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bstract

Classical swine fever (CSF) is a highly contagious disease of pigs, which causes important economic losses worldwide. In the present study,
he specific effect of RNA interference on the replication of CSF virus (CSFV) was explored. Three species of small interfering RNA (siRNA),
argeting different regions of CSFV Npro and NS5B genes, were prepared by in vitro transcription. After transfection of PK-15 cells with each of the
iRNAs followed by infection with CSFV, the viral proliferation within the cells was examined by indirect immunofluorescence microscopy. At

2 h post-infection, only a few siRNA-treated cells were positive for viral antigen staining, while most untreated virus-infected cells were positive.
reatment with the siRNAs caused a 4–12-fold reduction in viral genome copy number as assessed by real time RT-PCR. Transfection with the
iRNAs also suppressed the production of infectious virus by up to 467-fold as assessed by TCID50 assay. These results suggested that the three
pecies of siRNAs can efficiently inhibit CSFV genome replication and infectious virus production, with the inhibition persisting for 72–84 h.

2007 Elsevier B.V. All rights reserved.
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. Introduction

RNA interference (RNAi) has been recognized as a mech-
nism for repression of gene expression induced by small
nterfering RNAs (siRNAs) of about 21–23 nt (Fire et al., 1998;
lbashir et al., 2001). Since its discovery, RNAi has been

egarded by virologists as a promising method for the sup-
ression of viral infection (Cullen, 2002; Pomerantz, 2002;
itabwalla and Ruprecht, 2002), and has been successfully

pplied to inhibit the replication of some human and other ani-
al viruses, including HIV-1 (Pomerantz, 2002; Kitabwalla and
uprecht, 2002; Lee et al., 2002; Jacque et al., 2002), hepatitis
virus (Kapadia et al., 2003; Wilson et al., 2003), poliovirus

Gitlin et al., 2002), foot-and-mouth disease virus (Chen et
l., 2004), porcine reproductive and respiratory syndrome virus
He et al., 2007) and porcine transmissible gastroenteritis virus

Zhou et al., 2007), both in vitro and in vivo.

Classical swine fever (CSF) is a highly contagious disease
f pig caused by infection with CSF virus (CSFV), and causes

∗ Corresponding author. Tel.: +86 431 879 60009; fax: +86 431 879 60009.
E-mail address: changchun tu@hotmail.com (C. Tu).

s
C
n
r
t
a
r

166-3542/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2007.12.012
reat economic losses in the pig industry worldwide. CSFV,
long with bovine viral diarrhea virus (BVDV) and border dis-
ase virus (BDV), belongs to the genus Pestivirus of the family
laviviridae (Heinz et al., 2004). Its genome consists of a single-
tranded (+) sense RNA of about 12.5 kb with a single large open
eading frame (ORF), encoding a polyprotein. After translation,
he polyprotein is cleaved into viral structural and non-structural
eptides which are from N- to C-terminus, Npro-C-Erns-E1-E2-
7-NS2-NS3-NS4A-NS4B-NS5A-NS5B (Meyers et al., 1989;
autz et al., 1997; Elbers et al., 1996; Ruggli et al., 1996). Npro

s a cysteine protease, a key enzyme for processing the polypro-
ein, which is encoded by the 5′ terminus of ORF (Rümenapf et
l., 1998). NS5B is a type of RNA-dependent RNA polymerase
esponsible for viral RNA replication (Zhang et al., 2005; Xiao
t al., 2006). In order to explore a new approach for preven-
ion and therapy of classical swine fever, in vitro-transcribed
iRNA molecules were studied for their inhibitory effects on
SFV replication. Our results show for the first time that 21
t siRNAs are able to specifically and efficiently inhibit CSFV

eplication in vitro. This study provides not only an experimen-
al basis for the development of a new anti-CSFV strategy, but
lso for a new approach to the study of CSFV infection and
eplication.

mailto:changchun_tu@hotmail.com
dx.doi.org/10.1016/j.antiviral.2007.12.012
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. Materials and methods

.1. Cells, virus, and sera

The pig kidney cell line PK-15 (80 passages) and CSFV strain
himen were obtained from the Institute of Veterinary Drug
ontrol, China. Positive anti-CSFV serum and negative control

erum were prepared as described previously (Yu et al., 2001).

.2. CSFV siRNA preparation

Sequences from the Npro and NS5B genes (GenBank acces-
ion AF092448) were scanned for the signature sequence
A-N19. All 21 nt candidate sequences in these two genes were

earched against the GenBank database using Blast N, to avoid
imilar sequences in the pig genome. Candidates were further
nalyzed with Vector NTI 3.0 software (Informax, Piscataway,
J) for significant secondary structure, GC content and melt-

ng temperature. Two sequences, siN1 and siN2, were chosen as
iRNA for Npro, and one, si5B1, for NS5B. The reverse sequence
f siN1 was used as a negative siRNA control (siCtrl). The
7 promoter sequence was used for in vitro transcription. For
ach sequence, oligo DNA was synthesized by Shanghai San-
on Biological Engineering Technology and Service Co. Ltd.
he sequences are

T7p: GGATCCTAATACGACTCACTATA
5B1S: AAGACGTCCCTCTTCTCATTCTATAGTGAGTC-
GTATTAGGATCC
5B1AS: AGAATGAGAAGAGGGACGTCTATAGTGAGT-
CGTATTAGGATCC
N1S: AAGCCTGTCACCCTACCTATCCTATAGTGAGTC-
GTATTAGGATCC
N1AS: AGGATAGGTAGGGTGACAGGCTATAGTGAG-
TCGTATTAGGATCC
N2S: AAGCTAATCCACTTCAGGGTTCTATAGTGAGTC-
GTATTAGGATCC
N2AS: AGAACCCTGAAGTGGATTAGCTATAGTGAGTCG

TATTAGGATCC
CtrlS: AAGCCTGTCACCCTACCTATCCTATACCTAGG-
ATTATGCTGAGTG
CtrlAS: CACTCAGCATAATCCTAGGTATAGGATAGGT-
AGGGTGACAGGC

here S is the sense strand, AS is anti-sense strand, and Ctrl is
he control siRNA sequence.

The T7 promoter primer T7p was annealed to each of the
ynthesized siRNA sense or anti-sense oligo DNAs. The T7
rimer was subsequently extended conventionally with DNA
olymerase to obtain double-stranded template DNA. The tem-
late DNA was purified by ethanol precipitation, resuspended
n 50 �L DNase- and RNase-free water and then transcribed

n vitro to produce a sense or an anti-sense RNA by using T7
iboMAXTM Express RNAi System (Promega), following the
anufacturer’s instructions. After destruction of the DNA tem-

late by incubation with 1 �L RNase-free DNase at 37 ◦C for

2

z
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0 min, the sense RNA strand and its corresponding anti-sense
NA were mixed and incubated at 70 ◦C for 10 min. Grad-
al reduction to room temperature permitted annealing to form
iRNA, which was precipitated with isopropanol, washed with
thanol, and air-dried. The resulting siRNAs, siN1, siN2, si5B1,
nd siCtrl, were resuspended in 100 �L water and examined
y electrophoresis. Concentrations were determined with the
eneQuant RNA/DNA Calculator (Pharmacia Biotech, Piscat-

way, NJ).

.3. Cell culture and transfection

PK-15 cells in MEM + 10% fetal bovine serum (FBS) with-
ut antibiotics were seeded in 24-well plates at 104 cells/well,
nd incubated for 24 h at 37 ◦C in a 5% CO2 atmosphere. When
ells were 30–50% confluent, siRNA was introduced using X-
remeGene siRNA transfection reagent (Roche, Indianapolis,
N) according to the manufacturer’s protocol. Briefly, 2.5 �L
ransfection reagent and 0.5 �g siRNA was added to each well
nd incubated for 4 h. The cells were then washed with MEM and
urther cultured for 20 h in MEM + 2% FBS prior to viral infec-
ion. The siRNA-treated cells were infected with 500 TCID50 of
SFV (strain Shimen) and cultured for the various time periods

ndicated. Infected cells were visualized by indirect immunoflu-
rescence assay. The copy number of CSFV genomic RNA was
etermined by real time RT-PCR and infectious virus production
as determined by the TCID50 assay.

.4. Indirect immunofluorescence assay (IFA)

Cell monolayers in wells were fixed with 80% cold acetone
or 30 min, washed three times with PBS (pH 7.4), and incubated
or 1 h with pig anti-CSFV serum (1:100) at 37 ◦C in a humidified
ox. Cells were then washed three times with PBS and incubated
ith FITC-conjugated rabbit anti-pig IgG (Sigma; 1:60) for 1 h.
fter washing, cells were examined and photographed with a
eiss Axioskop 40 fluorescence microscope.

.5. Determination of virus genome copy

.5.1. Primers and probe
In order to use full-length NS5B gene as a quantitative

T-PCR standard, primers were designed for CSFV strain Shi-
en using Vector NTI 3.0 (Informax, USA). Selected primer

equences were GACAGATCTAGTAATTGGGTGATGCA-
GAAG (NS5B FP primer), and GAAGTCGACTAC CCCTC-
CCCTATCAGGGTCATC (NS5B RP primer). Three addi-

ional primers were synthesized for quantification of the CSFV
enome in real-time PCR: GGGATGATGGTCTCCTGAT-
AC (rFP primer), CATCAAATTGGTAGGCCACTTTC (rRP
rimer), and 5′-FAM-CCTTGCTCGCGAATTTCTCACCGA-
AMRA-3′ (TaqMan probe Prob5B). The target region of real
ime RT-PCR was nt 1,1253–1,1390 of NS5B.
.5.2. Construction of NS5B gene plasmid
Total RNA of CSFV-infected cells was extracted with Tri-

ol LS Reagent (Invitrogen, Carlsbad, CA) and then applied
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s a template for the synthesis of the first cDNA strand of the
S5B gene using the ThermoScript RT-PCR SYSTEM (Invit-

ogen) with AMV reverse transcriptase and NS5BRP primer,
ccording to the manufacturer’s instructions. Afterwards, PCR
as used to amplify the NS5B gene with NS5BFP and NS5BRP
rimers under conditions of 94 ◦C for 2 min, then 35 cycles of
4 ◦C for 30 s, 58 ◦C for 30 s, 72 ◦C for 120 s, with a final exten-
ion at 72 ◦C for 7 min. The PCR product was gel-purified using
he Agarose Gel DNA Extraction Kit (Roche) and then cloned
nto pGEM-T vector (Promega, Madison, WI). The resulting
lasmid, pT-NS5B, with the correct sequence confirmed by
irect sequencing, was selected as a quantitative standard for the
etermination of the viral RNA copy number. The plasmid was
repared using the Wizard Plus SV Minipreps DNA Purifica-
ion System (Promega), aliquoted and stored at −80 ◦C after the
etermination of its concentration by the GeneQuant RNA/DNA
alculator (Pharmacia Biotech).

.5.3. Real-time PCR analysis
For quantitative analysis of the CSFV genome, 100 ng total

NA of CSFV-infected cells was mixed with 1 �L rRP primer,
eated to 65 ◦C for 5 min and chilled on ice for 2 min. To
his primer-template mix was then added 5× buffer (4 �L),
0 mmol/L dNTP (1 �L), RNasin (1 �L), AMV reverse tran-
criptase (1 �L, Promega) and water to a total volume of 20 �L.
he reaction mixture was incubated at 42 ◦C for 45 min, fol-

owed by inactivation of the reverse transcriptase at 75 ◦C for
5 min. Real-time PCR was performed with the ABI PRISM®

000 Sequence Detection System using a QuantiTectTM Prob
CR Kit (Qiagen, Germany) under the conditions of 95 ◦C for
5 min, followed by 40 cycles of denaturation at 95 ◦C for 30 s,
nnealing, and extension at 60 ◦C for 30 s. The quantitative stan-
ard curve for the determination of CSFV genome copy number

as created by real-time PCR of standard plasmid pT-NS5B
reparations at serial dilutions of 600, 1200, 2400, 4800 and
600 copies/�L. The specificity of the real-time PCR was con-
rmed by sequencing of the product.

fi
E
w
fi

ig. 1. Protective effect of siRNA against CSFV infection. The viral infection in PK-
stained with CSFV-negative serum); (B) mock transfection (stained with CSFV-posit
F) si5B1 transfection.
ch 78 (2008) 188–193

.6. Titration of virus

CSFV cultures in siRNA-transfected cells were serially
iluted 10-fold from 10−1 to 10−6, added to PK-15 cells at
0–50% confluency in 96-well plates as described above. Each
ilution was added to four wells and the cultures were examined
or viral growth by IFA at 72, 84, 96 and 120 h post-infection.
ncubation was at 37 ◦C in a 5% CO2 atmosphere. TCID50 values
ere calculated by the Kärber method (Kärber, 1931).

. Results

.1. Examination of siRNA effect by IFA

To study the inhibitory effects of RNA interference on CSFV
eplication, the level of viral antigen produced in PK-15 cell
as examined by IFA using anti-CSFV serum after siRNA

ransfection and viral infection. At 72 h post-CSFV infection,
ost PK-15 cells receiving siCtrl or mock transfection exhib-

ted bright green fluorescence in the cytoplasm, indicating that
ost cells in these two controls were producing virus (Fig. 1B

nd C). By contrast, only a few cells in wells receiving siN1,
iN2 or si5B1 transfection displayed green fluorescence, indi-
ating that most of the cells were effectively protected by the
iRNA and resisted viral infection (Fig. 1D–F).

.2. Examination of siRNA effect by RT-PCR

In order to quantify the effect of siRNA on viral replica-
ion, the viral genome copy number was determined by real-time
CR, using serially diluted plasmid pT-NS5B as a standard. The
2 value of the standard curve was 0.99 and the average ampli-

cation efficiency E was 0.991, calculated from the formula
= 10−1/slope − 1. These data indicate that the real-time PCR
as highly reliable in the assay, and the results from ampli-
cation of the siRNA samples showed that at 72 h post-viral

15 cells was examined by indirect immunofluorescence. (A) Mock transfection
ive serum); (C) siCtrl transfection; (D) siN1 transfection; (E) siN2 transfection;
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ig. 2. Reduction of viral genome copy number by siRNA treatment in PK-15
ells at 72 h post-infection. The CSFV genome copy numbers are the means of
hree repeat experiments.

nfection, the typical Ct value for amplification of CSFV RNA
rom cells treated with siCtrl was 21.46, compared with 25.05,
3.59 and 23.54 in siN1-, siN2- and si5B1-treated cells, respec-
ively, indicating suppression of CSFV replication in the latter
roups. Sequencing showed that the fragment amplified was the
xpected part of NS5B gene, thereby demonstrating the speci-
city and reliability of the analysis. As shown in Fig. 2, the
opy number of the viral genome per nanogram of total RNA
alculated from the standard curve was 1.19 × 105 copies/ng
f the viral genome in the total RNA from siCtrl-treated cells,
hile there were 9.8 × 103, 2.7 × 104, and 2.8 × 104 copies/ng
iral genome in total RNA from cells treated with siN1, siN2
nd si5B1, respectively, corresponding to reductions of 91.8%,
6.3% and 76.5%, respectively.

.3. Examination of siRNA effect by infectious virus assay

The TCID50 assay was performed to examine the effect of
iRNA on production of viable virus, and the results (see Fig. 3)
howed that in control cells transfected with siCtrl CSFV titers
eached 104.33 TCID50/mL at 60 h post-infection, similar to that
btained from mock transfection (data not shown), This was
ollowed by a gradual decrease in titer from 72 to 120 h post-

1.67
nfection. In contrast, titers at 60 h post-infection were 10 ,
02.83 and 102.58 mL−1 for cells transfected with siN1, siN2
nd si5B1, respectively, corresponding to 467-, 30.6- and 55.2-
old reductions by comparison with siCtrl-transfected cells. The

ig. 3. Inhibition of virus production in siRNA-treated cells. TCID50 values are
he means of three repeat titrations at the time points indicated.
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ata indicate that the siRNAs markedly inhibited infectious virus
roduction for the first 2.5 days, but thereafter the extent of
nhibition decreased.

. Discussion

In most studies, inhibition of viral proliferation has been
ccomplished by siRNA produced within the cells by transcrip-
ion of expression constructs. The in vivo expression of siRNA
or LTR, vif and nef genes of HIV-1 in Magi and PBLs cells
ediated by specifically constructed plasmids showed that HIV-
replication was decreased by 20-fold (Jacque et al., 2002).

ia and Sun (2003) achieved a greater than 43-fold inhibition
f DNA virus MHV-68 replication by siRNA. In the present
tudy we designed three siRNA molecules of 21 nt against genes
pro and NS5B, two key genes related to CSFV replication, and

he results showed that these three siRNAs were highly capa-
le of inhibiting viral genomic RNA replication, viral antigen
ynthesis and infectious virus production with siN1 reducing
he viral replication by up to 467-fold. The CSFV genome
ontains a single large ORF encoding a polyprotein (Meyers
t al., 1989). Since Npro is the ultimate N-terminal protease
nvolved in the polyprotein processing the binding of siRNA
o Npro mRNA likely interfered with the translation and the sub-
equent processing of the viral polyprotein, thereby resulting
n a significant inhibition of viral replication. Moreover, there
re studies showing that it is essential that the sequence down-
tream of the internal ribosome entry site within the starting
egion of CSFV mRNA should be single-stranded for high effi-
iency translation (Rijnbrand et al., 2001; Fletcher et al., 2002).
onsequently, since this part of the Npro mRNA may not form a

econdary structure, it is likely to be highly accessible to siRNA
Kretschmer-Kazemi Far and Sczakiel, 2003). NS5B encodes
he RNA-dependent RNA polymerase, which binds to the 3′
on-coding region (NCR) of the viral RNA and initiates its
eplication. Binding to this part of the genome will cause the
egradation of the entire viral RNA, likely reducing the viral
eplication. Based on this knowledge, satisfactory RNA inter-
erence results were obtained by siRNAs generated against both
ey genes, although siN1 exhibited a more potent effect than
iN2 and si5B1. Our results are similar to those obtained by
iRNA against the NS5B gene of hepatitis C virus (Kapadia et
l., 2003; Wilson et al., 2003), which belongs to the same virus
amily as CSFV.

Knowledge of the kinetics of CSFV replication in cultured
ells is critical for the determination of the sampling points for
he estimation of siRNA effect in cells. Hence, the replication
inetics of CSFV strain Shimen in PK-15 cells was studied by
FA and TCID50 assay prior to siRNA transfection, with results
howing that the proliferation of virus peaked at 48–72 h post-
nfection (data not shown). Based on this consideration, viral
rowth in siRNA-transfected cells was determined at 60 h post-
nfection and determination of viral genome copy number and

taining by IFA were conducted at 72 h post-infection.

Silencing of gene expression induced by in vitro-transcribed
iRNA molecules in cultured cells is time-dependent, as shown
n Fig. 3. Significant elevations in virus titers seen at 120 h post-
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nfection of siRNA-treated cells indicates that the effect of these
iRNAs diminished after 96 h post-transfection. In order to fur-
her study the duration of the siRNA effect, siN1 was chosen
ince it exhibited the strongest inhibition as observed above.
K-15 cells were transfected with the same amount of siN1,

hen infected with CSFV as described above. IFA was used to
etermine virus replication at 72, 84, 96 and 120 h post-viral
nfection. The result showed that at 72 and 84 h post-infection,
nly a few cells were infected and at 96 h about half of the cells
ere infected, while at 120 h almost all cells were infected,

s shown by positive staining (data not shown). These results
ndicate that effective inhibition by the siRNAs used lasted for
2–84 h.

RNAi is highly sequence-specific and requires that the tar-
et and targeting sequences have 100% identity. Pestiviruses are
enetically variable. The overall interspecies sequence identity
ithin the genus is less than 70%, and sequence identity within
species varies from 75% to 100%. This genetic variety makes

t impossible to design a siRNA able to cross-inhibit all species.
ambeth et al. (2007) explored the RNAi of BVDV with siRNAs

argeting the 5′NCR, C, NS4B and NS5A, and found that siR-
As targeting C, NS4B and NS5A could effectively inhibit viral

eplication. These latter regions are not conserved, however,
hich probably means that the siRNAs would not cross-inhibit

ll BVDV isolates. In order to evaluate the cross-inhibitory capa-
ilities of the siRNAs studied, multiple alignments of Npro and
S5B sequences of CSFV strains were conducted based on their
vailability in GenBank. Results showed that siN1, si5B1 and
iN2 could cover 71% (20/28), 64% (18/28) and 60% (17/28)
f CSFV strains, respectively (data not shown), indicating that
ore efforts should be done to search for siRNAs with the widest

ross-inhibitory effects on a range of CSFV or BVDV strains.
Therapy for animal viral infections is an interesting possi-

ility, although eradication is the worldwide policy, especially
n developed countries, to prevent outbreaks of infectious dis-
ases. Our study has demonstrated that RNAi has potential for
he treatment of CSFV infection. This method may not com-
letely inhibit viral growth, but it merits further animal studies
o define its real therapeutic potential. The siRNAs in the present
tudy had a quite long effect compared with those for RNAi of
oot-and-mouth disease virus, which had an in vitro effect last-
ng for 42 h (Chen et al., 2004). The effect of siRNA can be
nhanced by combined use of different siRNAs or by repeated
pplication of siRNA at regular time intervals. If successful in
linical application, siRNA therapeutics could be used as a pre-
entive approach for the protection of healthy pig populations
lose to the areas of CSF outbreaks. This concept might help
o reduce viral transmission during the immunity gap between
accination and the onset of protection, thereby gaining precious
ime for bringing outbreaks under control.
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