA was first polyadenylated with polyA polymerase and then cDNA was synthesized with a poly(T) adapter primer (TIANGEN, Beijing, China). RT-qPCR was performed using an ABI Step One thermocycler (Applied Biosystems, CA, USA) with the miRcute miRNA qPCR SYBR Green Detection Kit (TIANGEN, Beijing, China) according to the manufacturer′s recommendations. The miRNA-specific forward primers using in this study are shown in Table 1. The 5S rRNA was used as an internal standard. Moreover, RT-qPCR was performed to examine the differentially expressed of mRNA targets. We used PrimeScript™ RT Master Mix (TaKaRa, Dalian, China) to synthesize first-strand cDNA. RT-qPCR was carried out using a SYBR Premix Ex Taq™ kit (TaKaRa, Dalian, China) following the manufacturer′s instructions. The specific primers for these mRNA targets are presented in Table 2. Three independent biological replicates were used for each gene. Relative expression level of each miRNA was calculated by the 2−ΔΔct method.


Table 1. Primers used to confirm miRNA expression with RT-qPCR.
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Table 2. Primers used to detect target genes expression with RT-qPCR.
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RESULTS

Analysis of sRNA Libraries From Solexa Sequencing

In order to reveal the effects of CPIV3 infection on MDBK cell miRNAs, two sRNA libraries from CPIV3-infected and Mock-infected MDBK cells were constructed and subjected to high-throughput sequencing technology. As shown in Table 3, the total numbers of raw reads collected from the infected and uninfected cells were 12,558,813 and 12,548,585, respectively. After removing low-quality tags, adapter sequences, and short reads smaller than 18 nt, 11,798,498 (infected) and 11,991,091 (uninfected) clean reads were identified. In addition, the final sRNA were annotated and classified as miRNA, rRNA, scRNA, snRNA, snoRNA, srpRNA, tRNA, exon-antisense, exon-sense, intron-antisense, intron-sense, and repeat (Table 3). The length distribution of the sRNA is presented in Figure 1. We found that most sRNA from both libraries were 21–24 nt in length, accounting for 10.55, 19.02, 14.61, 12.71 (infected), and 9.43, 35.9, 23.11, and 10.99% (uninfected) of sRNA.


Table 3. Distribution of sRNAs in CPIV3-infected and Mock-infected samples.
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FIGURE 1. Length distribution of the clean reads of the sequences. The x-axis indicates the length of reads. The y-axis indicates the percentage of each length in the reads.



Identification of Known miRNAs in MDBK Cells

To identify known miRNAs change in MDBK cells infected with CPIV3, The sRNAs sequences were mapped to the known mature miRNAs and their precursors in miRBase 20.0 database to obtain the miRNA count as well as the base bias at the first position. Approximately 3,873 unique sequences (2,175,309 reads) in the infected library and 4,499 unique sequences (7,092,521 reads) in the uninfected library were annotated as miRNA candidates (Table 2). A total of 363 and 321 known miRNA genes were identified in the CPIV3-infected and Mock-infected MDBK cells libraries, respectively. Different expression patterns of miRNAs between the two groups were showed in Heat map and Scatter Plot (Supplementary Data Sheet 1). Using a P < 0.01 and a |log2 (CPIV3-infected/Mock-infected in expression) |>1 as the cut-off values, a total number of 249 differentially expressed known miRNAs were identified in the two groups, 9 were upregulated and 240 were downregulated (Supplementary Data Sheet 2 and Figure 2A). It is notable that most of the miRNAs were downregulated after CPIV3 infection. Additionally, the majority of miRNAs had lengths of 22 or 23 nt, and the first nucleotide bias in identified miRNAs showed a strong preference for ′U′ at the 5′-end (Figure 3), which is consistent with previous studies (Zhang et al., 2016).
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FIGURE 2. Differential expression levels of known miRNAs (A) and novel miRNAs (B) in CPIV3-infected and mock-infected groups. The x and y axes show the differential expression levels of miRNAs of the two groups. The red points represent up-expressed miRNAs with a ratio >2, the blue points represent equally- expressed miRNAs with a ratio ≥1/2 and ≤ 2, and the green points represent down- expressed miRNAs with a ratio <1/2.
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FIGURE 3. The ranged in size and base bias at the first position of miRNA identified in CPIV3-infected and mock-infected cells. (A) CPIV3-infected cells (B) mock-infected cells. The x-axis indicates miRNAs lengths from 18 to 30 nt. The y-axis indicates the percentage of the base bias of miRNAs at the first position of each length.



The miRNA conservations were analyzed using the available genome assemblies of other mammal, and the conservation of 255 known miRNAs across four other species (Capra hircus, Ovis aries, Equus caballus and Sus scrofa) is shown in Supplementary Data Sheet 3. Of these 255 miRNAs, 85 were not found in Capra hircus and Ovis aries; 31 were not found in all four species, whereas, 29 miRNAs were found in all these four species.

Identification of Novel miRNAs in MDBK Cells

The remaining unannotated sRNAs against the B. taurus genome were used to predict novel miRNAs in MDBK cells. A number of unannotated sRNAs, 2,225,943 and 2,810,977 were present in the CPIV3-infected and Mock-infected groups, respectively, and these sRNAs were used to predict novel miRNA candidates. A total of 234 and 447 novel miRNAs were predicted in the CPIV3-infected and Mock-infected MDBK cells libraries using miReap software are shown in Supplementary Data Sheets 4, 5. Dicer cleavage site, minimum free energy, frequency of reads and typical secondary structures of the characteristic stem loop hairpins were showed in the two files. Moreover, we revealed different expression patterns of miRNAs between the two groups in heat map and Scatter Plot (Supplementary Data Sheet 6). Based on the cut-off values of the differential expression analysis demonstrated previously, 152 novel candidate miRNAs were identified in the two groups, 16 miRNAs were upregulated and 136 of which were downregulated (P < 0.01) (Supplementary Data Sheet 7 and Figure 2B).

Target Genes Prediction for Differentially Expressed miRNAs

In order to investigate the biological functions of the differentially expressed miRNAs, two independent algorithms, miRanda and RNAhybrid were used to predict the mRNA targets. A total of 95,389 and 92,412 genes for 249 known miRNAs and 152 novel miRNAs, respectively, were predicted as potential miRNA targets (Supplementary Data Sheets 8, 9). GO analysis of the predicted target genes revealed that 22,981 and 22,572 target genes were annotated successfully for the 249 known miRNAs and 152 novel miRNAs, respectively, and they were involved in biological process, cellular component and molecular function (Supplementary Data Sheets 10–12). In order to explore the roles of miRNAs might play in regulatory networks, KEGG Orthology Based Annotation System (KOBAS) analysis was performed. The results showed that most of the abundant KEGG terms were involved in biological processes such as pathways in cancer (ko05200), focal adhesion (ko04510), endocytosis (ko04144), MAPK signaling pathway (ko04010), p53 signaling pathway (ko04115), Fc gamma R-mediated phagocytosis (ko04666), B cell receptor signaling pathway (ko04662), synaptic vesicle cycle (ko04721), chronic myeloid leukemia (ko05220), and synaptic vesicle cycle (ko04721) (Supplementary Data Sheet 13).

Validation of miRNAs and mRNA by RT-qPCR

RT-qPCR assay was performed to further investigate the differentially expressed miRNAs from sequencing data. Nine known miRNAs and three novel candidate miRNAs were selected for validation. The results confirmed the consistent expression profiles with the sRNAs sequencing data. Results confirmed the down-regulation of 8 miRNAs (novel-miR-51, novel-miR-99, miR-30d, miR-574, miR-222, miR-196a, miR-3613a, and miR-27a-5p) and the up-regulation of 4 miRNAs (novel-miR-75, miR-1246, miR-2478, and miR-2904) in infected MDBK cells compared with the uninfected (Figure 4A).
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FIGURE 4. Validation of miRNA (A) and mRNA targets (B) expression by qRT-PCR. The fold change of expression of 12 miRNAs and their mRNA targets in CPIV3 infected vs. CPIV3 uninfected MDBK cells was calculated using the 2-ΔΔct method and represented as the n-fold change.



Six mRNAs that were targeted by 12 differentially expressed miRNAs were selected to perform RT-qPCR assay. As a results, 4 targets (IL2, TNF, NKTR, and TP63) were upregulated, 2 targets (TP53 and NF-kappa B) were downregulated (Figure 4B). The network of interaction between miRNAs and their targets was shown in Figure 5.
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FIGURE 5. Relationships between miRNAs and inversely correlated immune target genes. Green indicates miRNAs; red indicates immune target genes.



DISCUSSION

In recent years, researchers used high-throughput sequencing technology to reveal the expression profiles of miRNAs in animals, plants, and viruses. Integration analysis of miRNAs and mRNAs in virus-infected sample helped to demonstrate miRNA regulatory mechanisms (Wang et al., 2012). Nevertheless, it is unknown whether celluar miRNAs effected CPIV3 replication by modulating the host immune responses and targeting viruses. To this end, high-throughput sequencing approache was subjected to identify cellular miRNAs involved in the response to CPIV3 in MDBK cells. A total of 11,798,498 and 11,991,091 clean reads were obtained from CPIV3-infected and uninfected samples, respectively. Subsequently, 249 know miRNAs and 152 novel miRNAs that were differentially expressed in CPIV3-infected and uninfected cells were identified successfully. It was possible that these miRNAs may involved in the interaction between MDBK cells and CPIV3.

RNAi is a fundamental innate immune pathway in eukaryotic cells as the first line against invading pathogens, and it has been broadly studied recently (Akinc et al., 2008; Whitehead et al., 2009). The siRNA-based anti-viral therapies is obvious shortcoming, for requiring complete sequence complementarity to the target RNA genes. Nevertheless, miRNAs do not require complete complementarity to their target RNA molecules compare with siRNAs, and regulate the gene expression for a variety of biological processes (Lam et al., 2015). Previous studies showed that bovine viral diarrhea virus (BVDV) and bovine herpesvirus 1 (BoHV1) infections of MDBK cells can influence the expression of cellular miRNAs (Glazov et al., 2009; Fu et al., 2015). In this study, the majority of clean reads in CPIV3-infected and uninfected-cells had lengths of 21–24 nt, and the 22 nt RNAs were the most abundant, accounting for 19.02 and 35.9% of sRNA in the infected and uninfected libraries, respectively. These results were consistend with the typical size of miRNA from Dicer-derived products, and suggested that the libraries were highly enriched in miRNA sequences.

In bovines, the altered miRNAs expression profiles were occured during viral infections, and led to positively or negative regulate host immune (Vegh et al., 2013; Stenfeldt et al., 2017). More recently, Stenfeldt et al. revealed that bta-miR-17–5p and bta-miR-31 were highest expressed during acute, persistent infection, respectively, whereas, bta-miR-1281 was significantly downregulated while both acute and persistent infection of FMDV (Stenfeldt et al., 2017). Another study elucidated that bta-miR-146a significantly inhibited the expression levels of TRAF6 and NF-kappa B, and suppressed bovine inflammation and innate immune responses through down-regulation of the TLR4/TRAF6/NF-kappa B pathway (Wang X. P. et al., 2017). To date, researchers have demonstrated that several Bos taurus miRNAs have an antiviral activity against pathogens. A recent study showed that the expression of bta-miR-29b was upregulated in response to BVDV infection in MDBK cells, and bta-miR-29b overexpression led to the attenuation of BVDV infection-related autophagy by directly downregulating the autophagy-associated proteins, ATG14 and ATG9A (Fu et al., 2015). Further study demonstrated that the bta-miR-29b decreased the levels of BVDV envelope glycoprotein E1 mRNA to suppressed viral replication, and attenuated apoptosis by directly regulating intracellular levels of caspase-7 and nuclear apoptosis-inducing factor 1(NAIF1) (Fu et al., 2014). Whereas, bta-miR-193a was reported to promoted apoptosis and inhibited BVDV replication by target the 3′-untranslated region (UTR) of B-cell lymphoma-2-associated X protein (BAX) mRNA. In the current study, we found that bta-miR-29b and bta-miR-193a were down regulated upon CPIV3 infection. These results indicate the possibility that bta-miR-29b and bta-miR-193a likely participate in host-virus interaction in MDBK cells. Previous reports have shown that host miR-23 and miR-26a inhibited porcine reproductive and respiratory syndrome virus (PRRSV) replication in vitro strongly by activating the type I interferon (IFN) signaling pathway and promoting the expression of IFN-stimulated genes (Zhang et al., 2014; Jia et al., 2015; Li et al., 2015). In addition, IFN-gamma inducible protein (IP-10) was negatively correlated with miR-21. Increased expression of miR-21 was shown to promote pseudorabies virus (PRV) replication by targeting IP-10 (Huang et al., 2014). In our study, miR-23, miR-26a, and miR-21 were downregulated following CPIV3 infection, respectively. These results indicate the possibility that these miRNAs may also be involved in interactions between Bos taurus hosts and CPIV3.

The target genes of the 249 miRNAs were further predicted, and we selected miRNA-mRNA correlation pairs for RT-qPCR assay. The expression profiles of 12 miRNAs were consistent with the sRNA sequencing results. The 12 differentially expressed miRNAs was negatively correlated with the expression of the mRNA targets, which indicates an important regulatory role of the miRNAs. In general, most miRNAs were inversely correlated with several mRNA target and some mRNAs were targeted by some of miRNAs (Krutzfeldt et al., 2006). GO analysis showed those mRNA targets inversely correlated with miRNAs were involved in biological regulation, immune system processes, responses to stimuli, and other cellular processes. The KEGG pathway analysis further demonstrated that these target genes were mainly involved in significant cellular pathways, including Toll-like receptor signaling pathway, Jak-STAT signaling pathway, MAPK signaling pathway, p53 signaling pathway, focal adhesion, pathways in cancer, NF-kappa B signaling pathway, apoptosis, regulation of autophagy. The MAPK, p53, Jak-STAT, and Toll-like receptor signaling pathway are involved in apoptosis and innate immunity (Takaoka et al., 2003; Sun et al., 2012), which may be related to CPIV3 replication in MDBK cells. Previous study showed that sendai virus (Bitzer et al., 1999), canine distemper virus (CDV) (Guo and Lu, 2000), newcastle disease virus (NDV) (Ravindra et al., 2008), and peste des petits ruminants virus (PPRV) (Mondal et al., 2001), which belong to the Paramyxiviridae family were able to induce apoptosis during infections of various cell cultures. Apoptosis is a process of programmed cell death process that lead to host cells changes and death in response to infection in order to limit viral replication (Labbe and Saleh, 2008). Whereas, viruses may benefit from stimulating apoptosis, the breakdown of infected cells in the host, thereby favoring viral dissemination (Galluzzi et al., 2008). Moreover, innate immunity is the first line of defense against viral infection, and IFN are potent immune responsive cytokines against invading viruses. Therefore, it will be very interesting to confirm induction of apoptosis and IFN-related signaling pathway in MDBK cells in response to CPIV3 infection in the future.

CONCLUSION

In summary, using high-throughput sequencing technology, the expression patterns in MDBK cell line followed by CPIV3 infection were evaluated. A total of 249 known differentially expressed miRNAs and 152 novel candidate miRNAs were identified from the two samples. Subsequently, 12 of miRNAs and their target genes were confirmed by RT-qPCR. Target prediction and functional analysis of these miRNAs suggested that they may play an important role in regulating CPIV3 replication and the host immune response. This is the first report to integrate miRNA expression data in infected MDBK cells. We believe that these data will contribute to further study the pathogenic mechanism of CPIV3.

AUTHOR CONTRIBUTIONS

JL took part in all the experiments and wrote the manuscript. LM, WL, and JJ helped to design the whole project and draft the manuscript. FH, CZ, LY, WZ, and ML conducted RNA isolation and sample processing for sequencing. XZ and XJ conducted data analysis. All authors read and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science Foundation of China (31702272 and 31402180), Natural Science Foundation of Jiangsu Province, China (BK20170595), Natural Science Foundation of Shandong Province, China (ZR2016CP08) and the National Key R&D Program of China (2016YFD0500908).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2018.00093/full#supplementary-material

Supplementary Data Sheet 1. Heat map of known miRNAs.

Supplementary Data Sheet 2. Differentially expressed known miRNAs in the two groups.

Supplementary Data Sheet 3. Analyzed of miRNA conservations using other mammal.

Supplementary Data Sheet 4. Predicted of novel miRNAs in CPIV3-infected group cells.

Supplementary Data Sheet 5. Predicted of novel miRNAs in mock-infected group cells.

Supplementary Data Sheet 6. Heat map of novel miRNAs.

Supplementary Data Sheet 7. Novel miRNAs were differentially expressed in the two groups.

Supplementary Data Sheet 8. Predicted of the mRNA targets of the differentially expressed known miRNAs.

Supplementary Data Sheet 9. Predicted of the mRNA targets of the differentially expressed novel miRNAs.

Supplementary Data Sheet 10. GO annotation of the predicted target genes from differentially expressed known and novel miRNAs.

Supplementary Data Sheet 11. GO annotation of the predicted target genes from differentially expressed known miRNAs.

Supplementary Data Sheet 12. GO annotation of the predicted target genes from differentially expressed novel miRNAs.

Supplementary Data Sheet 13. The regulatory networks of miRNAs.

REFERENCES

 Akinc, A., Zumbuehl, A., Goldberg, M., Leshchiner, E. S., Busini, V., Hossain, N., et al. (2008). A combinatorial library of lipid-like materials for delivery of RNAi therapeutics. Nat. Biotechnol. 26, 561–569. doi: 10.1038/nbt1402

 Ambros, V. (2004). The functions of animal microRNAs. Nature 431, 350–355. doi: 10.1038/nature02871

 Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281–297. doi: 10.1016/S0092-8674(04)00045-5

 Bartel, D. P. (2009). MicroRNAs: target recognition and regulatory functions. Cell 136, 215–233. doi: 10.1016/j.cell.2009.01.002

 Bitzer, M., Prinz, F., Bauer, M., Spiegel, M., Neubert, W. J., Gregor, M., et al. (1999). Sendai virus infection induces apoptosis through activation of caspase-8 (FLICE) and caspase-3 (CPP32). J. Virol. 73, 702–708.

 Carrington, J. C., and Ambros, V. (2003). Role of microRNAs in plant and animal development. Science 301, 336–338. doi: 10.1126/science.1085242

 Chen, H., Liu, C., Jiang, H., Gao, Y., Xu, M., Wang, J., et al. (2017). Regulatory role of miRNA-375 in expression of BMP15/GDF9 receptors and its effect on proliferation and apoptosis of Bovine Cumulus cells. Cell. Physiol. Biochem. 41, 439–450. doi: 10.1159/000456597

 Ellis, J. A. (2010). Bovine parainfluenza-3 virus. Vet. Clin. North Am. Food Anim. Pract. 26, 575–593. doi: 10.1016/j.cvfa.2010.08.002

 Fu, Q., Shi, H., and Chen, C. (2017). Roles of bta-miR-29b promoter regions DNA methylation in regulating miR-29b expression and bovine viral diarrhea virus NADL replication in MDBK cells. Arch. Virol. 162, 401–408. doi: 10.1007/s00705-016-3107-1

 Fu, Q., Shi, H., Ni, W., Shi, M., Meng, L., Zhang, H., et al. (2015). Lentivirus-mediated Bos taurus bta-miR-29b overexpression interferes with bovine viral diarrhoea virus replication and viral infection-related autophagy by directly targeting ATG14 and ATG9A in Madin-Darby bovine kidney cells. J. Gen. Virol. 96, 85–94. doi: 10.1099/vir.0.067140-0

 Fu, Q., Shi, H., Shi, M., Meng, L., Zhang, H., Ren, Y., et al. (2014). bta-miR-29b attenuates apoptosis by directly targeting caspase-7 and NAIF1 and suppresses bovine viral diarrhea virus replication in MDBK cells. Can. J. Microbiol. 60, 455–460. doi: 10.1139/cjm-2014-0277

 Galluzzi, L., Brenner, C., Morselli, E., Touat, Z., and Kroemer, G. (2008). Viral control of mitochondrial apoptosis. PLoS Pathog. 4:e1000018. doi: 10.1371/journal.ppat.1000018

 Glazov, E. A., Kongsuwan, K., Assavalapsakul, W., Horwood, P. F., Mitter, N., and Mahony, T. J. (2009). Repertoire of bovine miRNA and miRNA-like small regulatory RNAs expressed upon viral infection. PLoS ONE 4:e6349. doi: 10.1371/journal.pone.0006349

 Grassmann, R., and Jeang, K. T. (2008). The roles of microRNAs in mammalian virus infection. Biochim. Biophys. Acta 1779, 706–711. doi: 10.1016/j.bbagrm.2008.05.005

 Guo, A., and Lu, C. (2000). Canine distemper virus causes apoptosis of Vero cells. J. Vet. Med. B Infect. Dis. Vet. Public Health 47, 183–190. doi: 10.1046/j.1439-0450.2000.00320.x

 Haanes, E. J., Guimond, P., and Wardley, R. (1997). The bovine parainfluenza virus type-3 (BPIV-3) hemagglutinin/neuraminidase glycoprotein expressed in baculovirus protects calves against experimental BPIV-3 challenge. Vaccine 15, 730–738. doi: 10.1016/S0264-410X(96)00231-9

 Horwood, P. F., Gravel, J. L., and Mahony, T. J. (2008). Identification of two distinct bovine parainfluenza virus type 3 genotypes. J. Gen. Virol. 89, 1643–1648. doi: 10.1099/vir.0.2008/000026-0

 Huang, J., Ma, G., Fu, L., Jia, H., Zhu, M., Li, X., et al. (2014). Pseudorabies viral replication is inhibited by a novel target of miR-21. Virology 456–457, 319–328. doi: 10.1016/j.virol.2014.03.032

 Inui, M., Martello, G., and Piccolo, S. (2010). MicroRNA control of signal transduction. Nat. Rev. Mol. Cell Biol. 11, 252–263. doi: 10.1038/nrm2868

 Jia, X., Bi, Y., Li, J., Xie, Q., Yang, H., and Liu, W. (2015). Cellular microRNA miR-26a suppresses replication of porcine reproductive and respiratory syndrome virus by activating innate antiviral immunity. Sci. Rep. 5:10651. doi: 10.1038/srep10651

 Krutzfeldt, J., Poy, M. N., and Stoffel, M. (2006). Strategies to determine the biological function of microRNAs. Nat. Genet. 38(Suppl.), S14–S19. doi: 10.1038/ng1799

 Labbe, K., and Saleh, M. (2008). Cell death in the host response to infection. Cell Death Differ. 15, 1339–1349. doi: 10.1038/cdd.2008.91

 Lai, Y. C., Fujikawa, T., Maemura, T., Ando, T., Kitahara, G., Endo, Y., et al. (2017). Inflammation-related microRNA expression level in the bovine milk is affected by mastitis. PLoS ONE 12:e0177182. doi: 10.1371/journal.pone.0177182

 Lam, J. K., Chow, M. Y., Zhang, Y., and Leung, S. W. (2015). siRNA Versus miRNA as Therapeutics for Gene Silencing. Mol. Ther. Nucleic Acids 4:e252. doi: 10.1038/mtna.2015.23

 Li, J., Li, W., Mao, L., Hao, F., Yang, L., Zhang, W., et al. (2016). Rapid detection of novel caprine parainfluenza virus type 3 (CPIV3) using a TaqMan-based RT-qPCR. J. Virol. Methods 236, 126–131. doi: 10.1016/j.jviromet.2016.07.016

 Li, L., Wei, Z., Zhou, Y., Gao, F., Jiang, Y., Yu, L., et al. (2015). Host miR-26a suppresses replication of porcine reproductive and respiratory syndrome virus by upregulating type I interferons. Virus Res. 195, 86–94. doi: 10.1016/j.virusres.2014.08.012

 Li, W., Hao, F., Mao, L., Wang, Z., Zhou, T., Deng, J., et al. (2016). Pathogenicity and horizontal transmission studies of caprine parainfluenza virus type 3 JS2013 strain in goats. Virus Res. 223, 80–87. doi: 10.1016/j.virusres.2016.06.021

 Li, W., Mao, L., Cheng, S., Wang, Q., Huang, J., Deng, J., et al. (2014). A novel parainfluenza virus type 3 (PIV3) identified from goat herds with respiratory diseases in eastern China. Vet. Microbiol. 174, 100–106. doi: 10.1016/j.vetmic.2014.08.027

 Liu, Y., Zhou, Y., Wu, J., Zheng, P., Li, Y., Zheng, X., et al. (2015). The expression profile of Aedes albopictus miRNAs is altered by dengue virus serotype-2 infection. Cell Biosci. 5:16. doi: 10.1186/s13578-015-0009-y

 Maidana, S. S., Lomonaco, P. M., Combessies, G., Craig, M. I., Diodati, J., Rodriguez, D., et al. (2012). Isolation and characterization of bovine parainfluenza virus type 3 from water buffaloes (Bubalus bubalis) in Argentina. BMC Vet. Res. 8:83. doi: 10.1186/1746-6148-8-83

 Mao, L., Liu, X., Li, W., Yang, L., Zhang, W., and Jiang, J. (2015). Characterization of one sheep border disease virus in China. Virol. J. 12:15. doi: 10.1186/s12985-014-0217-9

 Mao, L., Li, W., Zhang, W., Yang, L., and Jiang, J. (2012). Genome sequence of a novel hobi-like pestivirus in China. J. Virol. 86:12444. doi: 10.1128/JVI.02159-12

 Mondal, B., Sreenivasa, B. P., Dhar, P., Singh, R. P., and Bandyopadhyay, S. K. (2001). Apoptosis induced by peste des petits ruminants virus in goat peripheral blood mononuclear cells. Virus Res. 73, 113–119. doi: 10.1016/S0168-1702(00)00214-8

 Ni, W., Qiao, J., Ma, Q., Wang, J., Wang, D., Zhao, X., et al. (2015). Development of sheep kidney cells with increased resistance to different subgenotypes of BVDV-1 by RNA interference. J. Virol. Methods 218, 66–70. doi: 10.1016/j.jviromet.2015.03.014

 Norman, K. L., and Sarnow, P. (2010). Modulation of hepatitis C virus RNA abundance and the isoprenoid biosynthesis pathway by microRNA miR-122 involves distinct mechanisms. J. Virol. 84, 666–670. doi: 10.1128/JVI.01156-09

 Ravindra, P. V., Tiwari, A. K., Sharma, B., Rajawat, Y. S., Ratta, B., Palia, S., et al. (2008). HN protein of Newcastle disease virus causes apoptosis in chicken embryo fibroblast cells. Arch. Virol. 153, 749–754. doi: 10.1007/s00705-008-0057-2

 Saha, T., Guha, C., Chakraborty, D., Pal, B., Biswas, U., Chatterjee, A., et al. (2013). Isolation and characterization of BoHV-1 from seropositive cows after inducing artificial stress in West Bengal, India. Pak. J. Biol. Sci. 16, 720–725. doi: 10.3923/pjbs.2013.720.725

 Scaria, V., Hariharan, M., Maiti, S., Pillai, B., and Brahmachari, S. K. (2006). Host-virus interaction: a new role for microRNAs. Retrovirology 3:68. doi: 10.1186/1742-4690-3-68

 Schickel, R., Boyerinas, B., Park, S. M., and Peter, M. E. (2008). MicroRNAs: key players in the immune system, differentiation, tumorigenesis and cell death. Oncogene 27, 5959–5974. doi: 10.1038/onc.2008.274

 Shi, H., Fu, Q., Li, S., Hu, X., Tian, R., Yao, G., et al. (2018). Bta-miR-2411 attenuates bovine viral diarrhea virus replication via directly suppressing Pelota protein in Madin-Darby bovine kidney cells. Vet. Microbiol. 215, 43–48. doi: 10.1016/j.vetmic.2018.01.002

 Shi, H. F., Zhu, Y. M., Dong, X. M., Cai, H., Ma, L., Wang, S., et al. (2014). Pathogenesis of a genotype C strain of bovine parainfluenza virus type 3 infection in albino guinea pigs. Virus Res. 188, 1–7. doi: 10.1016/j.virusres.2014.03.017

 Snowder, G. D., Van Vleck, L. D., Cundiff, L. V., and Bennett, G. L. (2006). Bovine respiratory disease in feedlot cattle: environmental, genetic, and economic factors. J. Anim. Sci. 84, 1999–2008. doi: 10.2527/jas.2006-046

 Stenfeldt, C., Arzt, J., Smoliga, G., Larocco, M., Gutkoska, J., and Lawrence, P. (2017). Proof-of-concept study: profile of circulating microRNAs in Bovine serum harvested during acute and persistent FMDV infection. Virol. J. 14:71. doi: 10.1186/s12985-017-0743-3

 Sun, Y., Han, M., Kim, C., Calvert, J. G., and Yoo, D. (2012). Interplay between interferon-mediated innate immunity and porcine reproductive and respiratory syndrome virus. Viruses 4, 424–446. doi: 10.3390/v4040424

 Takaoka, A., Hayakawa, S., Yanai, H., Stoiber, D., Negishi, H., Kikuchi, H., et al. (2003). Integration of interferon-alpha/beta signalling to p53 responses in tumour suppression and antiviral defence. Nature 424, 516–523. doi: 10.1038/nature01850

 Vegh, P., Foroushani, A. B., Magee, D. A., Mccabe, M. S., Browne, J. A., Nalpas, N. C., et al. (2013). Profiling microRNA expression in bovine alveolar macrophages using RNA-seq. Vet. Immunol. Immunopathol. 155, 238–244. doi: 10.1016/j.vetimm.2013.08.004

 Wang, J., Li, H., He, Y., Zhou, Y., Xin, A., Liao, D., et al. (2017). Isolation of Tibet orbivirus from Culicoides and associated infections in livestock in Yunnan, China. Virol. J. 14:105. doi: 10.1186/s12985-017-0774-9

 Wang, X. P., Luoreng, Z. M., Zan, L. S., Li, F., and Li, N. (2017). Bovine miR-146a regulates inflammatory cytokines of bovine mammary epithelial cells via targeting the TRAF6 gene. J. Dairy Sci. 100, 7648–7658. doi: 10.3168/jds.2017-12630

 Wang, Y., Brahmakshatriya, V., Lupiani, B., Reddy, S. M., Soibam, B., Benham, A. L., et al. (2012). Integrated analysis of microRNA expression and mRNA transcriptome in lungs of avian influenza virus infected broilers. BMC Genomics 13:278. doi: 10.1186/1471-2164-13-278

 Wen, Y. J., Shi, X. C., Wang, F. X., Wang, W., Zhang, S. Q., Li, G., et al. (2012). Phylogenetic analysis of the bovine parainfluenza virus type 3 from cattle herds revealing the existence of a genotype A strain in China. Virus Genes 45, 542–547. doi: 10.1007/s11262-012-0810-1

 Whitehead, K. A., Langer, R., and Anderson, D. G. (2009). Knocking down barriers: advances in siRNA delivery. Nat. Rev. Drug Discov. 8, 129–138. doi: 10.1038/nrd2742

 Xing, S., Du, J., Gao, S., Tian, Z., Zheng, Y., Liu, G., et al. (2016). Analysis of the miRNA expression profile in an Aedes albopictus cell line in response to bluetongue virus infection. Infect. Genet. Evol. 39, 74–84. doi: 10.1016/j.meegid.2016.01.012

 Yang, L., Li, W., Mao, L., Hao, F., Wang, Z., Zhang, W., et al. (2016). Analysis on the complete genome of a novel caprine parainfluenza virus 3. Infect. Genet. Evol. 38, 29–34. doi: 10.1016/j.meegid.2015.11.027

 Ye, J., Fang, L., Zheng, H., Zhang, Y., Chen, J., Zhang, Z., et al. (2006). WEGO: a web tool for plotting GO annotations. Nucleic Acids Res. 34, W293–W297. doi: 10.1093/nar/gkl031

 Zhang, Q., Guo, X. K., Gao, L., Huang, C., Li, N., Jia, X., et al. (2014). MicroRNA-23 inhibits PRRSV replication by directly targeting PRRSV RNA and possibly by upregulating type I interferons. Virology 450–451, 182–195. doi: 10.1016/j.virol.2013.12.020

 Zhang, W. W., Sun, X. F., Tong, H. L., Wang, Y. H., Li, S. F., Yan, Y. Q., et al. (2016). Effect of differentiation on microRNA expression in bovine skeletal muscle satellite cells by deep sequencing. Cell. Mol. Biol. Lett. 21:8. doi: 10.1186/s11658-016-0009-x

 Zhang, Y., Jing, J., Li, X., Wang, J., Feng, X., Cao, R., et al. (2015). Integration analysis of miRNA and mRNA expression profiles in swine testis cells infected with Japanese encephalitis virus. Infect. Genet. Evol. 32, 342–347. doi: 10.1016/j.meegid.2015.03.037

 Zhao, K., Li, J., He, W., Song, D., Zhang, X., Zhang, D., et al. (2017). Cyclophilin B facilitates the replication of Orf virus. Virol. J. 14:114. doi: 10.1186/s12985-017-0781-x

 Zhu, L., Yuan, C., Ding, X., Jones, C., and Zhu, G. (2017). The role of phospholipase C signaling in bovine herpesvirus 1 infection. Vet. Res. 48:45. doi: 10.1186/s13567-017-0450-5

Conflict of Interest Statement: 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.

Copyright © 2018 Li, Mao, Li, Hao, Zhong, Zhu, Ji, Yang, Zhang, Liu and Jiang. 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 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.

OPS/images/fcimb-08-00093-g005.gif





OPS/images/fcimb-08-00093-t001.jpg
Primer

bta-miR-30d
bta-miR-574
bta-miR-222
bta-miR-196a
bta-miR-3613a
bta-miR-1246
bta-miR-2478
bta-miR-2904
bta-miR-27a-5p.
novel-miR-51
novel-miR-99
novel-miR-75
58 rRNA-F

Sequence (5/-3')

TGTAAACATCCCCGACTGGAAGCT
TGAGTGTGTGTGTGTGAGTGTGTG
GAGCTACATCTGGCTACTGGGT
GGCTAGGTAGTTTCATGTTGTTGGG
GCGGCTGTTGTACTTTTTTTTTTGTTC
GGCAATGGATTTTTGGAGCAGG
(GCCGTATCCCACTTCTGACACCA
GGGAGCCTCGGTTGGCCT
GGCTTCACAGTGGCTAAGTTCCG
TAATACTGCCTGGTAATGATGAC
TTGGGAAGCACAGACACTAGGACT
TCAAAGACTCGGACGTGACTGA
GTCTACGGCCATACCACCCT





OPS/images/fcimb-08-00093-g003.gif
‘II!IIIIIIII

20 20 22 23 26 25 26 27 28

30

1619 20 21 22 23 24 25 2 2 2






OPS/images/fcimb-08-00093-g004.gif
3 Solexa

- RraPcR
3 ks
e

fi Ml

%
%
%,
A
%
5%
%,
%, %
%
Iy
4,

TR LRI Y
S s R

19801 UorsSO088 e






OPS/images/fcimb-08-00093-t002.jpg
Primer

Interleukin 2 (IL2)-F
Interleukin 2 (L2)-R

Tumor protein ps3 (TP53)-F
Tumor protein p53 (TP53)-R
Tumor necrosis factor (TNF)-F
Tumor necrosis factor (TNF)-R
Nuclear factor kappa (NF-xB)-F
Nuclear factor kappa (NF-xB)-R
Natural kiler cell triggering
receptor (NKTR)-F

Natural kiler cell riggering
receptor (NKTR)-R

Tumor protein p63 (TP63)-F
Tumor protein p63 (TPE3)-R

Sequence (5-3') Product

size (bp)
CTTGTACCTCCGGTGTCGT 163
TGAAGAGTCAGGGAAGTTTGT
GAGCACTGCCTACGAACA 150
GATCCAGAGCATCCTTCA
TCGCTACATCACTGAACCT &
GACACTTTATTTCTCGCCAC
TATCAAGCAGGTGGCAATCA 125
TGGAGGAGGGTGGCAGA
AAGAATTATGCTGGGAGT 175
AAGACTTAGTTGTGGGTTT
CAGCCAAGCATTCTCC 81
AACGCAGCCTCTTATTT





OPS/images/fcimb-08-00093-t003.jpg
Category

Raw reads
Clean reads
Exon-antisense.
Exon-sense
Intron-antisense
Intron-sense
mIRNA

RNA

repeat

SCRNA

STRNA
SORNA
STPRNA

1RNA
unannotated

Unique

859,305
928
114,551
7,587
63,353
3873
98,164
26,432
582
14,389
15,682
1,449
39,661
472,668

CPIV3-infected sample

Percent

011
13.33
088
737
045
1142
307
0.07
167
183
017
461
65.01

Total

12,558,813
11,798,498
1,378
157,365
13,927
123,735
2,175,300
5,141,485
52,082
236,046
180,738
93,468
38,943
1,357,879
2,025,943

Percent

001
1.33
o1
1.05
18.43
4358
044
200
153
079
033
1150
1887

Unique

1,046,300
2,486
95,977
14,121
243,410
4,499
62,742
84,920
388
6,058
8,856
524
22,038
500,281

Mock-infected sample

Percent

0.24
9.17
135
23.26
0.43
6.00
8.11
0.04
058
0.85
0.05
211
4781

Total

12,548,585
11,991,091
3,441
124,825
22,321
402,426
7,002,521
990,300
132,151
53,144
25812
91,274
1,704
240,195
2,810977

Percent

0029
104
0.19
3.36
59.15
8.26
1.10
0.44
022
0.76
001
200
23.44





OPS/images/fcimb-08-00093-g001.gif





OPS/images/fcimb-08-00093-g002.gif
o ‘Scatter plot (controtx | trestmeaty) Scatter plot fcontrok:x | trestment:y)






OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

Analysis of microRNAs Expression
Profiles in Madin-Darby Bovine
Kidney Cells Infected With Caprine
Parainfluenza Virus Type 3









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





