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Abstract: Swine acute diarrhea syndrome coronavirus (SADS-CoV) is a novel coronavirus that can cause severe
diarrhea in newborn piglets in China. Here, we reported profiles of differentially expressed miRNAs and mRNAs in Vero
cells infected by SADS-CoV. In total, 345 miRNAs and 1014 mRNAs were identified with significantly differential
expression after SADS-CoV infection. The analysis of miRNA-mRNA-pathway network indicated that through major
mRNA nodes, TUBA, KRAB, elF4E and SIRPA_B1_G, differentially expressed miRNAs were mainly involved in
pathways of pathogenic Escherichia coli infection, apoptosis, PI3K-Akt signaling pathway, focal adhesion and so on. The
gRT-PCR validation results of six selected genes were concordant with RNA-Seq results. This study is the first report to
examine differentially expressed miRNAs and mRNAs after SADS-CoV infection in Vero cells, which may help elucidate

the underlying mechanisms of SADS-CoV infection.
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INTRODUCTION

Swine acute diarrhea syndrome coronavirus
(SADS-CoV), a novel coronavirus, was first discovered
in Southern China in January 2017. SADS-CoV was
isolated from intestinal and faecal samples of neonatal
piglets with severe watery diarrhea at that time, and it
caused the death of 24,693 piglets in four farms of
Guangdong Province. During the next four months, that
resulted in great losses in the field of pig industry [1-3].
A retrospective investigation revealed that SADS-CoV
emerged in China at least since August 2016 and had
a high co-infection rate with the most common pig
diarrhea virus, porcine epidemic diarrhea virus (PEDV)
[4]. Currently, SADS-CoV was isolated from Fujian
Province, and remerged in Guangdong Province [5, 6].
It is urgent to understand more about the pathogenic
mechanisms of SADS-CoV to prevent its further
transmission in China.

MicroRNAs (miRNAs) are small ~23nt RNAs that
are considered to play important gene-regulatory roles
in animals and plants [7]. In recent years, research has
showed that miRNA is a key regulator of virus-host
interaction and has become a hot topic nowadays.
PEDV, similar to SADS-CoV, is a coronavirus that
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causes persistent diarrhea in pigs. The infection of
PEDV had a significant impact on the level of miRNA
expression in PK-15 cells [8]. It was pointed out that
miR-221-5p could inhibit PEDV replication by targeting
the 3' UTR of the viral genome and activating the NF-
kappa B signaling pathway [9, 10]. Research showed
that in vivo infection with transmissible gastroenteritis
virus (TGEV) could reduce the expression level of miR-
30a-5p in the ileum of piglets, but significantly
increased suppressor of cytokine signaling protein 1
(SOCS1) and suppressor of cytokine signaling protein
3 (SOCS3) expressing, which further dampened the
Interferon-I (IFN-I) antiviral response and facilitated
viral replication [11]. The miR-22 could promote the
activation of NF-kappa B pathway by binding
ssc_circ_009380 during TGEV-induced inflammation
[12]. Other findings showed that miR-4331 could
aggravate TGEV-induced mitochondrial damage by
repressing the expression of Retinoblastoma 1 (RB1),
and promoting interleukin-1 receptor accessory protein
(IL1RAP) expression to activate p38 MAPK pathway
[13]. And miR-27b could attenuate apoptosis induced
by TGEV infection via targeting runt-related
transcription factor 1 (RUNX1) [14]. Previous research
indicated that let-7f-5p significantly inhibited the
replication of porcine reproductive and respiratory
syndrome virus (PRRSV) through suppressing the
expression of non-muscle myosin heavy chain 9
(MYH9) [15]. While miR-22 or miR-24-3p could
facilitate PRRSV replication by dampening heme
oxygenase-1 (HO-1) expression [16, 17]. Taken
together, studies on microRNA-mRNA regulatory
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network have provided information on the mechanisms
of virus infection, which would give valuable information
for virus control.

In the present study, differentially expressed
miRNAs and mRNAs in SADS-CoV inoculated Vero
cells were firstly analyzed by RNA sequencing (RNA-
Seq) to identify the role of miRNAs SADS-CoV
infection mechanism, which would provide a new
insight for the pathogenic mechanisms of SADS-CoV.

MATERIALSANDMETHODS

Cell Culture and SADS-CoV Infection

African green monkey kidney cells (Vero cells) were
kept in our laboratory and cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS, Gibco) at a
humidified incubator under the condition of 37 °C with
5% CO.. The virus strain SADS-CoV/CN/GDWT/2017
(GenBank accession number MG557844) was isolated
and preserved in our laboratory. When the confluence
of monolayer cells reaching approximately 80%, cells
were washed twice with DMEM, then mock-infected or
infected by SADS-CoV at a dose of 1.0multiplicity of
infection (MOI). After inoculation, cells were cultured in
serum-free medium containing 8 pg/mL Trypsin-EDTA
(Thermo Fisher Scientific, Gibco) at the same
conditions mentioned above for 1 hour, and then the
medium was replaced by DMEM with 8 pg/ mL Trypsin-
EDTA. At the early stage of 4 hours post infection
(4hpi), the middle stage (8hpi) and the late stage
(16hpi), samples were collected respectively, and were
tested in triplicate.

RNA Extraction, Preparation and Sequencing of
cDNA Library

Total RNA was extracted with the TRIzol kit
(Invitrogen, USA) following the manufacturer's
instructions. The purity and concentration of extracted
RNA were detected by Nanodrop2000 (IMPLEN, CA,
USA).The RNA quality was verified using a 2100
Bioanalyzer (Agilent Technologies,Santa Clara, CA)
and also checked by RNase free agarose gel
electrophoresis.

Equal amounts of total RNA of mock-infected or
infected cells at three time points were pooled for the
construction of cDNA libraries. The cDNA libraries of
mRNA were constructed by using a TruSeq'" Stranded
Total RNA Library Prep Kit (lllumina, USA). Next,
ribosomal RNA was removed using Ribo-Zero

Magnetic Kit (EpiCentre, USA). All mMRNA was broken
into ~200bp fragments by adding fragmentation buffer.
The first-strand cDNA was obtained by using random
primer through reverse transcription. The second-
strand cDNA was added End Repair Mix and bases “A”
for ligating to adaptor. Then, the second-strand cDNA
was digested by the enzyme UNG. Finally, the first-
strand cDNA library was sequenced on Hiseq
sequencing plamform (lllumina Hiseq 2000). The
libraries of miRNA were constructed by using TruSeq™
Small RNA sample prep Kit (lllumina, USA). All other
steps were performed according to manufacturer’s
protocols. A selected clean reads were obtained by
removing low quality sequences which were
determined by Q20, Q30 and GC content. SeqPrep
(https://github.com/jstjohn/SeqPrep), Sicklele
(https://github.com/najoshi/sickle) and Fastx-Tollkit
(http://hannonlab.cshl.edu/fastx_toolkit/) were used to
analyze the clean data. The sequences were analyze
using Hisat2 (https://daehwankimlab.github.io/hisat2/)
and Blastn (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Analysis of Differentially Expressed mRNAs and
miRNAs

For mRNAs, the expected number of fragments per
kilobase of transcript sequences per million base pairs
sequenced (FPKMs) was determined through RSEM
(http://deweylab.github.io/RSEM/). A p-adjusted value
of < 0.05 and an absolute value of log2 (fold change) =
1.0 were set as the threshold for significant differential
expression by using edgeR (http://www.bioconductor.
org/packages/2.12/bioc/html/edgeR.html). For miRNAs,
standardized transcripts per million clean tags
values(TPM) were applied to known miRNAs by
miRBase (miRBase 21 , http://www.mirbase.org/) [18,
19]. The novel miRNAs were predicted by miRDeep2
[20]. The expression data was analyzed using a model
based on the negative binomial distribution for
determining differential expression by DESeq2 [21].
The screening criteria for significantly expressed
miRNAs: p-value < 0.05 and a fold change of 21.0.

GO Annotation and KEGG Pathway Analysis

The prediction of target genes of differentially
expressed miRNAs was performed by miRanda [22].
Gene ontology (GO, http://www.geneontology.org/) and
Kyoto Encyclopedia of Genes and Genomes (KEGG,
https://www.genome.jp/kegg) databases were used to
determine functions and metabolic pathways of
differentially expressed miRNA-target genes. GO terms
and KEGG pathways with p-values <0.05 were
considered significantly enriched.
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Construction of Differentially Expressed miRNA-
mRNA-Pathway Network

After target genes of differentially expressed
miRNAs were identified, they were compared to
differentially expressed mRNAs detected in SADS-CoV
infection to obtain the pairs of MIRNA-mRNA in
network. Then mRNA-pathway pairs were defined by
merging KEGG pathway analysis of miRNA-target
genes and that of differentially expressed mRNAs.
Finally, the miRNA-mRNA-pathway network was
constructed based on miRNA-mRNA pairs and mRNA-
pathway pairs using Cytoscape software (version 3.0,
https://cytoscape.org/download.php).

Verification of RNA-Seq Data using gRT-PCR

A total of six genes including three miRNAshsa-
miR-511-3p, hsa-miR-1323 and hsa-miR-181d-3p, and
three mRNAs (MSTRG.21666.7, MSTRG.13726.11
and rna23915) were randomly selected for real-time
gqPCR validation. Total RNA was extracted from
uninfected and infected Vero cells using TRIzol
(Takara, Japan). cDNA was synthesized using miRNA
First Strand cDNA Synthesis Kit (Sangon Biotech,
China)with  5pg total RNA according to the
manufacturer's instruction. Universal U6 primer F and
universal PCR primer R were provided by miRNA First
Strand cDNA Synthesis Kit (Sangon Biotech, China).
The other primers were designed by Snap Gene 3.1.1
(Table 1). The gRT-PCR was performed with the
protocol of denaturation at 95°( for 30s and 40 cycles at
95°(for 5s, 60°(for 30s, and finally a melting curve.
Relative expressions of miRNAs and mRNAs were
calculated through 2hact equation. All values were

Table 1: Primers for RT-gPCR Validation

normalized to the internal control U6 or glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) for miRNAs or
mRNAs. Each reaction was performed in triplicate.

RESULES

Expression of mRNAs and miRNAs in Vero Cells
after SADS-CoV Infection

Determination of miRNA/mRNA interactions could
provide molecular insight about SADS-CoV infection
mechanisms. In the present study, we examined the
mRNAs and miRNAs profiles of infected and mock-
infected Vero cells at 4hpi, 8hpi and 16hpi,
respectively. The threshold for up- and down-regulated
genes was a fold change of 21.0 and a p-value
< 0.05.Results showed that there were 237(158 down,
79 up), 429(287 down, 142 up), 348(206 down, 142 up)
differentially expressed mRNAs at 4hpi, 8hpi, 16hpi,
respectively. MSTRG.23028.50 was the most down-
regulated gene with 16.28-fold change, and
MSTRG.27101.2 was the most up-regulated gene with
16.6-fold change. There were three genes, rna43709,
MSTRG.11422.1and MSTRG.23025.13, which were
detected with significantly differential expression at all
three indicated time points. Rna43709 and
MSTRG.23025.13 were down-regulated at 4hpi and
8hpi, while up-regulated at 16hpi. MSTRG.11422.1 was
identified with down-regulation at three sampling time
(Figure 1). Compare to the mock-infected group, there
were 40, 67, 88 known miRNAs that presented
significant differences in expression at 4hpi, 8hpi,
16hpi, respectively. Results showed that hsa-miR-
181d-3p was the most down-regulated miRNA with

Primers Sequence(5'-3')
GAPDH-F TGGACCTGACCTGCCGTCTG
GAPDH-R CAGCGTCGAAGGTGGAAGAGTG

MSTRG.21666.7-F

CCAAGATTCACCAGGACACGAGAC

MSTRG.21666.7-R

TTTAGATTGCCCAGCCAGAAAGCC

MSTRG.13726.11-F

CGCCACCCTCTCCCTCCTTC

MSTRG.13726.11-R

TCTTCCAAGCCAATCAGCCAGTTC

rna23915-F

GTCAGCCACATCGGACACAACC

rna23915-R

GTCAGCCACATCGGACACAACC

hsa-miR-511-3p-F

ACGCGAATGTGTAGCAAAAGACAGA

hsa-miR-1323-F

CCGTCAAAACTGAGGGGCATTTTCT

hsa-miR-181d-3p-F

CCACCGGGGGATGAATGTCA
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4hpi:infected group vs uninfected group

8hpi:infected group vs uninfected group

16hpi:infected group vs uninfected group

Figure 1: Identification of mMRNAs during SADS-CoV infection. Common differentially expressed genes in three stages. 4hpi:
infected group vs uninfected group; 8hpi: infected group vs uninfected group; 16hpi: infected group vs uninfected group.
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Figure 2: Visualization of differentially expressed miRNAs with Volcano-plots. A, B and C represent known miRNAs at 4hpi,
8hpi, 16hpi, respectively. D, E and F represent novel miRNAs at 4hpi, 8hpi, 16hpi, respectively. Abscissa, the fold changes
value of the differentially expressed miRNAs between the two samples. Ordinate, p-value. Each dot in the figure represents a
specific miRNA. Red, up-regulation. Green, down-regulation. Black, no significant difference.

6.49-fold change, and hsa-miR-31-5pwas the most up-
regulated miRNA with 9.14-foldchange. MicroRNA hsa-
miR-146a-3p was the only one that showed significant
differences in all three sampling stages, and with up-
regulation. We also identified some novel miRNAs, and
there were 32, 53, 65 novel miRNAs that showed

significant differences at 4hpi, 8hpi, 16hpi, respectively
(Figure 2).

Target Gene Prediction and Enrichment Analysis

The miRNAs performed their functions through the
post-transcriptional regulation of their target genes. The
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Figure 3: The top 20 GO terms of target genes. A, B and C represent 4hpi, 8hpi, 16hpi, respectively. Different color represents
different type. Green, cellular components. Blue, molecular function. Red, biological process. ***, p<0.001.

functional study of miRNA is actually the functional
study of target genes. The prediction of miRNA target
genes was performed by miRanda. GO annotation
revealed that genes targeted by differentially expressed
miRNAs were enriched in three mainly modules
including biological process, cellular components and
molecular function after SADS-CoV infection. GO
annotation of miRNA target genes indicated that 3,288,
3,471 and 3,533 GO terms were significantly enriched
at 4hpi, 8hpi, 16hpi, respectively. In terms of cellular
components, terminal bouton, cell-cell adherens
junction and integral component of Golgi membrane
were involved all three stages. To the biological
process, prostate gland epithelium morphogenesis,
cardiac muscle cell action potential involved in
contraction and embryonic eye morphogenesis were
detected with relatively more miRNA target genes at
the early, middle, late stage, respectively. For the
molecular function, target genes were mainly
associated with transport activity, including sodium
channel activity, chloride channel activity, ion channel
activity. Tumor necrosis factor receptor superfamily
binding and tumor necrosis factor receptor binding
were detected at the middle and late stage, indicating
that miRNA target genes were related to cancer
diseases (Figure 3).

KEGG pathway analysis of miRNA target genes
indicated that 62, 61, 51 pathways were significantly
enriched at 4hpi, 8hpi, 16hpi, respectively. In three
stages, top 2 pathways were Cytokine-cytokine
receptor interaction and Neuroactive ligand-receptor
interaction. And these three periods shared 49
common pathways with different levels of significance.
Target genes of miRNAs were mainly active in
pathways related to environmental information
processing, cellular processes, organismal systems
and human diseases for three sampling time points.
Among those four categories, environmental
information processing and organismal systems

enriched most miRNA target genes. SADS-CoV
infection induced immunology responses of the host
cell. For examples, B cell receptor signaling pathway,
toll-like receptor signaling pathway and inflammatory
mediator regulation of TRP channels were identified. In
addition, cancer related chemokine signaling pathway,
MAPK signaling pathway, cAMP signaling pathway,
and cardiovascular disease related TNF signaling
pathway were also found with differentially expressed
target genes of miRNAs (Figure 4). These results
suggested that SADS-CoV infection could influence
miRNA expression in infected cells, while differentially
expressed miRNAs may further affect gene expression
and metabolic processes.

Functional Network of Differentially Expressed
miRNAs and Target Genes

To investigate the effect of differentially expressed
miRNAs on target mRNAs, the network of miRNA-
mRNA-pathway after SADS-CoV infection was
examined. Results showed that the network was
composed of 17 mRNAs, 93miRNAs and 34 pathways
nodes. And there were 15miRNAs-3 target genes, 39
miRNAs-8 target genes, and 44miRNAs-8 target genes
involved at 4hpi, 8hpi and 16hpi, respectively. The
number of correspondingly pathways involved with
these MRNAs and miRNAs at three different infection
stages were 5, 13 and 20, respectively.

At 4hpi of SADS-CoV infection in Vero cells,
SIRPA _B1_G and TUBA were two main mRNAs, which
were down-regulated and up-regulated by six and eight
different miRNAs, respectively. TUBA was also
significantly up-regulated in the mid-stage of infection.
KRAB was another central mRNA, significantly down-
regulated in the mid- and late-stage of infection. Four
pathways including pathogenic Escherichia coli
infection, phagosome, apoptosis and gap junction,
were all detected in the early and middle stages,
suggesting their important roles in SADS-CoV infection.
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Figure 4: KEGG pathway enrichment analysis of target genes. A, B and C represent the enrichment pathway of genes at 4hpi,
8hpi, 16hpi, respectively. Each column in the figure is a pathway and the color depth is proportional to significance. Abscissa,
the different pathways. Ordinate, enrichment ratio. The classification description is shown in the upper left corner. The color
gradient on the right side represents the size of p-value. *, p <0.05.**, p <0.01.***, p <0.001. The signaling pathway shown in

the figure that represents in the top 50 p-value ranking.

el

Figure 5: The miRNA-mRNA-pathway network. A, the early stage of infection. B, the middle stage of infection. C, the late stage
of infection. Triangle, miRNA. Circle, mMRNA. Rectangle, pathway. Green, down-regulation. Red, up-regulation.

While in the late stage of infection, metabolic pathways,
focal adhesion, tight junction, adherens junction and so
on were identified (Figure 5).

Validation of Selected miRNAs and mRNAs
SADS-CoV Infection by qRT-PCR

in

The RNA-Seq analysis indicated that the expression
level of miRNAs and mRNAs significantly changed in
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the infected group compared with that in the uninfected
group. To verify the authenticity of RNA-Seq data, 6
genes includinghsa-miR-511-3p, hsa-miR-1323, hsa-
miR-181d-3p, MSTRG.21666.7, MSTRG.13726.11 and
rna23915 were randomly selected for verification.
Validation results of qRT-PCR were consistent with that
of the RNA-Seq, which indicated that data of RNA-Seq
was reliable (Figure 6).
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Figure 6: Verification of RNA-Seq results. Six differentially expressed genes were randomly selected for real-time gqRT-PCR to
verify whether their expression levels were consistent with the RNA-Seq results. A, the expression verification results of six
genes (hsa-miR-511-3p, hsa-miR-1323, hsa-miR-181d-3p, MSTRG.21666.7, MSTRG.13726.11, rma23915). B, the RNA-Seq

results of these genes. *, p<0.05.**, p<0.01.***, p<0.001.
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DISCUSSION

SADS-CoV is a novel coronavirus that has brought
losses in pig industry [3, 4]. Studies on miRNA
expression profiles and regulations of miRNAs during
viral infection could help better understanding the
infection mechanisms of SADS-CoV. In this study,
SADS-CoV-infected Vero cells were chosen as the
research subject, and we preliminarily explored the
miRNA molecular regulatory pathways during infection
with the virus. Our results showed that the aberrant
expression of microRNAs including hsa-miR-149-3p,
hsa-miR-431-5p and hsa-miR-1322 may active
pathways including pathogenic Escherichia coli
infection, phagosome, apoptosis and gap junction by
targeting TUBA or SIRPA_B1_G after SADS-CoV
infection. Research indicated that hsa-miR-149-3p may
result in up-regulation of genes in pathways related to
coxsackievirus A16 (CVA16) and further causing
clinical symptoms [23]. Our data showed that after
SADS-CoV infection, hsa-miR-149-3p was down
differentially expressed, but induced up-expression of
TUBA. It was suggested that hsa-miR-431-5p was
involved in diffuse large B-cell lymphoma (DLBCL)
pathogenesis by regulating FYN (a tumor suppressor in
prostate cancer) expression [24]. Some scholars found
that miR-1322 played an oncogenic role in initiation
and progression of esophageal squamous cell
carcinoma (ESCC) by regulatihg ECRG2 (an
esophageal cancer related tumor suppressor) [25].
Combined our results and these findings, it indicated
that the three miRNAs regulate more genes and
participate in different pathways, which deserve more
studies.

The network of miIRNA-mRNA-pathway studied
here revealed that with the extension of SADS-CoV
infection, more miRNAs, target genes and involved
pathways were detected. We have found that KRAB
was down-regulated in mid- and late-stage, and it was
negatively regulated by hsa-miR-6779-5p at mid-stage
or by hsa-miR-512-3p, has-miR-4461 and other
microRNAs at late-stage. Research has shown that
KRAB is related to cancer. KRAB-containing zinc finger
proteins (ZFPs) represent one of the largest families of
DNA-binding proteins, and these proteins may play an
oncogenic role during carcinogenesis [26, 27]. For
example, ZFP82 was a tumor suppressor and it was
down-regulated in esophageal squamous cell
carcinoma, and the expression of ZFP82 suppressed
cell function and cells apoptosis. The spalt-like
transcription factor 1 (SALL1) gene is a member of
KRAB-ZFPs and has been shown to modulate the

onset and progression of human  tumors,
overexpression of ZFP57/ZNF382 could inhibit the
proliferation of breast cancer cells or ESCC
pathogenesis by inhibiting the Wnt/beta-catenin
pathway [28-31]. Therefore, the down-regulation of
KRAB may activate the cancer-related pathway, while
studies on related-miRNAs, such as hsa-miR-6779-5p,
has-miR-4461 are still limited, and then the relationship
between them are need to be explored.

KEGG analysis showed that PI3K-Akt signaling
pathway was significantly enriched in three stages, and
the network analysis also identified this pathway. We
found that this pathway was related to a down
regulated gene, elF4E in the network of 8hpi.Research
indicated that elF4E was involved in miR-15a-induced
inhibition of cell proliferation and invasion of RCC cells
which may be mediated by the activation of the
PIBK/AKT/mTOR  signaling pathway [32]. Over
expression of elF4E has been found in cancer
activities, and inhibition of elF4E expression
mayinduce cell apoptosis [33, 34]. Our results
suggested that downregulation of elF4E may promote
cell apoptosis by mediating by PI3K-Akt signaling
pathway. Pathogenic Escherichia coli infection was
another important pathway, which was enriched in the
early and middle stages after SADS-CoV infection.
SADS-CoV is a diarrhoea virus, and its secondary
bacterial infection was one of the reasons for mortality.
The research about pathogenic Escherichia coli
infection pathway was limited, but it has possibility with
secondary bacterial infection, and needs further
studies.

CONCLUSIONS

In this study, we provide the first analysis of
differentially expressed miRNAs and mRNAs after
SADS-CoV infection in Vero cells. We constructed a
mMiRNA-mRNA-pathway network, which indicated that
differentially expressed miRNA involved in PI3K-Akt
signaling pathway and pathogenic Escherichia coli
infection during SADS-CoV infection. This study
provides insights into the relationships between
miRNAs and SADS-CoV infection, which would help to
address miRNA functions in immune escape used by
SADS-CoV.
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