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Abstract

MiR-215 maintains a high level of expression in healthy pig intestine and is decreased in lesions
or injuries. To clarify the influence of miR-215 on the porcine intestine, miR-215 mimic/inhibitor was
transfected into the intestinal porcine epithelial cell line, J2 (IPEC-J2) to overexpress or suppress the
expression of miR-215. The treated cells were subjected to various functional assays. The effect of
miR-215 on global gene expression was detected using high-throughput sequencing on the BGISEQ-
500 platform; cell proliferation was evaluated using a Cell Counting Kit-8 (CCK-8); and the role of miR-
215 on cellular metabolism was tested using non-targeted metabonomics and liquid chromatography
with tandem mass spectrometry (LC-MS/MS) analysis. Our results revealed that miR-215 promoted cell
proliferation in IPEC-J2, up-regulated the expression of the ribosomal protein family, and down-
regulated the expression of oncogenesis-related genes and tumour-suppressor genes. Results of the
RNA sequencing and the metabonomics detection reveal that miR-215 affects the PI3K-Akt signalling
pathway. Our results contribute to further research on miR-215 in the regulation of barrier function and

metabolism in the porcine intestine.
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Introduction

Pigs are considered to be ideal biomedical models for research because of their many physiological
similarities with humans (Sharbati et al., 2010). The intestine is one of the most architecturally and
functional organs in mammals. It plays a key role in digesting and absorbing nutrients, as well as
eliminating waste and protecting from infection (Du P et al., 2016). It is also the fastest self-renewing
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tissue in the body (Zou et al., 2018). Therefore, keeping intestinal function normal is essential for the
maintenance of health.

MicroRNAs (miRNAs) are small, non-coding RNAs of 19-25 nucleotides in length. They play a
key role in post-transcription by binding to the 3'-untranslated region (3'UTR) of target mMRNA (Bartel,
2009). Recent studies describe the crucial role of miRNAs in cell damage repair (Bhanja et al., 2018),
cell self-renewal (Andriatsilavo et al., 2018), nutrient metabolism (Lesjak et al., 2014), and immune
regulation (Sawant et al., 2013; Murer et al., 2019). Our previous studies utilizing pig models revealed
substantial differences in miRNA expression between an Lawsonia intracellularis-infected porcine
intestine and the control pigs, with miR-215 expression being 49.4-fold lower than that of control
group (Li et al., 2017).

Results of recent reports show that miR-215 is related to the pathogenesis of multiple diseases in
multiple tissues. In papillary thyroid cancer (PTC), miR-215 inhibits PTC proliferation and metastasis
by targeting ARFGEF1 (Han et al., 2019); in multiple myeloma (MM), miR-215-5p inhibits MM cell
apoptosis via targeting RUNX1 and suppressing the activation of the PISBK/AKT/mTOR pathway (Liu
et al., 2020); and miR-215 promotes cell migration and invasion of gastric cancer by directly targeting
RB1 (Chen et al., 2017). In the intestine, miR-215 was found to affect neuron migration and
proliferation through the target gene, SIGLEC-8, in Hirschsprung's disease (Lei et al., 2016); it also
suppressed colon cancer cell proliferation, migration, and invasion by directly targeting YY1 (Chen et
al., 2016), and worked against the effects of hypoxia in colon tumour-initiating cells (Ullmann et al.,
2019).

Interestingly, expression levels of miR-215 in the above reported tumours were substantially lower
than in normal tissues, similar to our previous report in pigs. Coincidentally, miR-215 is also expressed
less in the small intestine of weaned piglets than in normal suckling piglets (Tao & Xu, 2013). To
investigate whether the expression of miR-215 was reduced in pigs with intestinal injury or structural
changes, we used two existing models to detect miR-215 expression levels and discovered that miR-
215 was highly expressed in normal intestinal tissues, indicating that miR-215 plays an important role
in the regulation of the porcine intestine. In order to clarify the influence of miR-215 on the porcine
intestine, we focused on the role of miR-215 in regulating intestinal metabolism and global gene
expression in this study to elucidate the regulatory role of miR-215.

Materials and Methods

The protocol for the research project was approved by the guidelines of Guangdong Province on
the Review of Welfare and Ethics of Laboratory Animals, which was approved by the Guangdong
Province Administration Office of Laboratory Animals (GPAOLA, 2020-lIsc-004).

Model of piglets with diarrhoea and spleen deficiency: Intestinal tissue of piglets with diarrhoea and
spleen deficiency was kept by the laboratory. The model was established according to the diagnostic
reference standard of spleen deficiency syndrome in traditional Chinese medicine, using the method of
cervical intramuscular injection of reserpine and abnormal hunger and satiety. Twenty, healthy 25-day-
old, weaned piglets (Duroc x Landrace x Yorkshire) with similar body weight were randomly divided into
two groups, each group with 10 piglets. The experimental group was injected with reserpine (0.10 mL/kg)
every morning and alternately receiving no feeding or full feeding every other day. The control group
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was injected with 0.10 mL normal saline/kg every day. After three days, the experimental piglets had
loose stools, followed by symptoms such as limb weakness, reduced activity, withered or erect hair,
poor colour, supine, sleepy, slow movements, and slow responses, indicating that the spleen deficiency
model was successfully copied.

Cell line and cell culture: Intestinal porcine epithelial cell J2 (IPEC-J2) were preserved in our
laboratory. Cells were maintained in Dulbecco’s Modified Essential Medium: Nutrient Mixture F-12
(DMEM/12, GBICO, Grand Island, New York, USA) with 10% foetal bovine serum (FBS, GBICO), 100
U penicillin/mL, and 100 mg streptomycin/mL, and cultured in a humidified atmosphere with 5% CO: at
37 °C.

RNA sequencing and analysis: Cell lines transfected with the miR-215 mimic or the negative control
sequence (NC, GenePharma, Nanjing, China) were seeded into a 6-well plate in triplicate at a
concentration of 5 x105 cells per well. After 48 h, cells were collected for total RNA extraction. Library
construction and sequencing were performed on a BGISEQ-500 platform by Beijing Genomic Institution
(www.genomics.org.cn, BGI, Shenzhen, China). Clean reads were mapped to the reference genome
and available genes using HISAT (Kim et al., 2015). For gene expression analysis, the mapping
fragments were calculated and normalized to FPKM (fragments per kilobase per million mapped
fragments) using RESM software (Li & Dewey, 2011). Pearson’s correlation coefficient was used to
measure the repeatability between parallel samples. The significance of the differential expression of
215/control) 21, and false discovery rate (FDR) <0.01. Hierarchical cluster analysis of differentially
expressed genes was performed with the heatmap function in the R package. Genes with the same
expression pattern among samples were clustered using the Mfuzz package. The classification and
enrichment of the gene function and pathway annotation were performed based on the Gene Ontology
(GO) Database (http://www.geneontology.org/) and KEGG (Kyoto Encyclopedia of Genes and

Genomes) pathway database (http://www.genome.jp/kega/), respectively.

Cell proliferation assay: While transfected with the miR-215 mimic or inhibitor, the IPEC-J2 cell line
was seeded and incubated in a 96-well plate (4 x 103 cells per well) for 24 h, 48 h, 72 h, and 96 h. At
the indicated time, cell proliferation activity of cell was examined using a Cell Counting Kit-8 (CCKS,
Beyotime, Shanghai, China) in accordance with the manufacturer’s instructions. In brief, cells were
added to 20 uL CCK-8 solution to incubate for 2h, and the absorbance of the cells at 450 nm was
examined using a microplate reader (Bio-Tek, USA).

Metabonomics preparation and detection: Cells were seeded into 6-well plates at a concentration of
5 x 105 cells per well, and transfected with miR-215 mimic and NC respectively, with eight replicates
each treatment. Cells were collected 48 h after transfection and stored at -80 °C until ultra-high
performance liquid chromatography and mass spectroscopy (LC-MS/MS). Before LC-MS/MS analysis,
the cells were left to thaw at 4 °C for approximately 30 min and an equal volume of frozen methanol
and water (800 yL) was added. After fragmentation, cells were precipitated at -20 °C for 2 h and
centrifuged at 4 °C for 15 min. An amount of 800 uL of supernatant was sent for further preparation and
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the remaining samples were reserved for future use. LC-MS/MS was performed using a UPLC system
(Waters, Milford, Massachusetts, USA) coupled to a Xevo G2-XS quadrupole-time-of-flight
spectrometer (Waters). For liquid chromatography, samples were analysed using a 2.1 mm x 100 mm
ACQUIY UPLC BEH 1.7-ym column at a flow rate of 400 pl/min, with water containing 25 mM
ammonium acetate and 25 mM ammonium hydroxide as mobile phase A, while acetonitrile was used
as mobile phase B in the gradient elution mode. The gradient composition was 95% of B for 0.5 min,
linearly reduced to 65% in 7 min, then reduced to 40% in 2 min. After maintaining this condition for 1
min, it was increased to 95% in 1 min, with 3 min left for column re-equilibration. For mass spectrometry,
data were acquired in positive and negative modes. The electrospray ionisation source parameters
were set as follows: source temperature of 150 °C, desolvation temperature of 450 °C, sampling cone
of 40 V, cone gas flow of 50 L/h, and desolvation gas flow of 900 L/h. Capillary voltage was set to 3500
V for the positive mode and 2500 V for the negative mode. The data acquisition rate was set to 0.4 s
with a 0.1 s interscan delay. All analyses were acquired using the lock spray to ensure accuracy and
reproducibility. Additionally, quality control (QC) samples were prepared by pooling aliquots of all
samples that were under analysis to use for data normalization and to ensure data quality for metabolic
profiing. QC samples were prepared and analysed using the same procedure as that for the
experimental samples.

LC-MS/MS data processing: Peak detection, alignment, deconvolution, data filtering, and ion
annotation were performed using Progenesis QI (Waters), as previously reported (Franco et al., 2020).
Metabolites with a P-value less than 0.05 were considered to be statistically significant. Fold change
was calculated as the logarithm of the average mass area ratio between the treatment group and the
control. Furthermore, the identified differential metabolites were used to perform cluster analyses
using the R software package. KEGG ID mapping was performed on the differential metabolites and
submitted to the KEGG website for related pathway analysis. Enriched KEGG pathways were
nominally statistically significant at P <0.05.

Statistics: Statistical analyses and drawing of figures were done using GraphPad Prism 5.0 software.
All descriptive data were expressed as mean * standard deviation (SD) and the significance of
difference was calculated using paired t-tests. Values of P <0.05 were considered significant.

Results and Discussion

MiR-215 was highly expressed in normal intestinal tissues: In our previous report, the expression
of miR-215 was 49.4-fold lower in Lawsonia intracellularis-infected porcine intestine (Li et al,
2017),which would cause porcine proliferative enteropathy (PPE). PPE is an intestinal hyperplastic
disease characterized by the thickening of the intestinal mucosa due to enterocyte proliferation (Lawson
& Gebhart, 2000). In order to verify whether miR-215 was down-regulated in the case of intestinal injury
or structural changes, the expression of miR-215 was detected using the existing models of spleen-
deficiency diarrhoea (using reserpine and poor feeding methods) piglets and a pAPN (porcine
aminopeptidase N) knockout cell line. The results showed that miR-215 all maintained a high level of
expression in the intestine of the control group (P <0.01, Figure 1). Diarrhoea due to a spleen deficiency
can damage intestinal epithelial cells and change villus structure. IPEC-J2 with pAPN knockout also
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alters the structure of intestinal cells. From the report of Tao et al. (Tao & Xu, 2013), the expression of
miR-215 was also found to be decreased in piglets with intestinal stress caused by weaning. Therefore,
it is critical to study the comprehensive effects of miR-215 on intestinal gene expression.
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Figure 1: miR-215 is highly expressed in normal intestinal tissues. (A) The expression of miR-215 in the spleen-
deficiency diarrhoea piglet model. Total RNA of the intestinal tissue from the piglet models was extracted to
perform real-time RT-PCR. (B) The expression of miR-215 in the pAPN (porcine aminopeptidase N) knockout cell
line. IPEC-J2 cells were transfected with pX330-U6-Cas9-pAPN plasmid to knockout pAPN and the positive cell

line was screened using real-time RT-PCR.**P <0.01compared with the control

MiR-215 affects gene expression in the pig intestine: miR-215 was highly expressed in normal
intestinal tissues in the current study, indicating that miR-215 may play a critical role in intestinal health.
To identify the effects of miR-215 on the comprehensive expression profile in the porcine intestine, the
miR-215 mimics was transfected into the IPEC-J2 cell and RNA-sequencing (RNA-Seq) was conducted.
The correlation coefficients of the three biological replicates in the experimental and the NC groups
were all above 0.99 (Figure 2A), indicating that the data has excellent repeatability and were suitable
for the subsequent analysis. The correlation coefficients of gene expression between transfected miR-
215 and the NC cell were in the range of 0.97 to 0.99, indicating that miR-215 altered the expression of
just a small number of genes.

An average of 23.89 million clean reads were obtained that mapped on the porcine genome at an
average rate of 94.80%, representing an average of 20349 genes that were expressed in each sample.
From the mapping genes, we found that miR-215 decreased the quantity of high expressed genes
(FPKM 210, Figure 2B). Compared with the NC group, a total of 31 up-regulated genes and 685 down-
regulated genes were detected in the miR-215 transfected cells (Figure 2C). GO functional annotation
of the DEGs indicated that the up- and down-regulated genes could be classified into three parts of 54
categories, such as cellular processes, metabolic processes, cell parts, and binding (Figure S1). From
the DEGs, we found that the expression of oncogenesis-related genes, such as myosin-9 (MYH9),
actinin alpha 4 (ACTN4), secreted protein, acidic and rich in cysteine (SPARC), mucin-4 (MUC4) were
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down regulated in the miR-215 over-expressed cells (P <0.01, Figure 3). What interested us was that
the expression of the tumour-suppressor genes, such as suppression of tumorigenicity 14 (ST14), were
also down-regulated, indicating that moderately high expression of miR-215 may reduce cell
tumorigenicity.

Pathway enrichment analysis of DEGs was conducted according to KEGG functional annotation
to identify signalling pathways possibly regulated by miR-215-5p in IPEC-J2. We found that the DEGs
were focussed on the PI3K-Akt signalling pathway, focal adhesion, ECM-receptor interaction,
pathways in cancers, inter alia (Figure 4).
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Figure 2 miR-215 affects gene expression in the pig intestine. IPEC-J2 cells were transfected with miR-215
mimics and RNA sequencing was performed. (A) The correlation coefficients of the three biological replicates of
each group. (B) Fragments per kilobase per million mapped fragments (FPKM) in each group. (C) Volcano
distribution map of differentially expressed genes. Green stars represent down-regulated genes compared to the
control cell (foldchange 22; Paqj <0.05); red stars indicate up-regulated genes (foldchange <-2; Paqg; <0.05); grey

stats mean there was no differential expression between the transfected cell and the control cell
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Figure 3 The expression of oncogenesis-related genes and tumour-suppressor genes down regulated, as
identified by RNA-seq. **P <0.01, compared to the control
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Figure 4 Differentially expressed gene (DEG) number of the most enriched pathways. Blue represent down-

regulated DEGs; red indicates up-regulated DEGs
MiR-215 up-regulated the expression of the ribosomal protein (RP) family and promoted cell
proliferation: Detected genes with the same expression pattern among samples were clustered

using Mfuzz software, and one of the clusters caught our attention. The membership of most genes in
this cluster was close to 1, which showed that the trend of the gene was consistent with the change of
the cluster (Figure 5). In this cluster, we found most members of the RP family were 1.5-2.0-fold up-
regulated in the miR-215 transfected group (Table S1), indicating that miR-215 may be related to the
proliferation of porcine intestinal cells. The CCK-8 assay was performed to detect the effect of miR-

215 on the cell proliferation. Twenty-four hours after treatment, there was no significant difference
among the miR-215 overexpressed group, miR-215 suppressed group, and the control group

(P >0.05). The miR-215 mimics began to promote cell proliferation from 48 h (P <0.05) and the miR-
215 inhibitor had the opposite effect (P <0.05), which confirmed our hypothesis that miR-215

promoted cell proliferation in IPEC-J2 (Figure 6).
except in some tumour cells (Lei et al., 2016; Wang et al., 2017) and miR-215 inhibits cell proliferation in
most of cancer cells (Cai ef al., 2017; A. Liu et al., 2020; Wu et al., 2020; X. Xu et al., 2020). In our results,
miR-215 promoted IPEC-J2 cell proliferation, which may indicate that miR-215 will accelerate the self-
renewal of porcine intestinal cells by promoting cell proliferation in normal conditions and may inhibit
cell progression through self-feedback in the case of abnormal proliferation, thereby inhibiting further
deterioration of the tumour. The acceleration of cell proliferation will lead to an increase in protein

Recent research indicates that the expression of miR-215 decreases in almost all cancer tissues,
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synthesis. Most cellular proteins are manufactured on ribosomes in the cytoplasm. Therefore, the
expression of ribosome family genes almost indicates an upward trend to adapt to the increase in
protein synthesis.
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Figure 5 Cluster of genes with the same expression pattern among samples
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Figure 6 MiR-215 promotes cell proliferation. IPEC-J2 cells were transfected with miR-215 mimics or an inhibitor,
with NC as a negative control. Then, 24 h, 48 h, 72 h, and 96 h after transfection, cells were harvested to perform

the CCK-8 assay. *P <0.05 indicates a significant difference compared to the control

MiR-215 affects intestinal cell metabolism in pigs: GO functional annotation of the DEGs indicated
that miR-215 also regulated the metabolic process. To elucidate the regulation of miR-215 of the
metabolism of pig intestinal cells, the metabolomics were also analysed between the miR-215-treated
cells and the control cells. A total of 5223 and 4682 ions were detected in positive and negative modes,
respectively, of which the ion numbers of relative standard deviation (RSD) less than 30% were 3093
and 2772, including 160 and 205 differentially expressed ions, respectively. On the basis of the KEGG
pathway database, perturbed biological pathways between miR-215-mimic transfected cells and the

control cells were identified. Differential expression of ions was mainly concentrated in 27 pathways
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and most of them were involved in glucose, amino acid, and nucleic acid metabolism. What interested
us was that the test result was consistent with the sequencing; the differential metabolites were the
same affected by the PI3K-Akt signalling pathway (Figure 7). The PISK-AKT signalling pathways are
crucial to many physiological and pathological conditions, such as cell proliferation, angiogenesis,
metabolism, differentiation, and survival (Porta et al., 2014). Current research indicates that PISK-AKT
is associated with various cancers, such as neurodegenerative tumours (Xu et al., 2020), prostate
cancer (Shorning et al., 2020), non-small cell lung cancer (Tan, 2020), breast cancer (Miricescu et al.,
2020). MiRNAs were also involved in the regulation process: among them, PI3K-Akt can negatively
regulate miR-192/215 expression in colon cancer (Zhao et al., 2018). MiR-215 can target EREG, NIPAL1,
and PTPRU genes to regulate the resistance of piglets to Escherichia coli F18 (Dai et al., 2020),
indicating that besides cancer, miR-215 also plays an important regulatory role in the intestinal tract of

pigs.
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Figure 7 MiR-215 affects the PI3K-Akt signalling pathway. IPEC-J2 cell were transfected with miR-215 mimics,
RNA sequencing was performed, and using non-targeted metabonomics detection, the differentially expressed
genes and ions were all determined to be enriched in the PI3K-Akt pathway. The purple squares represent genes
altered (detected by RNA-sequencing); the blue ellipses represents genes altered (detected using liquid
chromatography with tandem mass spectrometry, LC-MS/MS); and yellow squares indicate genes altered using

both detection methods



896 Li et al., 2022. S. Afr. J. Anim. Sci. vol. 52

Conclusions

In conclusion, this study revealed that miR-215 promoted cell proliferation in IPEC-J2 and caused
a series of changes in gene expression and metabolites. Both transcriptome sequencing and
metabonomic detection indicated that miR-215 may regulate porcine intestinal function via the
PI3K/AKT pathway. However, the detailed regulatory mechanism of miR-215 in regulating the porcine
intestine via the PI3K/AKT pathway requires further investigation.
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Figure S1: Gene Ontology functional annotation of the differentially expressed genes
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