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Abstract
Transmissible gastroenteritis virus (TGEV) is a member of Coronaviridae family. TGEV infection has
emerged as a major cause of severe gastroenteritis and leads to alterations of many cellular
processes. Meanwhile, the pathogenic mechanism of TGEV is still unclear. microRNAs (miRNAs)
are a novel class of small non-coding RNAs which are involved in the regulation of numerous
biological processes such as viral infection and cell apoptosis. Accumulating data show that
miRNAs are involved in the process of coronavirus infection such as replication of severe acute
respiratory syndrome coronavirus (SARS-CoV). However, the link between miRNAs and TGEV
infection is unknown. In this study, we performed microRNA microarray assay and predicted
targets of altered miRNAs. The results showed TGEV infection caused the change of miRNAs
profile. Then we selected miR-4331 for further analysis and subsequently identified cell division
cycle-associated protein 7 (CDCA7) as the target of miR-4331. Moreover, miR-4331 showed the
ability to inhibit transcription of TGEV gene 7 (a non-structure gene) via directly targeting CDCA7.
In conclusion, differentially expressed miR-4331 that is caused by TGEV infection can suppress
transcription of TGEV gene 7 via targeting cellular CDCA7. Our key finding is that TGEV selectively manipulates the expression of some cellular miRNAs to regulate its subgenomic transcription.
Key words: TGEV; microRNAs (miRNAs); TGEV; CDCA7; Gene 7; viral transcription

Introduction
The miRNAs are small RNA species (containing
about 22 nucleotides) which are found in animals,
plants, and some viruses. It has been shown that
miRNAs play a variety of roles in many cellular processes including development, differentiation, apoptosis, cell cycle (reviewed in reference [1]). Generally,
miRNAs are derived from introns or intergenes of
eukaryotic organisms or viruses and serve as regulators of gene expression [2]. The miRNA-mediated
RNA interference includes two patterns. One is perfectly base-paring with 3' UTR of target mRNA leading to degradation of mRNA. The other is imperfectly
binding to target 3' UTR of mRNA resulting in the
inhibition of mRNA translation. In mammalians,

miRNAs perform RNAi through translation inhibition
mediated through imperfect complementarity [3]. As
a result, a miRNA can directly interact with multiple
targets and a gene can be targeted by many miRNAs
[4].
During the interactions between virus and host,
miRNAs are also playing important regulatory roles
[5, 6]. Increasing evidence indicates that viral infection
results in the changes of cellular miRNAs species. In
turn, the altered miRNAs also affect viral infection [7,
8]. For example, SARS-CoV infection up-regulates
miR-17*, -574-5p, and -214, and down-regulates
miR-98 and miR-223. Of these miRNAs, miR-17*,
-574-5p, and -214 suppress SARS-CoV replication and
http://www.ijbs.com
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contribute to immune evasion in bronchoalveolar
stem cells (BASC) [9]. TGEV is an enveloped virus
with a positive-sense single-stranded RNA genome
and causes a highly contagious, fatal gastroenteritis
primarily in less than 2-week age piglets around the
world. The mortality rate of seronegative suckling
piglets infected with TGEV can reach to as high as
100% [10, 11]. The TGEV genome contains a leader
sequence at the 5' end and a poly (A) tail at the 3' end.
The TGEV genes are arranged in the order
5'-Rep-S-3a-3b-E-M-N-7-3' [12]. The TGEV gene 7 locates at the 3'end of the genome. During TGEV infection, protein 7 attenuates host antiviral response by
interacting with protein phosphatase 1 catalytic subunit (PP1c), a key regulator of host antiviral defense
[13], and reduces apoptosis, immune response, interferon response, and inflammation [14].
The mammalian cellular miRNAs are profoundly affected by viral infection and, in turn the
miRNAs also regulate viral gene expression via targeting viral genes or cellular genes. The miR-122
promotes hepatitis C virus (HCV) RNA translation
through hybridizing with the 5' end of viral transcript
[15, 16]. The cellular miR-28, miR-125b, miR-150,
miR-223, and miR-382 play important roles in the
regulation of human immunodeficiency virus (HIV)
gene expression through targeting the viral nef gene in
CD4+ T-cells [17, 18]. The miR-146a binds to cellular
ring finger (RNF) mRNA to increase hendra virus
replication [19].
To date, complex regulatory networks associated
with miRNAs have not been comprehensively assessed in TGEV infection. Overall, we observed that
TGEV infection caused the change of miRNA profile
and miR-4331 suppressed transcription of TGEV gene
7 via directly targeting CDCA7.

Methods
Antibodies, Cells and virus
CDCA7 polyclonal antibody (15249-1-AP) was
obtained from ProteinTech Group (ProteinTech
Group, Chicago, IL, US). Monoclonal β-actin
(sc-69879) was purchased from SantaCruz Biotechnology (Santa Cruz, Inc., CA, US). Horseradish peroxidase (HRP)-conjugated secondary antibody was
purchased from Pierce (Pierce, Rockford, IL, US).
PK-15 cells were obtained from American Type Culture Collection (ATCC) (CCL-33) and grown in Dulbecco’s Minimal Essential Medium (DMEM) supplemented with 10% fetal bovine serum (Gibco BRL,
Gaithersburg, MD, US), 100 IU of penicillin and 100
mg of streptomycin per ml, at 37 ℃ in a 5% CO2 atmosphere incubator. The TGEV Shaanxi strain was
isolated from TGEV-infected piglets by Ding L et al
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[20].

The miRNAs microarray and target prediction
of differentially expressed miRNAs
Confluent PK-15 cells in 100-mm cell culture
dish were infected with TGEV for 24 h at an MOI of
1.0. Meanwhile, the mock infection was carried out.
At 24 hpi, total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, US). Microarray assay
was performed as described previously [21] using an
updated version of the chip (swine miRNA version
18, http://www.mirbase.org/). Targets of differentially expressed miRNAs were predicted by TargetScan and miRanda.

The quantification of miRNAs by real-time
PCR
The total RNA was obtained using Trizol reagent
(Invitrogen, Carlsbad, CA, US) from PK-15 cells infected with TGEV at 1.0 MOI for 24 h for the microarray analysis. Reverse transcription reactions were
performed as described previously [22]. Briefly, 2 μg
of total RNA initially treated with DNase I (Fermentas, St. Leon-Rot, Germany), 50 nM stem–loop RT
primers, 1×first strand buffer, 0.25 U/μL RNase inhibitor, 10 U/μL M-MLV, and 10 mM DTT (Invitrogen, Carlsbad, CA, US), were incubated at 16 ℃ for 30
min, 42 ℃ for 30 min, and 85 ℃ for 5 min. Real-time
PCR was carried out using the AccuPower
2×Greenstar qPCR Master mix (Bioneer, Daejeon,
Korea) in a 25 μL reaction volume including 12.5 μL
2×Greenstar Master mix, 0.5 μL 50×ROX dye, 0.5 μL
RT product, 1 mM forward primer, and 1 mM reverse
primer. Reactions were incubated at 95 ℃ for 10 min,
followed by 40 cycles of 95 ℃ for 15 sec, and 60 ℃ for 1
min on Bio-Rad iQ5 Real-Time PCR System (Bio-Rad,
USA). The relative quantification of miRNAs was
normalized to U6 using the ∆∆Ct method [23].

The quantification of subgenomic mRNAs by
real-time PCR
Total RNA was obtained using Trizol reagent
(Invitrogen, Carlsbad, CA, US) according to manufacturer’s instructions. The primers for genomic RNA
(gRNA) and subgenomic mRNAs (sgmRNA) of TGEV
were described previously [24]. A total of 2 μg of RNA
was treated with DNase I (Fermentas, St. Leon-Rot,
Germany) for 30 min at 37 ℃. The treated total RNA
was reversely transcribed with the First-strand cDNA
synthesis kit (Invitrogen, Carlsbad, CA, US). Real-time PCR was performed using the AccuPower
2×Greenstar qPCR Master mix (Bioneer, Daejeon,
Korea) in a 25 μL reaction volume on Bio-Rad iQ5
Real-Time PCR System (Bio-Rad, USA). Fold variations of the sgmRNAs were calculated (normalized to
http://www.ijbs.com
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gRNA).
Luciferase reporter experiments
3' UTRs of 16 candidate target genes containing
the binding site of miR-4331 were respectively amplified by PCR using primers containing sequences of
Xho I and Not I cloning sites and were cloned into the
vector psiCHECK-2 (Promega, Madison, WI, USA).
To obtain mutation of miR-4331 complementary sites
within the 3' UTR of CDCA7, seed region was mutated following a mutagenesis protocol [25]. The
miR-4331 mimics (sense strand 5'-UGUGGCUG
UGGUGUAGGCCAGC-3'; antisense strand 5'-GCUG
GCCUACACCACAGCCAC A-3'), a negative control
for mimics (an unrelated mimic, sense strand
5'-UCACAACCUCCUAGAAAGAGUAGA-3'; antisense strand 5'- UCUACUCUUUCUAGGAGGUU
GUGA-3'), an inhibitor for miR-4331 (5'-GCUGGC
CUACACCACAGCCACA-3'), and a control RNA
inhibitor (a random sequence, 5'-UCUACUCUUU
CUAGGAGGUUGUGA-3') were designed and synthesized by Ribo Biotech (RiboBio, Guangzhou, China). The miRNA inhibitors were modified with
2'-O-methyl. For the luciferase reporter assay, PK-15
cells were seeded in 24-well plates and then
co-transfected with 100 ng plasmid and 100 nM of
miR-4331 mimics, miR-4331 inhibitors, or negative
control, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, US). At 48 h post transfection (hpt), the luciferase activities were measured using Dual-Glo Luciferase Assay System (Promega, Madison, WI, USA)
according to the manufacturer’s manual.

RNA interference
Three
siRNAs
(siCDCA7-1,
siCDCA7-2,
siCDCA7-3) silencing CDCA7 gene and irrelevant
siRNA were synthesized by Ribo Biotech (RiboBio,
Guangzhou, China). The most effective siRNA
(si-CDCA7-2), identified by western blot, was applied
for the experiments. The sequence of si-CDCA7-2 is:
sense
sequence
5'-GAAGUUGAUUUCCAUGG
AAdTdT-3' and antisense sequence 5'-dTdT
CUUCAACUAAAGGUACCUU-3'. The negative
control siRNA is an irrelevant siRNA. PK-15 cells
were transfected with 50 nM CDCA7-specific
siCDCA7-2 or irrelevant siRNA using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, US) according to the
manufacturer’s guidelines. Cells were grown at 37 ℃
for 48 h and then infected with the TGEV at MOI of
1.0. The total RNA was isolated at 12 and 24 hpi.

Cell viability assay
Cell viability assay was carried out using Cell
Counting Kit-8 (CCK-8) reagent (Vazyme, Piscataway, NJ, USA). PK-15 cells were plated in 96-well
dishes at a density of 1×104 cells/well. Cells were
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transfected with 50 nM siCDCA7-2 or irrelevant
siRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, US) according to the manufacturer’s guidelines. After 48 h of incubation, the cells were treated
with CCK-8 reagent for 1h. Absorbance was recorded
with the microplate reader at 450 nm.

Vector construction
To construct the CDCA7 expression plasmid,
Full-length CDCA7 clone was produced by PCR amplification (forward 5'-CTAGCTAGCTAGCTGG
CCGTCAGCATGGATG-3'; reverse 5'-CTAGTCTA
GACTAGCAAGTGGAAGGCAGGTAGTGG-3'). PCR
products were digested and ligated into pCI-neo
(Promega, Madison, WI, USA) at Nhe I and Xho I sites.
The correct constructed plasmid was named
pCI-neo-CDCA7. PK-15 cells were transfected with
pCI-neo vector (control) or pCI-neo-CDCA7. At 48
hours post-infection (hpt), cells were infected with
TGEV at MOI of 1.0. Total RNAs were extracted by
Trizol reagent (Invitrogen, Carlsbad, CA, US) at 12
and 24 hpi according to the manufacturer’s protocol.
Real-time PCR was performed to detect the sgmRNAs
level.

Western blot analysis
Cells were treated with RIPA lysis buffer with
phenylmethyl sulfonylfluoride (PMSF). Protein concentration was determined with BCA Protein Assay
Reagent (Pierce, Rockford, IL, US) and separated on a
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and subsequently transferred to a polyvinylidene difluoride (PVDF) membranes (Millipore Corp, Atlanta, GA, US). The PVDF
membrane was blocked with 5% non-fat dry milk for
2 h at room temperature, and then incubated with
primary antibodies overnight at 4 ℃ and subsequently with HRP-conjugated secondary antibody at
room temperature for 1 h. The signal was detected
with enhanced chemiluminescence (ECL).

TGEV subgenomic transcription in the presence of miR-4331 mimics and inhibitors
PK-15 cells were seeded in 6-well plate (5×105
cells/well) in growth medium and transfected using
Lipofectamine 2000 with 100 nM miR-4331 mimics,
miR-4331 inhibitors, or negative control respectively.
At 24 hpt, the cells were infected with TGEV at MOI of
1.0. The transcription of virus was determined by real-time PCR analysis after 12 and 24 hpi.

Results
Cellular microRNAs profiling in response to
TGEV infection
To gain the overview of the impact of TGEV inhttp://www.ijbs.com
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fection on host cellular miRNAs expression, PK-15
cells were infected with TGEV Shaanxi strain at a
multiplicity of infection (MOI) of 1.0 for microarray.
The microarray was performed with the total RNA
extracted from PK-15 cells infected with TGEV at 24
hpi. The differential expression of multiple miRNAs
in TGEV-infected cells in comparison with
mock-infected cells was observed in Fig. 1(A). The
expression levels of 21 miRNAs were changed remarkably (fold change > 1.5, and p < 0.01). Among
them 13 miRNAs were up-regulated and 8 miRNAs
were down-regulated. To validate the microarray results of differentially expressed miRNAs, we tested
the expression levels of them using real-time PCR.
The fold changes of 21 miRNAs in TGEV-infected
cells were referred to that in mock-infected cells. The
miRNAs levels were normalized to U6. The results
were correlated with microarray (Fig. 1B). A total of
21 differentially expressed miRNAs were chosen for
target prediction. The potential targets of 21 differentially expressed miRNAs were predicted with TargetScan and miRanda and 7,844 potential target genes
were gained (Supplementary Table S1).
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The regulatory function of miR-4331 on TGEV
subgenomic transcription
To investigate the impact of differentially expressed miRNAs on TGEV transcription, we selected
miR-4331 as a representative based on p value (p <
0.01), fold change of miRNA expression (fold change
> 1.5), and mean fluorescence intensities (MFI) (MFI >
400). PK-15 cells were transfected with miR-4331
mimics, mimics control, inhibitors, or inhibitors control. Subsequently all the samples and controls were
infected with TGEV. The miR-4331 level of the samples was compared with the controls and normalized
to U6. The miR-4331 level increased after transfection
with the miRNA mimics and decreased after transfection of the inhibitors in comparison with the control (Fig. 2A). The transcription of TGEV gene 7 was
decreased by overexpression of miR-4331 and increased by inhibition of miR-4331 at 12 and 24 hpi
(Fig. 2B). Except for gene 7, the replication of TGEV
genome and transcription of other subgenomes were
not affected by miR-4331 (data are not shown).

Fig. 1. miRNAs expression profile in TGEV-infected
PK-15 cells. (A) Heat map analysis showing differentially expressed miRNAs in PK-15 cells infected with
TGEV at 24 h. Red indicates higher expression and
green indicates lower expression. Each colored block
represents the expression of one miRNA (labeled on
the right) in the indicated sample. The map showed all
significantly differential expressed miRNAs in three
independent samples (p < 0.01). (B) Verification of
miRNAs microarray by real-time PCR. The fold
change was determined using the 2-ΔΔCt method and
all miRNAs expression values were normalized to
endogenous U6. Data from real-time PCR were
shown as mean ±standard deviation (S.D.) of three
independent experiments. Similar results were
obtained in three independent experiments.

http://www.ijbs.com
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Fig. 2. The effect of miR-4331 on transcription of TGEV gene 7. (A) miR-4331 levels in PK-15 cells transfected with mimics or inhibitors and infected with TGEV at 12 and 24
hpi. The expression of miR-4331 was measured by real-time PCR (Normalized to U6 and in reference to the level of the control). (B) The effect of miR-4331 on transcription
of TGEV gene 7 at 12 and 24 hpi. The effect of miR-4331 on TGEV transcription of gene 7 was assessed by real-time PCR analysis (Normalized to gRNA and in reference to the
level of the control). Data represent mean ±S.D. of three independent experiments. * P < 0.05 in comparison with the control. ** P < 0.01 in comparison with the control.

CDCA7 is the target of miR-4331
To identify the targets that affect the transcription of TGEV gene 7, targets of miR-4331 were predicted by TargetScan and miRanda (Supplementary
Table S1), and TGEV gene 7 does not contain
miR-4331 binding site. Therefore, we hypothesized
that miR-4331 should target cellular gene to inhibit
transcription of gene 7. In order to screen miR-4331
target gene, 16 recombinant dual-luciferase reporter
plasmids that contain the binding site of miR-4331
target gene at 3' UTR of the reporter were constructed
for the dual-luciferase assay. The luciferase activity of
plasmid containing the 3' UTR of CDCA7 was markedly lower than that of the control (Fig. 3A). To generate 3' UTR mutant of CDCA7 mRNA containing
mutations of conserved miR-4331 binding site, the
site-directed mutagenesis was performed using the

DNA sequence of wild-type 3' UTR as the template.
Two binding sites of miR-4331 seed sequence at
CDCA7 3' UTR were respectively mutated with the
3-bp substitution (Fig. 3B). To determine the direct
interaction between miR-4331 and 3' UTR of CDCA7
mRNA, the porcine CDCA7 3' UTR or its mutant was
respectively subcloned into the 3' UTR of a Renilla
luciferase gene in a luciferase reporter psiCHECK-2
(Fig. 3C). The constructs were co-transfected into
PK-15 cells with miR-4331 mimics, miR-4331 inhibitors, or negative control. Compared with the control,
introduction of exogenous miR-4331 decreased the
CDCA7-WT reporter activity by 64%, while overexpression and knockdown of miR-4331 using miR-4331
mimics and inhibitors did not affect CDCA7-mut reporter activity (Fig. 3D). To assess the specificity of
miR-4331 binding, miR-4331 mimics, 4331 inhibitor,
http://www.ijbs.com
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and CDCA7-WT reporter are co-transfected. The results showed that the miR-4331 mimics decreased the
CDCA7-WT reporter activity and the miR-4331 mimics and inhibitors had specific binding activity (Fig.
3E). To determine whether miR-4331 inhibits CDCA7
expression, miR-4331 mimics or mimics control was
transfected into PK-15 cells, and CDCA7 expression
was assessed by western blot. Introduction of exogenous miR-4331 decreased expression of CDCA7 in
PK-15 cells compared with the control (Fig. 3F).
Knockdown of endogenous miR-4331 using miR-4331
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inhibitors failed to increase the CDCA7 expression
(Fig. 3G). This is likely due to the lower level of endogenous miR-4331 in PK-15 cells. Moreover, we observed that TGEV infection decreased CDCA7 protein
levels in PK-15 cells (Fig. 3H), while downregulation
of endogenous miR-4331 using miR-4331 inhibitors
reversed the effect of TGEV infection on CDCA7 expression (Fig. 3I). Together, our data conclusively
demonstrate that CDCA7 is a direct target of
miR-4331 in PK-15 cells.

http://www.ijbs.com
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Fig. 3. Identification of miR-4331 target. (A) The effect of miR-4331 on 3' UTRs of 16 potential target genes measured by dual-luciferase reporter assay (normalized to firefly).
(B) Bioinformatic prediction of interaction between miR-4331 and the 3' UTRs of swine CDCA7. For each schematic, the upper sequence is the binding site of miR-4331 in
3ʹUTRs of swine CDCA7, the middle is the sequence of mature miR-4331, and the lower sequence is the mutated sequence of CDCA7 3ʹ UTR. The seed sequence is underlined.
(C) Schematic overview of the putative binding sites or mutations of miR-4331 binding-sites in 3' UTR of CDCA7 mRNA. The locations of the potential binding sites or their
mutations are presented by blank boxes. (D) The CDCA7 luciferase reporter construct was co-transfected with miR-4331 mimics (or negative control) or miR-4331 inhibitors
(or negative control) into PK-15 cells (normalized to the firefly luciferase activity). Data are expressed as relative luciferase activities to control. (E) The specific binding activity
of miR-4331 mimics and inhibitors (normalized to the firefly luciferase activity). (F) Western blot analysis of the effect of miR-4331CDCA7 in cells transfected with miR-4331
mimics or mimics control. (G) Western blot analysis of CDCA7 in cells transfected with miR-4331 inhibitors or inhibitors control. (H) Western blot analysis of endogenous
CDCA7 protein level in TGEV-infected cells at 24 hpi. (I) Western blot analysis of endogenous CDCA7 protein level in TGEV-infected cells at 24 hpi by knockdown of endogenous miR-4331 using miR-4331 inhibitors. Data represent means ±S.D. of three independent experiments. * P < 0.05 in comparison with the control. ** P < 0.01 in
comparison with the control.

Effect of CDCA7 on TGEV transcription of
gene 7
The miRNAs regulate target gene expression via
binding to the 3' UTR of target mRNA, and one
miRNA may target multiple genes. We confirmed that
miR-4331 suppressed transcription of gene 7 and targeted CDCA7 directly, but whether miR-4331 inhibits
transcription of gene 7 by targeting CDCA7 is unclear.
To test the effect of artificial siRNA of CDCA7, three
siRNAs with different sequences were respectively
transfected into PK-15 cells and the effects of silencing
were assessed by western blot analysis. The data indicated that siCDCA7-2 was the most effective siRNA
(Fig. 4A). The mRNA level of CDCA7 was significantly silenced by siCDCA7-2 (Fig. 4B), however the
viability of cells was not affected by siCDCA7-2 in
comparison with irrelevant siRNA (Fig. 4C). To detect
the overexpression effect of pCI-neo-CDCA7, we
measured the protein level of CDCA7 at 48 hpt using
western blotting. As expected CDCA7 expression
level in transfected group increased compared with
the control (Fig. 4D). To investigate the effect of
CDCA7 on the transcription of TGEV gene 7, we detected transcription level of gene 7 using real-time

PCR. The results showed that silence of CDCA7 using
siCDCA7-2 decreased transcription of gene 7 at 12
and 24 hpi and that overexpression of CDCA7 facilitated transcription of gene 7 at 12 and 24 hpi (Fig. 4E).
To understand the relevance of CDCA7 expression in
viral infection, we determined the effect of CDCA7
silencing and overexpression on TGEV gRNA, other
sgmRNAs, and viral titers. The results showed that
CDCA7 had no effect on TGEV gRNA level, other
sgmRNAs level, and viral titers (Data are not shown).
Taken together, the data presented here demonstrated that TGEV infection induced miRNAs profiling changes and, among these altered miRNAs the
up-regulated miR-4331 induced by TGEV infection
inhibited transcription of gene 7 via directly targeting
CDCA7.

Discussion
The major findings in this study are that TGEV
infection leads to the change of cellular miRNAs expression profile, and altered miRNAs regulate transcription of TGEV gene 7 through targeting cellular
CDCA7. Increasing evidence shows that miRNAs
play important roles in virus-host interactions including viral transcription, cell apoptosis, and antivihttp://www.ijbs.com
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ral effects of host [26]. In this study, we examined the
connection between miRNAs and TGEV infection and
assessed global expression patterns of cellular miRNAs. Based on the findings of this study, we proposed
that miR-4331 expression altered by TGEV infection is
involved in regulating transcription of TGEV gene 7.
The infection of coronavirus, such as SARS-CoV
and infectious bronchitis virus (IBV), affects many
cellular processes such as viral replication, host innate
immunity or signaling pathways [27]. In some cases,
the altered processes are directed by the virus for its
own advantage and other altered processes are cellu-
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lar defense responses to viral infection. In this study,
we observed that the expression levels of cellular
miRNAs are regulated positively or negatively by
TGEV infection. The miRNAs regulate viral infection
through interacting with targets. Therefore, the
miRNAs and targets form a complicated regulatory
network during viral infection which suggests that
this greatly expands the range of possible virus-host
interactions. This is in good agreement with the notion that miRNAs have evolved as a necessary and
critical component to regulate host-virus interactions
[28].

Fig. 4. Effect of CDCA7 on transcription of TGEV gene 7. (A) Silencing effect of CDCA7 siRNA on CDCA7 expression. PK-15 cells were transfected with CDCA7-specific
siRNA or irrelevant siRNA and analyzed by western blot. (B) The effect of siCDCA7-2 on CDCA7 at mRNA level. The CDCA7 mRNA level was reduced at 24 h hpt measured
by real-PCR (Normalized to β-actin). (C) The effect of siCDCA7-2 on PK-15-cell viability. The cells were incubated after transfecting with 50 nM siCDCA7-2 for 48 h. Cell
viability was evaluated by CCK-8 assay. (D) The overexpression effect of CDCA7 using pCI-neo-CDCA7. PK-15 cells were transfected with pCI-neo-CDCA7 or pCI-neo vector,
and the expression level of CDCA7 was assessed by western blot at 48 hpt. (E) The effect of CDCA7 on transcription of TGEV gene 7. Knockdown of CDCA7 using siRNA
decreased transcription of gene 7 at 12 and 24 hpi. Overexpression of CDCA7 increased transcription of gene 7 at 12 and 24 hpi. Data represent mean ±S.D. of three independent experiments. * P < 0.05 in comparison with the control. ** P < 0.01 in comparison with the control.
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In this study, we observed that TGEV altered the
miRNAs profile and miR-4331 was involved in regulating the interplay between TGEV and PK-15 cells by
modulating transcription of TGEV gene 7. It was reported that SARS-CoV infection resulted in differentially expressed miRNAs profile and some of altered
miRNAs regulated the interaction between
SARS-CoV and host [9]. These indicate coronaviruses
may affect cellular miRNAs expression and the altered miRNAs are able to regulate viral infection.
A key observation in this study was that
miR-4331 suppresses transcription of TGEV gene 7.
TGEV gene 7, a non-structure gene, contributes to
viral invasion and inhibits apoptosis in host cells [13].
Previously we reported that TGEV induces apoptosis
by multiple pathways [29-31]. These observations
suggest that miR-4331 might be involved in regulating apoptosis through gene 7. Therefore it will be
important to detect effects of miR-4331 on apoptosis.
miR-4331 was detected in porcine intestinal and
milk by deep sequencing [32, 33], but the current
studies related to miR-4331 are very few. To identify
what gene miR-4331 will target to regulate the transcription of TGEV gene7, the potential targets of
miR-4331 were predicted using TargetScan and miRanda. More than 600 potential targets were obtained
(Supplementary Table S1). Since TGEV genes were
not the potential targets of miR-4331, miR-4331 must
target the cellular genes. We identified the potential
targets and obtained a new finding that exogenous
miR-4331 directly interacts with the 3' UTR of CDCA7
mRNA and suppresses CDCA7 protein level. CDCA7
is a transcriptional regulator that is directly targeted
and activated by transcription factor E2F1 [34]. The
E2F1 plays a crucial role in controlling cell cycle and
action of tumor suppressor proteins [35]. In addition,
CDCA7 is a target gene of c-MYC and the phosphorylated CDCA7 regulates c-MYC-dependent apoptosis
and transformation [36]. Therefore it will be very
important to discover the regulatory mechanism of
CDCA7 during TGEV infection.
In conclusion, the results of the present study
provide evidence that TGEV infection resulted in altered profiles of miRNAs in PK-15 cells and the differentially expressed miR-4331 was involved in regulation of TGEV transcription by targeting cellular
CDCA7. These findings will give insight into the regulatory mechanism of miRNA to transcription of
TGEV gene 7. In addition, this opens a new avenue to
target host cellular factors using siRNA technologies
to combat TGEV transcription.
There are limitations in this study that need to be
addressed and resolved in future studies. The miRNAs play regulatory role at post-transcriptional level
[37]. An miRNA may target multiple genes, and one
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gene may be targeted by many miRNAs [38, 39]. For
miR-4331, it is supposed to take part in regulating the
TGEV infection process via targeting other genes. For
the whole study, numerous differentially expressed
miRNAs and a quantity of targets of these miRNAs
form a complex regulatory network to modulate viral-host interactions at any stage of TGEV infection.
Therefore, more functions of altered miRNAs on
TGEV-host interactions need to uncover and more
targets need to identify in the future studies.

Supplementary Material
Supplementary Table S1.
http://www.ijbs.com/v11p0913s1.xls
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