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A B S T R A C T

The circRNA is a newly defined noncoding RNA and characterized by its unique splicing reactions to form
circles. However, the function of circRNAs during viral infection remains largely unknown. In this study, the
circRNA expression profile during porcine endemic diarrhea virus (PEDV) infection in IPEC-J2 cell line was
investigated using the next-generation sequencing technology. A total of 26670 circRNA candidates were
identified. The functional annotation analysis revealed that the parent genes of differentially expressed circRNAs
might be associated with host response to PEDV infection. Further analysis verified the existence of eight se-
lected circRNAs and confirmed that PEDV infection alerted the expression patterns of circRNAs and their linear
parent genes in IPEC-J2 cell line. The circRNA-miRNA interaction network was also constructed to elucidate
their potential targets. Our results provided not only the first large-scale profile analysis of circRNAs associated
with PEDV infection but also a novel direction to elucidate host-PEDV interactions.

1. Introduction

The circular RNA (circRNA) is novel type of endogenous noncoding
RNAs expressed in all eukaryotic cells. In contrast to linear RNAs, the
circRNA is characterized by back-splicing events that a downstream 5′
splice site joins with an upstream 3′ splice site (Jeck et al., 2013). Thus,
the terminated 5′ caps and 3′ tails modifying the mature mRNAs are not
found within circRNAs. With these characteristics, circRNAs were once
thought to be the by-product of splicing errors when they were first
detected in genomes of viriod plant pathogens and Hepatitis delta virus
in 1976 (Halbreich et al., 1980; Sanger et al., 1976). Later, with the
development and improvement of RNA-sequencing technologies and
bioinformatics tools, circRNAs were discovered in nearly all the species
(Gao et al., 2015). The circRNAs were even found to play vital roles in
regulating gene expression.

Porcine epidemic diarrhea (PED) is one of the enteric infectious
diseases in pigs, characterized by severe enteritis, vomiting, watery
diarrhea, and up to 90% death rate in piglets younger than one week
old. Since its re-emergence in 2010, this disease has caused huge eco-
nomic loss to the swine industry in North America and East Asia
(Davies, 2015; Lee and Lee, 2014; Temeeyasen et al., 2014; Vlasova
et al., 2014; Wang et al., 2016). Porcine epidemic diarrhea virus
(PEDV), the causative agent of PED, is a single stranded, positive-sense

enveloped RNA virus, belonging to the Alphacoronavirus genus within
the Coronaviridae family. Although the pathogenesis and immune me-
chanisms of other coronavirus such as SARS-CoV and MERS-CoV have
been understood quite well (Channappanavar et al., 2014; de Wit et al.,
2016; Qian et al., 2013; van den Brand et al., 2015), they remain largely
unknown in PEDV infection, especially for the host–pathogen interac-
tions. RNAs, a bridge between DNA and protein, have the potential to
regulate the host response to the viral infection earlier and faster than
the proteins. However, the detailed functions of RNAs, especially cir-
cRNAs, remain largely undefined during viral infection.

In this study, the circRNA expression profile in PEDV infected IPEC-
J2 cells, a porcine intestinal epithelial cell line, was identified using the
next-generation sequencing (NGS) technology. Some circRNA candi-
dates that might potentially relate to the regulation of viral infection
were selected and validated for their existence by RT-PCR. The dynamic
expression levels of selected circRNAs and their primary linear genes
were also verified using real-time RT-PCR assay. Finally, the circRNA-
miRNA interaction analysis was performed to better understand the
host-pathogen interactions. The circRNAs expression profile obtained
from swine intestinal epithelial cells will greatly advance our knowl-
edge about circRNAs and improve our understanding on host responses
to PEDV infection.
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2. Results

2.1. Samples at immune active stages were selected for circRNA sequencing

The expression of circRNAs has been widely detected in the life
cycle among all eukaryotic cells. They are thought to be expressed in a
spatio-temporal manner. Therefore, it is of great importance to select
proper time points for profiling circRNAs expression during PEDV in-
fection. To do so, IPEC-J2 cells were inoculated with PEDV at an
MOI=0.01 or mock-treated and harvested at 12, 24, 36, 48, 60 and

72 h post infection (hpi). The total RNA was extracted and subjected to
the real-time RT-PCR analysis to evaluate the host immune responses
induced by PEDV on IPEC-J2 cells. The type III interferon has been
reported to play a vital role in maintaining the antiviral state of the
mucosal epithelial cell surface in the gut and resist PEDV infection (Li
et al., 2017; Shen et al., 2016; Zhang et al., 2018). Therefore, the IFN-
λ1 and IFN-λ3 were selected to monitor antiviral responses and results
showed that their expression levels were significantly upregulated and
reached their peaks at 36 hpi and dropped to the normal level thereafter
(Fig. 1A, B). Foxp3 and granulocyte-macrophage are the major helper

Fig. 1. PEDV infection induced the expression of cytokines and IFNs. IPEC-J2 cells plated in six-well plates were infected with PEDV LJX01/GS/2014 strain at an
MOI=0.01 or mock infected. Cell pellets were used for RNA extraction. The cDNA were prepared with hexamer random primers and subjected to real-time PCR
analysis for the expressions of A) IFN-λ1, B) IFN-λ3, C) GM-CSF and D) FOXP3 at indicated time points. The relative expression levels were calculated by 2-ΔΔCt

method. E) The copy numbers of PEDV genome were measured by real-time RT-qPCR analysis at each time point. All experiments were carried out triplicates.
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cells for IgA responses to gut microbiota (Cong et al., 2009;
Gommerman et al., 2014; Nei et al., 2012; Russler-Germain et al.,
2017). We next checked the expression of GM-CSF and Foxp3 to reflect
the immune responses induced by PEDV infection. The results illu-
strated that they were both activated upon PEDV infection, with the
highest expression levels appeared at 60 hpi then dropped down at 72
hpi (Fig. 1C, D). The growth curve of PEDV infection on IPEC-J2 de-
monstrated the number of viral RNA copies peaked at 24 hpi and slowly
decreased thereafter (Fig. 1E). All these data indicated that the host
cells responded to PEDV infection with a time depended manner.
Therefore, the samples from 36 hpi, 60 hpi and 72 hpi were selected for
library construction and circRNA sequencing.

2.2. The identification and characterization of circRNA candidates

The rRNA-depleted RNA libraries were sequenced and computa-
tionally analyzed for screening back-splicing reads to identify circRNA
candidates. The filtered reads were then mapped to the pig genome
(GCA_000003025.4, Ensemble) using TopHat-Fusion. The genomic
distance between two splice sites was less than 100 kb, and each
circRNA was supported by at least 2 reads in each sample. Based on the
mapping results, CIRI (v2.0) was used to detect circRNA candidates
from transcriptome data by employing multiple filtration strategies
(Gao et al., 2015). We identified 26670 novel circRNA candidates in all
six samples. In each sample, the spliced reads per billion mapping
(SRPBM) of all circRNA candidates was displayed by the box plot
(Fig. 2A). There were 1078 differently expressed (DE) circRNA candi-
dates obtained from selected time points, among which 495 circRNAs
were upregulated while 583 were downregulated (Fig. 2B).

We then analyzed the distribution of circRNAs transcription and
found that all these circRNAs were transcribed from sus scrofa chro-
mosomes (SSC). The number of circRNA candidate transcribed from

SSC varied according to the length of chromosomes. Meanwhile, the
average distance between splice sites for each circRNA transcription
was nearly the same in all chromosomes except X and Y (Fig. 2C).
Previous researches claimed that the length of most circRNAs were
shorter than 2 kb (Fan et al., 2015; Lasda and Parker, 2014; Liang et al.,
2017). However, our results showed that the distance between the two
splice sites varied from 2 kb to 20 kb, even with 29% of circRNAs larger
than 20 kb (Fig. 2D). It is also worth to mention that the distance be-
tween the splice sites does not represent the actual length of circRNAs.
Nearly three quarters of circRNA candidates were transcribed from
exons while only one quarter of them were transcribed from both intron
and intergenic regions (Fig. 2E). Among all genes that circRNAs were
transcribed from, there were 56 genes that could generate more than 10
circRNA candidates (Fig. 2F), indicating that some genes were more
active for circRNA generation. These genes were mainly involved in
ubiquitin signaling pathway, modification and transport of proteins,
binding and transport of DNA and RNA. Some of these genes were re-
ported to have the functional role in regulating viral infection (Park
et al., 2013; Sorensen et al., 2005; Su et al., 2013; Wang et al., 2012). A
detailed list of these genes was presented in Supplementary Table 1.

2.3. The functional analysis of the parent genes to circRNA candidates

As showed in Fig. 2E, most of identified circRNA candidates were
derived from exonic regions and carried protein-coding sequence. The
exon(s) incorporated into circRNAs might not be the part of mRNAs
derived from the same primary transcript. Hence, the production of
circRNAs that removes the translational codon from corresponding
linear transcript may reduce the number of primary transcripts and
related mature, linear transcripts (Ashwal-Fluss et al., 2014; Jeck and
Sharpless, 2014; Lasda and Parker, 2014). However, there was no de-
finite correlation between the expression of circRNAs and their

Fig. 2. Profiles of circRNA candidates. A total of 26670 circRNA candidates were obtained from PEDV infected and mock infected IPEC-J2 cells at 36, 60 and 72
hpi. A) The box plot indicates the expression levels of circRNA candidates from each sample. B) A total of 1078 differential circRNAs were obtained in these groups.
Several circRNA candidates were differently expressed in all three groups. C) The histogram shows the number of circRNA generated from each chromosome. The
line chart shows the average length for every circRNA transcription. D) The pie chart shows the length distribution of back-spliced sites. E) The sunburst chart shows
the number and ratios of exon, intron and intergenic circRNAs. F) Different circRNAs can be transcribed from one gene. The histogram shows the number of genes
that different circRNAs can be transcribed from.
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corresponding mRNA. Functional analysis is usually employed to pre-
dict how the circRNAs affect their linear transcripts. In this study, there
were a total of 83 parent genes changed their expression levels during
viral infection, accounting for 56.5% of all 147 analyzed parent genes.
Therefore, functional analysis of the parent linear genes to DE circRNA
candidates was firstly performed to predict the effect of the production
of circRNAs. Both Gene Ontology (GO) and KEGG databases were used
in this process. GO annotation analysis revealed that the parent genes to
DE circRNAs were mainly involved in catalytic and be part of macro-
molecular complex at all selected time points (Fig. 3A, B, C). There
were also several reports demonstrated that circRNAs were actively
participated in the metabolism process (Granados-Riveron and Aquino-
Jarquin, 2016; Ye et al., 2015; Zou et al., 2017). For functional analysis,
the DE genes at all the time points were searched in KEGG pathway
database. The ubiquitin mediated proteolysis, relevant to induction of
IFNs and ISGs (Haas et al., 1987; Heaton et al., 2016; Hermant and
Michiels, 2014; Kim et al., 2004), was found to be highly related to the
DE genes at 36 hpi (Fig. 3D). Previous results in this study already
showed the expression levels of IFN-λ1 and IFN-λ3 were significantly
upregulated at 36 hpi (Fig. 1A, B), suggesting that the production of
circRNAs potentially affect this biological process. At 60 hpi, KEGG
analysis showed that some DE genes were involved in the T cell re-
ceptor signaling pathway (Fig. 3E). This was proved by our previous
results, showing the FoxP3 and GM-CSF, two of key regulators of T cell
maturation and division, were highly upregulated at this time point
(Fig. 1C, D). Most PEDV-infected cells showed the sign of apoptosis at
72 hpi, resulting in many genes closely related to the degradation
process (Fig. 3F). All these data above indicated that the parent genes of
circRNA candidates involve in host responses to viral infection, im-
plying that this process may be affected by circRNAs.

2.4. Verification of circRNAs candidates

Based on the above functional analysis results, eight circRNA can-
didates were selected to verify their existence and expression using
reverse transcription–polymerase chain reaction (RT-PCR) assay. The
selection of all candidate circRNAs was based on the following three
rules. 1). The expression levels of all candidates and their parent genes
should be significantly changed (fold> 2, p < 0.05); 2). The parent
genes of all candidates should be related to immune response, antiviral
effect, or facilitate viral infection; 3). All candidate cricRNAs should be
identified or published by other researchers. (Liang et al., 2017). The
validation assay was carried out in three independent infection ex-
periments. The divergent and convergent PCR primer sets (Table 1)
were designed to amplify the selected circRNA candidates from the
total RNA and genomic DNA. As expected, the expression and back-
splicing junctions of the selected circRNAs, including circRNA2:
29213178-29216402, 59040088-59041075, 146476770-146479009,
circRNA3: 76474842-76491398, circRNA6: 48351537-48356123, cir-
cRNA7: 62801435-62806164, circRNA 9: 132682311-132683940 and
circRNA11: 19712163-19718631 were confirmed by RT-PCR in the
cDNA but not the genomic DNA samples (Fig. 4). Meanwhile, there was
no any circRNAs amplicons obtained from both cDNA and genomic
DNA (gDNA) when using the convergent primer sets to perform PCR
amplification (Fig. 4). These results indicated that the circRNA candi-
dates in the RNA-seq datasets originated from the CIRC explorer pipe-
line was reliable.

2.5. PEDV infection induced differential expression of circRNAs and their
parent genes

IPEC-J2 cells infected with PEDV and mock-infected were harvested
at 36, 60 and 72 hpi. Total RNAs were extracted from each sample and

Fig. 3. The functional analysis of the parent genes to identified circRNA candidates. The parent genes of differently expressed circRNA were mapped to the
terms in the GO database for functional significance, and to the KEGG pathway database for pathway analysis. The enriched Go terms at A) 36 hpi, B) 60 hpi and C)
72 hpi shows the catalytic activity and macromolecular complex are the main process and cellular component of the related host genes. The KEGG pathway analysis
shows that the parent genes of circRNAs were involved in many pathways related with host immune response at D) 36 hpi, E) 60 hpi and F) 72 hpi.
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equally divided into two parts. One part was treated with RNase R and
subjected to real-time RT-PCR analysis while the other part was used
for GAPDH detection, served as an internal control. The heat-map
showed the differential expression patterns of selected circRNA candi-
dates and their parent genes based on the RNA-seq results (Fig. 5A). Our
real-time RT-PCR results targeted to these selected circRNA candidates
showed a coincident expression pattern with the RNA-seq results
showed in the heat-map (Fig. 5A, B). Next, the expression levels of their
parent linear genes were then detected using real-time RT-PCR assay.
Some parent genes showed the same expression pattern with their cir-
cRNA transcripts but some other parent genes showed an opposite ex-
pression pattern with their circRNAs (Fig. 5C). These data suggested
that all circRNAs and their parent genes were active during PEDV in-
fection and might be potentially involved in host response against viral
infection.

2.6. Function associated analysis of the circRNA parent genes

Based on the above results, the functional protein associated net-
work analysis of these detected parent genes were then performed using
STRING analysis (https://tring-db.org). The results demonstrated that
the genes with their associated partners were mainly divided into three
parts. Posttranslational modification of proteins by sumoylation,
transportation of proteins between the endoplasmic reticulum and
Golgi compartments, and the regulation of cell cycle were the main
function among these proteins (Fig. 6A). SAE1, RB1 and COPA with
their interaction partners were involved in these biological processes.
CAD and CTNNB1 served as the key nodes which connected these three
parts.

We then detected the expression of CAD and CTNNB1 during PEDV
infection using the same RNA from RNA-seq analysis. Real-time PCR
analysis showed that expression levels of CAD and CTNNB1 remained at
baseline before 36 hpi and significantly increased thereafter (Fig. 6B).
To investigate the relationship between PEDV replication and CAD and

Table 1
The divergent and convergent PCR primers for identification of circRNAs.

circRNA Primer type Divergent primers Convergent primers

2:29213178-29216402 F: GCTGGATTCATAGGCTGTG TTTGCGCCATAAGGTCCTGT
R: ACTTGTAGGATTCAATGTTGGATT TGACGGACCTCTGTCACTGT

2:59040088-59041075 F: AAGTGCCTTGATGTTGTC TACGTTCCAACGTCTACCCG
R: CTGAAGCTGGACCACTAC GCTACAGAGGGCCTCACATT

2:146476770-146479009 F: ACAGGCAACATAAACTTCAAAT ACTGTTGGAGCCTCTTGTCAC
R: GACAAGAGGCTCCAACAG TAACCTTGCCCCGTGTTTGT

3:76474842-76491398 F: TGAACAACAAGATATGGATT TCATGCTCCAGGAAACCAACA
R: ATGGCTATTGACAGGATT AATCTCCATTTGCAGCGGGT

6:48351537-48356123 F: CCAAAGTTGCCAAAGTTAG ACACGTCTCGTTCTGGTTGC
R: GGTTGTCTCAGATGAATCA CTCCTATCAGGCCTCTAGCC

7:62801435-62806164 F: ACTGCCAGATTACATCAT GTCAAGTTCCTCATGGCCCG
R: TACTGAACTGTCCACTTG GCTGTGGCAAGGGTTCAATC

9:132682311-132683940 F: CTCTCAGCAGTTACATACAC GGGACAAGCCCCCATCTTAAT
R: CTATGGAGGTGGAGGAAT TTGCAAACATGCCTTGCTCC

11:19712163-19718631 F: TTCTCTGCCAACATATCACAAT CTGGGGTCCAGAGACTCACA
R: CGCTCAGACTGTTATGAATACTAT ACCACGGATTCATGCGACAA

Fig. 4. Validation of circRNAs by RT-PCR. Expression of eight selected circRNAs was validated by RT-PCR using both divergent primers covering the back-splice
junction and convergent primers. The linear GADPH gene served as an internal control.
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Fig. 5. PEDV infection induces the differ-
ential expression of circRNAs and their
parent genes A) The heat map shows both the
parent genes and the selected circRNAs from
infected samples compared with mock-treated
samples. B) The expression of eight selected
circRNAs (circRNA2: 29213178-29216402,
circRNA2: 59040088-59041075, circRNA2:
146476770-146479009, circRNA3: 76474842-
76491398, circRNA6: 48351537-48356123,
circRNA7: 62801435-62806164, circRNA 9:
132682311-132683940 and circRNA11:
19712163-19718631) and C) their parent
genes was validated with real-time PCR. The
expression levels of circRNAs and their parent
genes were normalized to GAPDH (internal
control). The 2-ΔΔCt method was used to nor-
malize the relative gene expression data. All
experiments were done in triplicate.
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CTNNB1, the siRNAs targeting CAD and CTNNB1 were then synthesized
and transfected into IPED-J2 cells. The results demonstrated that
siCAD-2 and siCTNNB1–2 among their siRNA candidates exhibited the
best inhibition efficacy (Fig. 6C). The siCAD-2 and siCTNNB1–2-trans-
fected IPEC-J2 cells were inouculated with PEDV and harvested at
different time points. The viral titters were determined by TCID50 assay.
The results showed that knocking-down of CTNNB1 but not CAD sig-
nificantly decreased the viral loads of PEDV at early stage (Fig. 6D, E),
suggesting that CTNNB1 might be involved in PEDV infection and re-
plication.

2.7. Interaction network of circRNA-miRNA

The functions of circRNA were recently identified as regulators of
transcription and splicing of their parent genes, miRNA sponges,
adaptors for protein–protein interaction and protein-coding, mod-
ulators of rRNA and tRNA biogenesis. Apart from the main function in
regulating transcription and splicing of their parent genes, circRNAs
can also indirectly regulate gene expression by competitively binding
miRNAs with genes (Hansen et al., 2013a; Kulcheski et al., 2016). As
most miRNAs have not been studied, an integrated analysis of inter-
action between the selected circRNAs and their target miRNAs was
performed to gain insights into their functional connections. The
binding site analysis of miRNAs in circRNAs showed that a total of 102
miRNAs (see Supplementary Table 2 for details) had potential inter-
actions with selected circRNAs (Fig. 7A). Then the connection nodes
among different circRNAs were extracted for a detailed ceRNA network
analysis. As showed in Fig. 7B, 18 miRNAs interact with these 8 se-
lected circRNAs. Among the 18 miRNAs, the expression levels of ssc-
miR-127and ssc-miR-7 elevated> 1.5 folds at several time points
(Fig. 7C). The analysis of circRNA-miRNA interaction network revealed
that circRNA11: 19712163-19718631 may act as a miRNA sponge for
ssc-miR-127 and ssc-miR-7. To investigate this hypothesis, a set of
siRNAs against the back-splicing site of circRNA11: 19712163-
19718631 were then synthesized and transfected into IPED-J2 cells.
The results demonstrated that sicirRNA-2 targeting circRNA11:
19712163-19718631 exhibited the best inhibition efficacy (Fig. 7D).

Once the circRNA11: 19712163-19718631 was knocked-down by si-
cirRNA-2, the expression of ssc-miR-127 and ssc-miR-7 increased 2–5
folds (Fig. 7E), implying that the circRNA11: 19712163-19718631 is a
miRNA sponge for ssc-miR-127 and ssc-miR-7. However, down-reg-
ulation of circRNA11: 19712163-19718631 didn’t affect PEDV re-
plication in IPEC-J2 cells (Fig. 7F and Supplementary Fig. 1). Although
some of the predicated target genes to these miRNAs might be involved
in viral infection and antiviral effect, the role of these miRNAs still
remained largely unknown.

3. Discussion

Recently, accumulating researches have shown that the circRNA is a
transcriptional production in various tissues and cell types of eu-
karyotes (Danan et al., 2012; Guo et al., 2014; Lu et al., 2015; Veno
et al., 2015). The functions of circRNAs have been primarily illustrated
in the disease progression and cancer (Hsiao et al., 2017; Li et al.,
2015a; Lu, 2017; Xu et al., 2017; Yang et al., 2016). However, the
expression profiles and functions of circRNAs during viral infection
remain largely unknown. To date, there have only been quite a few
reports regarding the identification and characterization of circular
RNAs during the infection of ebola virus, hepatitis B virus, avian leu-
kosis virus subgroup-J and DNA tumor virus SV40 (Cui et al., 2018; Shi
et al., 2017; Wang et al., 2017; Zhang et al., 2017). There is still a long
way to elucidate the detailed functions and mechanism of circRNAs in
viral infection.

In this study, we investigated the dynamic circRNA expression
profile of IPEC-J2 cells infected with PEDV. In order to investigate the
relationship between circRNAs and PEDV-induced immune responses in
the IPEC-J2 cells, we collected samples at different time points post
PEDV infection based on the expression of IFN-λ, Foxp3, and GM-CSF,
for circRNAs sequencing and identified 26670 circRNA candidates.
With GO and KEGG analysis, we demonstrated that the parent genes of
DE circRNAs were closely related to the metabolism process, the ubi-
quitin mediated proteolysis, and the T cell receptor signaling pathway
at the early stage of PEDV infection, and the degradation process at late
stage, suggesting some circRNAs might be involved in these processes.

Fig. 6. The functional associated analysis of the parent genes for selected circRNAs A) The STRING analysis shows these parent genes of selected circRNAs are
functional associated. These genes with their associated partners are mainly involved in the process of posttranslational modification of proteins by sumoylation,
transport of proteins between the endoplasmic reticulum and Golgi compartments, and the regulation of cell cycle. CAD and CTNNB1 served as the key nodes in the
interaction network. B) The expression levels of CAD and CTNNB1 at different time points post PEDV infection were measured real-time PCR analysis. C) The siRNA
candidates were transfected into IPEC-J2 cells to knockdown the expressions of CAD2 and CTNNB1–2. D) The CAD and CTNNB1 in IPEC-J2 cells were knocked-down
by specific siRNAs. The kinetics of PEDV replication in these cells was measured by TCID50 assay. Scramble siRNA was served as negative control. E) The ratios of
PEDV genome copies in siCAD and siCTNNB1 cells were normalized by that in NC cells.
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Eight circRNAs were further selected and validated their existence
using RT-PCR assay. The expression levels of their linear parent genes
were also detected. The ceRNA network was constructed to define the
interaction between selected circRNAs and their target miRNAs. All
these data suggested that circRNAs could potentially restrict or facil-
itate PEDV infection through regulating gene expression.

The cell tropism of PEDV infection is mainly targeted to the small
intestines, which is the largest mucosal tissue across whole body. There
are lots of microorganisms residing in the intestinal tract, which makes
it more complicated for the investigations of host-pathogen interactions
and immune responses in the gut. The Vero-E6 cell line is widely used
for the isolation, culture and innate immunity studies of PEDV.
However, the results from Vero-E6 may mislead the understanding of
the mechanism immune responses and pathogenicity of PEDV infection
because it is an African green monkey kidney epithelial cells lack of
genes encoding type I interferons (IFN), instead of porcine intestinal
epithelial cells. In this study, we investigated the expression profile of
circRNAs in PEDV infected IPEC-J2 cells, a porcine ileum epithelium
cell line. We believe that this cell line will help us get more reliable
information about PEDV-host interactions at RNA level.

The major question in the field of circRNAs research is to precisely
figure out their biological functions. The circRNAs regulate gene ex-
pression through several different ways. The generation of circRNAs
derived from exonic regions may potentially affect the protein

expression from the parent genes. The exon-intron circRNAs localized
to the promoter of their parental genes and associated with RNA
polymerase II enhance the transcription efficiency through the inter-
actions between U1 snRNA/U1A/U1C complex and the 50-splice site
remained in the intron (Li et al., 2015b). Another most important way is
called “ceRNA hypothesis” (Taulli et al., 2013), in which circRNAs can
sequestrate miRNA and impair its activity, thereby up-regulating or
down-regulating miRNA target gene expression (Thomson and Dinger,
2016). CiRS-7 is the first circRNA identified as miRNA sponge (Hansen
et al., 2013b). It has more than 70 conserved binding sites of miRNA-7
and is densely bound by Argonaute (AGO) proteins (Hansen et al.,
2013a). In addition to parent gene regulation and miRNA sponges,
circRNAs can interact with RNA binding proteins, such as circ-Foxo3
(Du et al., 2016), circ-MBL (muscleblind) (Memczak et al., 2013) or
coding proteins (Legnini et al., 2017; Yang et al., 2017; Yang et al.,
2018). But the study of the detailed regulation mechanism is still in its
preliminary phase. Most circRNAs have been proved to play important
roles via the former two mechanisms. Therefore, we performed the
functional analysis to predict the roles of identified circRNAs candi-
dates according to their parent genes and their target miRNAs.

In this study, functional analysis revealed that the ubiquitin medi-
ated proteolysis and the T cell receptor signal pathway were closely
related to parent genes of DE circRNAs at 36 hpi and 60 hpi. At 72 hpi,
most expressed genes were involved in the process of cell degradation.

Fig. 7. The circRNA–miRNA interac-
tion network A) The circRNA-miRNA
regulatory circuit mediated by cellular
miRNAs upon PEDV infection in IPEC-
J2 cells. B) miRNAs that sponged at
least two circRNAs may play important
roles in the regulation. The rectangle
nodes represent circRNAs while circle
nodes represent miRNAs. C) The ex-
pression levels of ssc-miR-7 and ssc-
miR-127 at different time points post
PEDV infection were measured real-
time PCR analysis. D) The siRNA can-
didates were transfected into IPEC-J2
cells to knockdown the expressions of
circRNA11: 19712163-19718631. E)
Following down-regulation of
circRNA11: 19712163-19718631 by
siRNA, the expression levels of ssc-miR-
7 and ssc-miR-127 were measured by
real-time RT-PCR. F) The circRNA11:
19712163-19718631 in IPEC-J2 cells
were knocked-down by specific
siRNAs. The kinetics of PEDV replica-
tion in these cells was measured by
TCID50 assay. Scramble siRNA was
served as negative control.
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These gene expression patterns were highly coincident with the outputs
of IPEC-J2 cells post PEDV infection, showing upregulated type III IFNs
expression at 36 hpi, cytokine secretion at 60 hpi, and cell apoptosis at
72 hpi. The parent gene of circRNA6: 48351537-48356123 was SAE1, a
SUMO activating enzyme subunit, which could play a key role in the
regulation of IFNs. The circRNA6: 48351537-48356123 was upregu-
lated at 36 hpi but downregulated thereafter, which correlated with the
dynamic expression levels of Type III IFNs. The parent gene of
circRNA2: 59040088-59041075 and circRNA3: 76474842-76491398
was involved in the vesicles transportation and secretion. These pro-
cesses were vital to the function of cytokines. The expressions of all the
circRNA7: 62801435-62806164, circRNA 9: 132682311-132683940
and circRNA11: 19712163-19718631 were drastically affected at 72
hpi. Their parent genes were components of the P body or involved in
autophagy and cell cycle regulation. These processes were also related
with cell death. All these data above demonstrated that the circRNAs
we identified in this study have the potential to play important role in
host response to PEDV infection.

In additional, we used the software miRanda-3.3a to predict the
microRNA targeting sites for circRNAs. A gene co-expression network
between selected circRNAs and miRNAs was then constructed for the
further functional analysis. Nine key node miRNAs among all pre-
dicated miRNAs were detected in our studies and presented as inter-
esting molecules for further study. No target mRNAs of these miRNAs
were identified and their roles in viral infection or the life cycle of cells
had not been reported. The detailed functions of these miRNAs should
be elaborated in the future study.

In summary, this study identified and characterized 26670 circRNA
candidates related to PEDV infection on IPEC-J2 cells. Eight circRNAs
were selected and identified their existence. To our knowledge, this is
the first piece of data showing circRNA expression profile induced by
PEDV infection on swine ileum epithelial cells. We believe that the
results from this study will provide a solid basis for understanding the
detailed functions of circRNA between virus-host interactions.

4. Materials and methods

4.1. Cells culture and virus infection

IPEC-J2 cells were cultured in DMEM/F12 (Gibco) medium sup-
plemented with 10% fetal bovine serum (Gemini, USA) free of bovine
viral diarrhea virus (BVDV) and anti-BVDV antibodies, 100 units/ml
penicillin, 5 μg/ml insulin/selenium/transferrin (Life, USA) and 5 ng/
ml epidermal growth factors (EGF) (Life, USA) in 5% CO2, incubator at
37 °C. The PEDV LJX01/GS/2014 strain was isolated from a pig farm
and propagated in our laboratory into a cell-adapted virus. To analyze
host responses to PEDV infection, 80% confluent IPEC-J2 cells were
inoculated with PEDV at an MOI= 0.01 or mock infected. Following
incubation at 37 °C for 1 h, the IPEC-J2 cells were then washed with
PBS three times and supplied with culture medium. At different time
points post infection, both the supernatant and the cell pellets were
collected for further analysis.

4.2. RNA processing and library preparation

Total RNA was extracted from both PEDV infected and mock in-
fected cells at different time points (36, 60 and 72 hpi) by TRIzol re-
agent (Invitrogen, USA). Total RNA of each sample was quantified and
qualified by the Agilent 2100 Bioanalyzer (Agilent Technologies, USA),
and 1 μg total RNA with RIN value above 7 was used for following li-
brary preparation. Pair-End index libraries were constructed according
to the manufacturer's protocol (NEBNext® Ultra™RNA Library Prep Kit
for Illumina®). Then libraries with different indexes were multiplexed
and loaded on an Illumina HiSeq instrument according to manufac-
turer's instructions (Illumina, USA). Sequencing was carried out using a
2× 125 paired-end (PE) or 2× 150 paired-end (PE) configuration;

image analysis and base calling were conducted by the HiSeq Control
Software (HCS) + OLB + GAPipeline-1.6 (Illumina, USA) on the HiSeq
instrument. The sequences were processed and analyzed by GENEWIZ
Biotechnology Co.

4.3. CircRNA prediction and mapping

After sequencing, the QC-checked paired end (PE) reads of each
samples were mapped to reference genome (Sscrofa10.2, Ensemble)
using Bwa (v0.7.5a-r405) (Langmead and Salzberg, 2012). The dupli-
cate reads due to PCR amplification during library preparation were
removed by samtools. CIRI (V2.0) was then used to search for a set of
predicted circRNA loci from the data obtained (Gao et al., 2015).

4.4. Differential expression analysis of circRNA candidates

In our study, three samples of each group were collected and pooled
for sequencing. The DESeq Bioconductor package (v1.18.0), a model
based on the negative binomial distribution, was employed for differ-
ential expression analysis (Anders and Huber, 2010). The read count
data were generated from the negative binomial distribution. For each
gene, the count Yij was given by Yij ~ NB (μij, σij2). Here, σi is the per-
gene dispersion calculated by the CR-APL method, and the expected
value μi is a function of the library size. After being adjusted by Ben-
jamini and Hochberg's approach for controlling the false discovery rate,
P-value of detected genes were set at< 0.05 for differential expression.

4.5. Experimental validation of circRNAs

In order to validate the existence of selected circRNAs, both con-
vergent and divergent primers were designed according to the pre-
dicated sequences of circRNA candidates. The sequences of primer sets
are listed in Table 1. The PCR conditions were as follows: an initial 90 s
step at 94 °C followed by 35 cycles of 30 s denaturing at 94 °C, 30 s
annealing at 56 °C and 30 s extension at 72 °C. Genomic DNA was ex-
tracted using a Cell-Tissue DNA Midi Preparation Kit (Bio Teke).

4.6. RNA Preparation and qRT-PCR analysis

For the removing of linear RNA, 1 µg of total RNA from each sample
was mixed with 1 unit of Ribonuclease R (RNase R) (Epicentre) and 2 µl
reaction buffer. The reaction mixtures were incubated at 37 °C for
10min. For controls, the RNA was treated without RNase R. After di-
gestion, the RNAs were then purification by RNeasy MinElute Cleanup
Kit (Qiagen, Germany). To quantify the amount of circRNA and mRNA,
the prepared RNA of each sample was reverse transcribed into cDNA
with Revertaid first strand cDNA synthesis kit (Thermo, USA). The real-

Table 2
The qPCR primers of the parent genes to selected circRNAs.

circRNA Parent gene Primer sets

2:29213178-29216402 CAPRIN1 F: AGGCTTGATGAATGGATA
R: TTGGAGTGTTAGAGAATGA

2:59040088-59041075 COPA F: TCTTCACATTGCTTGGACAT
R: ACACTCGGATGGTCTGAT

2:146476770-146479009 CTNNA1 F: CTTTGCTCTCTGCTGTTA
R: GATACCATCTTCTACGACTT

3:76474842-76491398 GFPT1 F: AACACAATGAGAGGAAGA
R: CGCAAGCAATAAGGATTA

6:48351537-48356123 SAE1 F: CTACCACGGATACACATT
R: CTTCTACTCCTTGACTAACT

7:62801435-62806164 PTPN9 F: CACACTCAGACAGATTAC
R: ACGATAGGTATTCTCCAA

9:132682311-132683940 ABL2 F: CGCTGAAGGAGGATACTA
R: CCAGATTAGGATGCTTGATT

11:19712163-19718631 RB1 F: CGAAGAAGAACGATTATCCATT
R: AGCCATTACAACCTCAAGA
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time PCR was performed in ABI 7500 system with Fast Start Universal
SYBR Green Master (Roche, Switzerland), and primer sets listed in
Table 2. To quantify the expression levels of CAD and CTNNB1, the
primer sets (CAD-F: ACAAGGAGGACTTTGCCTCG, CAD-R: GCTCCGA
GGAACAAGGTGTA; CTNNB1-F: AGACATGCCATCATGCGTTC,
CTNNB1-R: CAGTACAGCGAGCCGTTTC; and GAPDH-F: ATCCCGCCA
ACATCAAATGG, GAPDH-R: ACTTCTCATGGTTCACGCCC) were de-
signed and synthesized from TsingKe Biotech company (Beijing, China).
For ssc-miR-7 and ssc-miR-127 quantification, the miRcute miRNA
cDNA synthesis kit and primer sets were purchased from Tiangen Bio-
tech Company (Beijing, China). Briefly, the reactions were incubated at
95 °C for 10min, followed by 40 cycles at 95 °C for 15 s and 60 °C for
30 s. All reactions were run in triplicate. The 2-ΔΔCt method was used to
measure expression level of target circRNAs and mRNAs.

4.7. RNA interference

To knockdown CAD, CTNNB1 and circRNA11: 19712163-
19718631, small interfering RNA (siRNA) were designed and synthe-
sized by RiboBio company. The detailed sequences of these siRNAs
were listed in Table 3. Following the manufacturer's instructions,
200 nM siRNAs were transfected into IPEC-J2 cells using X-tremeGENE
siRNA Transfection reagent (Roche, Switzerland). Cells were harvested
at different time points for further analysis.

4.8. GO annotation and KEGG pathway analysis

Gene Ontology (GO) functional significance and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analyses were
performed to determine the roles of the parent genes of circRNAs in GO
terms (biological processes, cellular components, and molecular func-
tions) and biological pathways. The q value yields the rich factor in-
dicating the significance of pathway correlations.

4.9. The construction of circRNA–miRNA co-expression network

The miRNA targeting sites for the circRNAs was predicated by
miRanda-3.3a. The circRNA–miRNA co-expression network was then
constructed based on the prediction of miRNA binding sites and the
correlations between circRNA and miRNA. The circRNA–miRNAs with
the lowest p value were selected to generate a network map with
Cytoscape software version 3.2.1 (Shannon et al., 2003).

4.10. Statistical analysis

The differences between matched groups were examined for sta-
tistical significance using Student's t-test. An unadjusted P value of less
than 0.05 was considered to be significant.

4.11. Availability of data and materials

The raw data for this article were deposited in the National Center

for Biotechnology Information (NCBI) Sequence Read Archive (SRA)
database under BioProject number PRJNA 505270.
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