

[image: image1]
miR-30d Inhibition Protects IPEC-J2 Cells Against Clostridium perfringens Beta2 Toxin-Induced Inflammatory Injury
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Clostridium perfringens beta2 (CPB2) toxin, one of the virulence factors of Clostridium perfringens (C. perfringens), can cause necrotizing enterocolitis in piglets. Accumulating pieces of evidence indicate that microRNAs (miRNAs) refer to the regulation of inflammatory processes. Previously, we have discovered that miR-30d was differentially expressed between the ileum of normal piglets and C. perfringens type C-infected diarrheal piglets. Here, we found that miR-30d expression was lowered in CPB2 toxin-treated intestinal porcine epithelial cells (IPEC-J2) at different time points. Subsequently, we determined that miR-30d inhibitor attenuated CPB2 toxin revulsive inflammatory damage in IPEC-J2 cells and promoted cell proliferation and cell cycle progression, whereas miR-30d mimic had opposite results. In addition, we confirmed that Proteasome activator subunit 3 (PSME3) was a downstream target gene of miR-30d via a dual luciferase reporter assay, qPCR, and western blot. We also found that overexpression of PSME3 suppressed CPB2 toxin-induced inflammatory damage and promoted cell proliferation and cycle progression. Our results demonstrate that miR-30d aggravates CPB2 toxin revulsive IPEC-J2 cells inflammatory injury via targeting PSME3, thereby providing a novel perspective for the prevention and treatment of piglet diarrhea at the molecular level.
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INTRODUCTION

Piglet diarrhea is one of the most common microbial diseases causing high mortality and serious economic losses (1). Piglet diarrhea is usually caused by bacterial pathogens, such as Clostridia (2), Escherichia coli (3), Salmonella choleraesuis (4), and hyodysenteriae (5). Clostridium perfringens (C. perfringens) is a zoonotic microorganism that causes necrotizing enteritis in animals, food poisoning in humans, and other digestive diseases (6, 7). C. perfringens can be grouped into A, B, C, D, E, F, and G 7 types according to its production of lethal toxins (8). Among them, C. perfringens type C is the pathogenic bacterium that causes pig enteritis, especially necrotizing enteritis in piglets, and has the characteristics of short course of disease and high lethality (9). The main virulence factors of C. perfringens type C are α (CPA), β1 (CPB1), and β2 (CPB2) toxins, all of which are highly virulent and have good immunogenicity (10). CPB2 toxin was first isolated from the culture supernatant of piglet-necrotizing enteritis disease material, and is a strongly cytotoxic and lethal toxin (11). Studies indicate that CPB2 is present in various animal intestinal disease C. perfringens isolates, causing absence of feces, diarrhea, and other symptoms (12, 13). In addition, CPB2 also has certain toxicity to cells. Zeng et al. (14) found that CPB2 toxin induced NCM460 human intestinal epithelial cell apoptosis. Gao et al. (15) and Luo et al. (16) showed that CPB2 toxin enhanced intestinal porcine epithelial cells (IPEC-J2) apoptosis, cytotoxicity, and inflammatory damage.

MicroRNAs (miRNAs) are highly conserved small non-coding RNAs, with a length of 18–25 nucleotides, which participate in post-transcriptional regulation by suppressing mRNA translation or inducing mRNA degradation (17, 18). miRNAs refer to the regulation of intestinal epithelial tight junction permeability, intestinal epithelial cell differentiation, barrier function, and intestinal mucosal immunity (19–21). Moreover, miRNAs also participate in the infection process of various pathogens. Wang et al. (22) found that miR-500 and miR-92b-3p regulated the process of C. perfringens type C infection in piglets. Sun et al. (23) indicated that miR-192 regulated Escherichia coli infection in piglets. Herrera et al. (24) found that miR-21 was upregulated in the mesenteric lymph nodes of Salmonella-infected weaned piglets.

Our previous miRNA high-throughput sequencing results indicated that miR-30d expression was differentially expressed in the ileum tissue of C. perfringens type C-infected with piglets diarrhea compared with that in normal piglets (22), implying that miR-30d may be a key molecule in the process of piglet diarrhea. miR-30d was firstly described in mouse tissue in 2002 (25), and belongs to the miR-30 miRNA family. miR-30d participates in multiple biological and pathological processes, including cellular proliferation, autophagy, differentiation, immune response, apoptosis, and inflammatory response (26–29). Liu et al. (30) indicated that miR-30d-5p facilitated oxidative stress injury in high glucose (HG)-treated Schwann cells via targeting SIRT1. Zhao et al. (31) indicated that miR-30d-5p expression was lowered in developing rat brains after Hypoxic–Ischemic (HI) injury, and enhanced apoptosis and aggravated brain injury after HI. Moreover, miR-30d was also found to be a potential therapeutic target for Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) infection (32). However, the mechanism of action of miR-30d in C. perfringens type C-infected piglets and its downstream target molecules are unclear.

Proteasome activator subunit 3 (PSME3, also known as PA28 gamma, REG γ, or Ki antigen), belongs to the 11s proteasome activator family (33). PSME3 refers to the regulation of biological processes, such as the cell cycle, proliferation, apoptosis, and immunodeficiency (34–37). In addition, PSME3 also participates in the bacterial infection process. Moriishi et al. (38) demonstrated that PSME3 promoted the degradation of hepatitis C virus (HCV) core protein. In the present study, we tested the expression of miR-30d in CPB2 toxin revulsive IPEC-J2 cells, and investigated the impacts of miR-30d by overexpression and silencing assays. The dual luciferase reporter assay, qPCR, and western blot verified the targeting relationship between miR-30d and PSME3 to ascertain the regulatory effects of the miR-30d/PSME3 axis on CPB2 toxin treatment of IPEC-J2 cells.



MATERIALS AND METHODS


Sample Collection

Seven-day-old Landrace- × -Yorkshire piglets (n = 30) were fed with a 1- × -109 CFU/ml of C. perfringens type C medium to establish a C. perfringens type C-infected diarrhea piglet model. The specific method of model establishment has been described in our previous studies (2, 39). We collected the ileum tissue samples from piglets in the susceptible group infected with C. perfringens type C and the control group, and stored them at −80°C. All animal experiments followed the approval of the Ethical Committee of Experimental Animal Center of Gansu Agricultural University (Approval No. 2006-398).



Cell Culture and Establishment of CPB2 Toxin Injury IPEC-J2 Cells Model

The IPEC-J2 and HEK-293T cell lines were obtained from BeNa Culture Collection (BNCC, Beijing, China). IPEC-J2 and HEK-293T cells were cultured in DMEM/F12 and DMEM mediums (HyClone, New York, NY, USA), containing 10% FBS (Everygreen, Hangzhou, China) and 1% penicillin and streptomycin (HyClone), respectively, and maintained at 37°C and 5% CO2.

We obtained recombinant CPB2 (rCPB2) toxin and determined that the optimal concentration of CPB2 toxin for IPEC-J2 cells was 20 μg/ml. The specific preparation and purification methods, and the choice of final concentration have been detailed described in our previous study (15, 16). In the current study, IPEC-J2 cells were treated with 20-μg/ml CPB2 toxin after transfection for 36 h to establish the cell damage model.



Cell Transfection

IPEC-J2 cells were transfected at 70–80% confluence with miR-30d mimic (50 nM), mimic negative control (NC; 50 nM), miR-30d inhibitor (150 nM), inhibitor NC (150 nM; GenePharma, Shanghai, China); pcDNA3.1 (+) vector (1 μg; Promega, Madison, WI, USA), PSME3 overexpression vector (pc-PSME3; 1 μg; GENEWIZ, Suzhou, China), si-NC or si-PSME3 (150 nM; GenePharma) using Lipofectamine™ 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's guidance. HEK-293T cells were co-transfected at 70–80% confluence with the miR-30d mimic or mimic NC and pmirGLO-PSME3 3' untranslated region (UTR)-wild type (WT) or mutation (Mut; 1 μg). miR-30d mimic, inhibitor, si-PSME3, and their respective NCs sequences are exhibited in Supplementary Table 1.



Enzyme-Linked Immuno Sorbent Assay

Pro-inflammatory cytokines [interleukin 1β (IL-1β), IL-6, and IL-8] levels in CPB2 toxin-induced IPEC-J2 cells were assessed by Enzyme-linked immuno sorbent assay (ELISA) kits (mlbio, Shanghai, China). IPEC-J2 cells were fostered in 24-well plates. After transfection and treatment with CPB2 toxin for 36 h, the cell supernatant was collected and centrifuged at 2,000 rpm for 20 min for detection according to the manufacturer's instructions. Meanwhile, blank and standard wells were set, and the absorbance was tested at 450 nm with a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).



Detection of Lactate Dehydrogenase Activity and Reactive Oxygen Species Level

An lactate dehydrogenase (LDH) assay kit (APPLYGEN, Beijing, China) was employed to assess IPEC-J2 cells cytotoxicity. The cell supernatant was collected and tested according to the manufacturer's instructions. Conclusively, the absorbance was tested at 450 nm in the microplate reader (Thermo Fisher Scientific). For reactive oxygen species (ROS) level detection, IPEC-J2 cells were cultured 24-well plates. After the IPEC-J2 cells were transfected and treated with CPB2 toxin, 200 μL of Dichloro-dihydro-fluorescein diacetate (DCFH-DA) probe (Beyotime, Shanghai, China) diluted 1:1,000 with a serum-free cell culture medium was appended to each well and incubated at 37°C for 20 min. Subsequently, the absorbance was observed with a microplate reader at 488 nm excitation wavelength and 535 nm emission wavelength (Thermo Fisher Scientific).



Detection of Cell Viability

Cell viability was appraised with Cell Counting Kit-8 (CCK-8; Solarbio, Beijing, China). IPEC-J2 cells were fostered in 96-well plates, and then transfected with miR-30d mimic, inhibitor, and their respective NCs. After CPB2 toxin disposed cells for 36 h, 10 μL of CCK-8 reagent was appended to cells and hatched for 2 h. A microplate reader (Thermo Fisher Scientific) was performed to detect the absorbance at 450 nm.



5-Ethynyl-2'-Deoxyuridine Staining

The Beyoclick™ 5-Ethynyl-2'-Deoxyuridine (EdU)-555 cell proliferation detection kit (Beyotime) was employed to ascertain the proliferation of IPEC-J2 cells. The cells were fostered in 24-well plates for 24 h and then transfected. After 36 h of CPB2 toxin treatment, the cells were incubated with an equal volume of 2 × EdU (250 μL) and a culture medium (250 μL) for 2 h. Then, the cells were stained following the manufacturer's specifications and viewed under a fluorescence microscope (Olympus IX71, Tokyo, Japan).



Flow Cytometry for Cell Cycle

Flow cytometry was performed to analyze the cell cycle. After the IPEC-J2 cells were transfected and CPB2 toxin treatment for 36 h, centrifugated at 1,500 rpm for 5 min to collect the cells, 1 ml of 75% ethanol was added to cells and incubated overnight at 4°C. Nextly, the cells were centrifuged for 5 min at 1,500 rpm, the supernatant was discarded, and 100-μL PBS was appended to resuspend the cells. Subsequently, 2 μL (10 mg/ml) of RNase A (Solarbio) was added to the cells, and the cells were fostered at 37°C for 30 min. Finally, 100 μL (100 μg/ml) of propidium iodide (PI) staining solution (Servicebio, Wuhan, China) was added to the cells, and the cells were stained for 10 min in the dark. A flow cytometer (Beckman Coulter, Indianapolis, IN, USA) was employed to detect the number of the cells at different stages of the cell cycle.



Real-Time Quantitative PCR Analysis

Total RNA was extracted with Trizol reagent (TransGen Biotech, Beijing, China). RNA was reversed transcription into complementary DNA (cDNA) for miRNA and mRNA expression analysis by miRNA First-Strand cDNA Synthesis Kit (Takara, Dalian, China) and Evo M-MLV RT Kit (Accurate Biotech, Changsha, China), respectively, following the manufacturer's recommendations, and cDNA was stored at −20°C. Two × SYBR Green qPCR Master Mix (Servicebio) was used for real-time quantitative PCR (qPCR). U6 and GAPDH were considered internal references for miRNA and mRNA, respectively. Gene expression levels were normalized using the 2 −(ΔΔCt) method (40). The primers were compounded by GENEWIZ Biotechnology Co., Ltd. The primer sequences are displayed in Table 1.


Table 1. The primers used in this research.
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Western Blot

A RIPA lysis buffer (Solarbio) was employed to withdraw the total protein, and the BCA Protein Assay Kit (Beyotime) was utilized to detect protein concentration. Protein was subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then shifted to polyvinylidene fluoride (PVDF) membrane. The membrane was closured with 5% skimmed milk at room temperature for 30 min. Then, the membrane was fostered overnight at 4°C with the anti-PSME3 (1:800; bs-4222R, Bioss, Beijing, China) and anti-β-actin (1:1,000; bs-0061R, Bioss) antibodies. Subsequently, the membrane was fostered with a goat anti-rabbit horseradish peroxidase (HRP) IgG antibody (1:1,000; bs-0295G-HRP, Bioss) for 30 min at room temperature. The immunoreactive protein bands were normalized by an Enhanced Chemiluminescence (ECL) Kit (NCM Biotech, Suzhou, China), and Image J software (National Institutes of Health, USA) analyzed the gray values.



Plasmid Construction

TargetScan (http://www.targetscan.org/vert_72/) was utilized to predict the binding site of miR-30d with PSME3. The PSME3 3'UTR fragment (XM_005668789.3), containing the miR-30d binding site, was amplified via PCR using specific primers containing Xho I and Sal I (Takara) restriction enzyme sites (Table 1). After recovery and purification, the fragment was inserted into the pmirGLO fluorescent vector (Promega) to construct the PSME3 3'UTR-WT vector. The sequence TGTTTAC, which binds to miR-30d in PSME3 3'UTR, was mutated to ACAAATG, and the PSME3 3'UTR-Mut vector and the pc-PSME3 vector were synthesized by GENEWIZ. The recombinant plasmids were verified by sequencing and double enzyme digestion.



Dual Luciferase Reporter Assay

miR-30d mimic and mimic NC were co-transfected with PSME3 3'UTR-WT or Mut vectors, respectively, into the HEK-293T cells. After 48 h transfection, a dual luciferase reporter assay System (Promega) was executed to monitor luciferase activity according to the manufacturer's guidance. Renilla luciferase was utilized as a reporter gene for normalization control to evaluate the dual luciferase reporter data.



Statistical Analysis

All assays were repeated independently at least three times. SPSS 18.0 (IBM Corp., Armonk, NY, USA) was executed to analyze the data. All the data in this study are expressed as mean ± SD. Student's T-test was performed to analyze differences between the two groups. *p < 0.05 was implied statistically significant, and **p < 0.01 was considered extremely significant.




RESULTS


miR-30d Expression Analysis

We monitored the expression of miR-30d in the ileum of C. perfringens type C-infected piglets with diarrhea and normal piglets, and discovered that miR-30d expression was notably reductive in the piglets with diarrhea (Figure 1A). Subsequently, we evaluated the expression of miR-30d at 12, 24, 36, and 48 h after CPB2 toxin treatment of the IPEC-J2 cells. As exhibited in Figure 1B, miR-30d expression was lowered in the CPB2 toxin revulsive IPEC-J2 cells, and its downregulation was most significant at 36 h. These data suggest that miR-30d might be involved in the infection of C. perfringens type C.


[image: Figure 1]
FIGURE 1. miR-30d expression reduced in Clostridium perfringens type C-infected piglets and CPB2 toxin revulsive IPEC-J2 cells. (A) The expression of miR-30d in the ileum tissue of Clostridium perfringens type C-infected diarrhea piglets was evaluated via qPCR. (B) qPCR analysis of the expression of miR-30d in IPEC-J2 cells treated with CPB2 toxin at 12, 24, 36, and 48 h. ** p < 0.01.




miR-30d Aggravates the CPB2 Toxin-Induced Inflammatory Damage in IPEC-J2 Cells

To probe the impact of miR-30d on the inflammatory process, we overexpressed and knocked down miR-30d in the CPB2-induced IPEC-J2 cells. The results indicated that, after transfection with the miR-30d mimic, the level of miR-30d was notably enhanced, and transfection with the miR-30d inhibitor decreased the levels of miR-30d (Figures 2A,B). The ELISA assay indicated that the miR-30d mimic signally augmented the levels of IL-1β, IL-6, and IL-8, while the miR-30d inhibitor repressed the levels of IL-1β, IL-6, and IL-8 (Figures 2C–E). Moreover, after CPB2 treatment of the IPEC-J2 cells, LDH activity and the ROS level significantly increased. And transfection of the miR-30d mimic further enhanced CPB2 toxin-induced LDH activity, but not significant in the ROS level. By contrast, transfection of the miR-30d inhibitor remarkably decreased the LDH activity and the ROS level (Figures 2F,G). These data demonstrate that miR-30d promoted the CPB2 toxin revulsive inflammatory injury in the IPEC-J2 cells.


[image: Figure 2]
FIGURE 2. Downregulation of miR-30d attenuated CPB2 toxin-induced inflammatory damage. IPEC-J2 cells were transfected with mimic NC, miR-30d mimic (50 nM), inhibitor NC, and miR-30d inhibitor (150 nM), and treated with CPB2 toxin. (A,B) miR-30d expression was detected at 36 h after transfection by qPCR. (C–E) ELISA was performed to assess the levels of IL-1β, IL-6, and IL-8 after transfection and treatment with CPB2 toxin for 36 h. (F) LDH activity was detected at 450 nm in a microplate reader. (G) The ROS level was evaluated by a microplate reader at 488-nm excitation wavelength and 535-nm emission wavelength. ns, not significant, *p < 0.05, **p < 0.01.




miR-30d Suppresses the Proliferation in CPB2 Toxin-Induced IPEC-J2 Cells

To inquire the impact of miR-30d on CPB2 toxin-induced cell viability and proliferation in the IPEC-J2 cells, we used CCK-8 assay, EdU, flow cytometry, and qPCR to assess after transfection and CPB2 toxin treatment. Obviously, CPB2 toxin weakened cell viability and lowered the number of positive proliferating cells. Moreover, overexpression of miR-30d promoted the CPB2 toxin-induced suppression of cell viability and proliferation, whereas knockdown of miR-30d significantly increased cell viability and proliferation (Figures 3A–C). We performed flow cytometry and qPCR to reveal the roles of miR-30d in the cell cycle. The results indicated that G1 transition to the S phase was blocked in the CPB2 toxin-treated IPEC-J2 cells compared with that in normal cells (Figures 3D,E). Overexpression of miR-30d further arrested the G1/S transition, whereas silencing miR-30d facilitated cell cycle progression (Figures 3D,E). Furthermore, the expression levels of cell cycle marker genes, including cyclin-dependent kinase 4 (CDK4) and proliferating cell nuclear antigen (PCNA), were notably lowered in the CPB2 toxin-induced IPEC-J2 cells, and the cyclin-dependent kinase inhibitor 1A (p21) level increased. CDK4 and PCNA levels reduced, and the p21 level aggrandized in the miR-30d mimic group, whereas the miR-30d inhibitor group exhibited the opposite results (Figures 3F–H). The above results manifest that miR-30d suppressed cell proliferation and cycle progression in the CPB2 toxin revulsive IPEC-J2 cells.


[image: Figure 3]
FIGURE 3. miR-30d arrested cell proliferation and cycle progression in CPB2 toxin revulsive IPEC-J2 cells. (A–H) The IPEC-J2 cells were transfected with mimic NC, miR-30d mimic (50 nM), inhibitor NC, and miR-30d inhibitor (150 nM), and treated with CPB2 toxin for 36 h. (A) CCK-8 was performed to analyze cell viability, and the results were recorded using a microplate reader at 450 nm. (B) The EdU assay was performed. The IPEC-J2 cells in S-phase were stained red with EdU, whereas the nucleus was dyed blue with Hoechst. (C) Image J analysis of the proportion of proliferating cells. (D,E) Flow cytometry analysis of the IPEC-J2 cell cycle. (F–H) qPCR analysis of CDK4, PCNA, and p21 expression. *p < 0.05, **p < 0.01.




PSME3 Is a Regulatory Target of miR-30d

Through the sequence alignment of miR-30d in various species, we discovered that the matured sequence of miR-30d was conserved in chicken, pig, cow, human, monkey, mouse, and rat (Figure 4A), indicating that the function of miR-30d is likely to be conserved. miRNA target prediction analysis revealed that the PSME3 3' UTR and miR-30d had binding sites, which manifested that PSME3 might be a potential target gene of miR-30d (Figure 4B). We found that the PSME3 level enhanced in the CPB2 toxin revulsive IPEC-J2 cells (Figure 4C). To further confirm the targeting relationship between miR-30d and PSME3, we constructed PSME3 3'UTR-WT and Mut vectors (Figure 4D). As expected, miR-30d mimic signally reduced the luciferase activity of PSME3 3'UTR-WT, while the luciferase activity of PSME3 3'UTR-Mut did not change significantly (Figure 4E). Next, we used qPCR and western blot to verify whether miR-30d negatively regulates the expression of PSME3. As displayed in Figures 4F,G, the expression levels of PSME3 mRNA and protein remarkably lessened in the mimic group as compared with those in the mimic NC group, whereas the miR-30d inhibitor increased the level of PSME3. The above results demonstrate that PSME3 is the direct target gene of miR-30d.


[image: Figure 4]
FIGURE 4. miR-30d negatively regulated the expression of PSME3. (A) The matured sequence of miR-30d was aligned in chicken, pig, cow, human, monkey, mouse, and rat. (B) TargetScan analyzed the binding site of miR-30d to PSME3. (C) qPCR analysis of PSME3 expression in CPB2 toxin revulsive IPEC-J2 cells. (D) Comparison of the PSME3 3'UTR-WT and Mut vectors. (E) The relative luciferase activity of the IPEC-J2 cells after co-transfected with miR-30d mimic or mimic NC and PSME3 3'UTR-WT or Mut. (F,G) The miR-30d mimic and the inhibitor were transfected into IPEC-J2 for 36 h, (F) the mRNA level of PSME3 was evaluated through qPCR, (G) the protein level of PSME3 was evaluated via western blot. ns: not significant, *p < 0.05, **p < 0.01.




PSME3 Alleviates the CPB2 Toxin Revulsive Inflammatory Damage in IPEC-J2 Cells

To redouble explore the impact of PSME3 in CPB2 toxin revulsive IPEC-J2 cells inflammation, we overexpressed and knocked down PSME3 in the IPEC-J2 cells. The results manifested that, after transfection of pc-PSME3, the expression of PSME3 mRNA and protein dramatically increased (Figures 5A,C). We designed PSME3 siRNA to knockdown. As shown in Figure 5B, si2-PSME3 (si-PSME3) successfully decreased the expression of PSME3. Subsequently, we tested the expression of PSME3 protein after transfection with si-PSME3, which displayed that si-PSME3 reduced the PSME3 protein level (Figure 5D). Moreover, we found that the overexpression of PSME3 notably repressed the expression of IL-1β, IL-6, and IL-8, and the knockdown of PSME3 showed the opposite results (Figure 5E). Meanwhile, the LDH activity and ROS levels significantly decreased after the overexpression of PSME3, and the LDH activity and the ROS levels were higher after the knockdown of PSME3 (Figures 5F,G). In summary, these data reveal that PSME3 weakened CPB2 toxin revulsive inflammatory damage in the IPEC-J2 cells.
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FIGURE 5. PSME3 repressed CPB2 toxin-induced inflammation in IPEC-J2 cells. The IPEC-J2 cells were transfected with pcDNA3.1, pc-PSME3 (1 μg), si-NC, and si-PSME3 (150 nM), and treated with CPB2 toxin. (A,B) qPCR analysis of PSME3 expression after transfection of pcDNA3.1, pc-PSME3 (1 μg), si-NC, si1-PSME3, and si2-PSME3 (150 nM). (C,D) Western blot analysis of PSME3 expression after transfection of pcDNA3.1, pc-PSME3 (1 μg), si-NC, and si2-PSME3 (si-PSME3, 150 nM). (E) ELISA analysis of IL-1β, IL-6, and IL-8 expression. (F) LDH activity was tested at 450 nm in a microplate reader. (G) The ROS level was tested by microplate reader at 488-nm excitation wavelength and 535-nm emission wavelength. ns: not significant, *p < 0.05, **p < 0.01.




PSME3 Facilitates Cell Proliferation and Cell Cycle Progression in CPB2 Toxin-Infected IPEC-J2 Cells

We executed CCK-8, EdU, flow cytometry, and qPCR assays to evaluate cell viability, proliferation, and cell cycle. The CCK-8 results demonstrated that the cell viability was notably enhanced after transfection of pc-PSME3, while cell viability was weakened after transfection si-PSME3 (Figure 6A). Moreover, pc-PSME3 transfection dramatically aggrandized the number of red EdU-positive cells as compared with that in the pcDNA3.1 control group, whereas transfection with si-PSME3 lowered red EdU-positive cells (Figures 6B,C). Furthermore, flow cytometry showed that upregulation of PSME3 promoted the transition from G1 to S phases in the CPB2 toxin revulsive IPEC-J2 cells, whereas downregulation of PSME3 arrested G1 to S transition (Figures 6D,E). We also found that overexpression PSME3 remarkably enhanced the levels of CDK4 and PCNA, and reduced the expression of p21 (Figure 6F), whereas the PSME3 knockdown had the opposite results. Thus, PSME3 accelerated the proliferation in the CPB2 toxin-induced IPEC-J2 cells.
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FIGURE 6. PSME3 promoted cell proliferation and cycle progression in the CPB2 toxin revulsive IPEC-J2 cells. (A–F) The IPEC-J2 cells were transfected with pcDNA3.1, pc-PSME3 (1 μg), si-NC, and si-PSME3 (150 nM), and treated with CPB2 toxin for 36 h. (A) Cell viability was tested via CCK-8 on a microplate reader at 450 nm. (B) The EdU assay was performed. The IPEC-J2 cells in S-phase were stained red with EdU, whereas the nucleus was dyed blue with Hoechst. (C) Image J analysis of the proportion of proliferating cells. (D,E) Flow cytometry analysis of the IPEC-J2 cell cycle. (F) qPCR analysis of CDK4, PCNA, and p21 expression. *p < 0.05, **p < 0.01.




miR-30d Targets PSME3 to Modulate CPB2 Toxin-Induced Inflammatory Injury in IPEC-J2 Cells

To further verify whether miR-30d regulates CPB2 toxin-induced IPEC-J2 cells inflammatory damage via targeting PSME3, we co-transfected the IPEC-J2 cells with the miR-30d mimic and pc-PSME3 vector, and treated with CPB2 toxin. Compared with the mimic+pcDNA3.1 group, the mimic+pc-PSME3 group significantly reduced the levels of IL-1β, IL-6, IL-8, LDH, and ROS (Figures 7A–C). CCK-8, EdU, and Flow cytometry results indicated that overexpression of PSME3 attenuated the inhibitory effect of the miR-30d mimic on cell viability, proliferation, and the cell cycle (Figures 7D–H). Moreover, co-transfection of the miR-30d mimic and pc-PSME3 significantly promoted the expression of CDK4 and PCNA, and suppressed the expression of p21 compared to transfection of the miR-30d mimic and the pcDNA3.1 vector (Figure 7I). The above results suggest that PSME3 reversed the promotion of inflammatory damage by the miR-30d in IPEC-J2 cells.
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FIGURE 7. PSME3 reversed the promotion of inflammatory damage by miR-30d in the IPEC-J2 cells. (A–I) The IPEC-J2 cells were co-transfected with the miR-30d mimic and the pc-PSME3 vector and treated with CPB2 toxin for 36 h. (A) ELISA analysis of IL-1β, IL-6, and IL-8 levels. (B) LDH activity was detected at 450 nm in microplate reader. (C) The ROS level was detected by a microplate reader at 488-nm excitation wavelength and 535-nm emission wavelength. (D) Cell viability via CCK-8. (E) The EdU assay was performed. The IPEC-J2 cells in S-phase were stained red with EdU, whereas the nucleus was dyed blue with Hoechst. (F) Image J analysis of the proportion of proliferating cells. (G,H) Flow cytometry evaluated the cell cycle. (I) qPCR analysis of CDK4, PCNA, and p21 expression. ns, not significant,*p < 0.05, **p < 0.01.





DISCUSSION

Increasing studies have manifested that miRNAs regulate the process of pathogens infection livestock and poultry. For example, chicken miR-1306-5p targeted Tollip and modulated host defense against Salmonella Enteritidis infection (41). miR-29b inhibited bovine viral diarrhea virus (BNDV) replication in Madin-Darby bovine kidney (MDBK) cells by targeting caspase-7 and NAIF (42). miR-218 targeted SOCS3 to regulate PRRSV replication (43). miR-129a-3p significantly downregulated in porcine epidemic diarrhea virus (PEDV)-infected IPEC-J2 cells and targeted the EDA-mediated NF-κB pathway to suppress PEDV replication (44). Moreover, Gao et al. (45) demonstrated that epigenetic upregulation of ssc-miR-124a attenuated apoptosis and inflammation in the CPB2 toxin-infected IPEC-J2 cells. miR-140-5p targeting VEGFA exacerbated CPB2 toxin-induced inflammatory injury in the IPEC-J2 cells via ERK1/2 and JNK signaling pathways (46). Our previous study has revealed that miR-30d was significantly downregulated in the ileum tissue of C. perfringens type C-infected diarrhea piglets, implying that miR-30d might have a vital role in this process. In the present research, we found that miR-30d expression decreased after CPB2 toxin treatment of the IPEC-J2 cells, and the expression was lowest at 36 h, which further indicated that miR-30d refers to regulate the process of C. perfringens infection in the piglets.

Studies indicated that the miR-30 family plays a pivotal role in the inflammatory response process. miR-30a attenuated Hepatitis B Virus X Protein revulsive autophagosome formation in hepatic cells (47). miR-30b and miR-30c repressed the replication of Hepatitis C Virus (48). The current pieces of research on miR-30d has mainly focused on cancer, such as prostate cancer (49), lung cancer (50), and colon cancer (51). Moreover, miR-30d was a potential therapeutic target for PRRSV infection (32). miR-30d suppressed the replication of infectious bronchitis virus (IBV) via targeting USP47 (52). Selenium deficiency induced oxidative stress and inflammation in pig adrenal tissue via the miR-30d-R_1/TLR4 pathway (53). In the present study, we discovered that miR-30d inhibitor notably reduced CPB2 toxin revulsive release of pro-inflammatory cytokines (IL-1β, IL-6, and IL-8), LDH activity, and the ROS level compared with the inhibitor NC group, and alleviated the inflammatory damage in the IPEC-J2 cells. By contrast, the miR-30d mimic aggravated CPB2-induced inflammatory response.

Studies have indicated that PSME3 is involved in the bacterial infection process. The hematopoietic PSME3-deficient mice were more susceptible to bacterial infection, and increased bacterial burden in tissues (54). The PSME3-deficient mice lessened numbers of CD8+ T cells and showed reduced clearance of fungal infections in the lungs (37). In this study, we predicted the existence of a binding region between PSME3 3'UTR and miR-30d through the bioinformatics website. Meanwhile, we found that PSME3 expression was observably higher in the CPB2 toxin revulsive IPEC-J2 cells, which was correlated negatively with miR-30d expression. The dual luciferase reporter assay manifested that the luciferase activity was lowered after the interaction of miR-30d with PSME3 3'UTR. Moreover, the miR-30d mimic decreased the expression of PSME3 at mRNA and protein levels, while the miR-30d inhibitor enhanced the expression of PSME3. Taken together, miR-30d targeting PSME3 exacerbates CPB2 toxin-induced inflammatory response. To further determine the impact of PSME3 on the CPB2 toxin-disposed IPEC-J2 cells, we constructed a PSME3 overexpression vector and designed PSME3 siRNA to transfect into the CPB2 toxin revulsive IPEC-J2 cells. Our results displayed that overexpression of PSME3 signally alleviated the CPB2 toxin revulsive inflammatory damage in the IPEC-J2 cells, and the knockdown of PSME3 increased the inflammatory injury. Furthermore, rescue experiments showed that PSME3 reverses the effects of miR-30d on CPB2 toxin-induced inflammatory damage in the IEC-J2 cells.

Progression of the cell cycle is regulated by cyclins and cyclin-dependent kinases (CDKs) (55). Several studies have shown that the inflammatory response is associated with the cell cycle and proliferation. Melo-Salas et al. (56) showed that systemic inflammation altered the cell cycle progression of Hippocampal Type 2 Intermediate Precursor Cells and inhibited cell proliferation. In addition, studies have also indicated that cell cycle-related proteins contribute to the inhibition of inflammation (57). Xie et al. (58) demonstrated that cell cycle kinase attenuates the inflammatory response in Staphylococcus aureus-induced pneumonia by inhibiting the NF-kB signaling pathway. CDK4 is one of the important members of the cell cycle regulatory protein family and plays key roles in regulating the G1 phase of the cell cycle (59). The PCNA protein is a marker of cell proliferation, a vital factor of DNA replication and repair, and can be used to evaluate the growth of cell population (60, 61). p21 is a cyclin-dependent kinase inhibitor, which plays a momentous role in regulating the cell cycle progression. p21 acts as a cell cycle inhibitor and has anti-proliferative effects on normal cells (62, 63). Yu et al. (64) found that miR-30d refrained the proliferation and the cell cycle of renal cancer cells. miR-30d-5p also restrained the proliferation of non-small cell lung cancer cells by downregulating CCNE2, and induced G1/S cell cycle arrest (65). In this study, the miR-30d mimic enhanced the inhibition of CPB2 toxin on IPEC-J2 cell proliferation, blocked cell cycle progression, and inhibited the expression of cycle-related genes (CDK4 and PCNA) and promoted the p21 level, whereas the miR-30d inhibitor displayed the opposite effects. PSME3 is involved in regulating the degradation of many key proteins and facilitates cell growth by mediating the degradation of cell cycle inhibitor p21 (66). Sanchez et al. (67) demonstrated that miR-7 targeted PSME3 to trigger cell cycle arrest at the G1/S transition cell cycle. In this research, we manifested that overexpression of PSME3 facilitated cell proliferation, cell cycle progression, and the expression of cycle-related genes in the CPB2 toxin-treated IPEC-J2 cells, whereas the knockdown of PSME3 suppressed cell proliferation, cycle progression, and the expression of cycle-related genes.



CONCLUSION

In conclusion, our research revealed that miR-30d aggravates CPB2 toxin-induced inflammation in the IPEC-J2 cells via targeting PSME3 3'UTR, and attenuates cell proliferation. Our studies suggest that miR-30d/PSME3 might be a novel target for the prevention and treatment of diarrhea in piglets, and establishes the foundation for further research in the breeding of pigs that are resistant to C. perfringens-induced diarrhea.
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