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a b s t r a c t

Classical swine fever (CSF) is a highly contagious viral disease of pigs which causes major economic
losses worldwide. No specific drug is currently available for the effective treatment of CSFV infection.
RNA interference (RNAi) technology depends on effective delivery systems, for which several effective
vectors have recently been developed. Three retroviral plasmids containing siRNA genes targeting dif-
ferent regions of Npro and NS4A have been constructed, and 3 replication-incompetent retroviral vectors
eywords:
SFV
eplication
iRNA
etroviral vector

have been produced in the human embryo kidney cell line GP2-293 by retroviral plasmid transfection.
PK-15 cells were then infected with these replication-incompetent retroviral vectors and screened for
siRNA stably expressing PK-15 cell clones. Growth of CSFV in such siRNA stably expressing cell clones
resulted in a 186-fold reduction in viral genome copies and, at 72 h post-infection, only a small % of cells
showed infection by indirect immunofluorescence microscopy, and effective inhibition of virus replica-
tion persisted for up to 120 h. Retroviral vector-mediated RNAi can therefore be used to study the specific

ociat
function of viral genes ass

. Introduction

RNA interference (RNAi) is a natural posttranscriptional gene
ilencing mechanism, which is induced by 19–27 nucleotide (nt)
mall interfering RNA (siRNA) molecules homologous to the target
enes (Jana et al., 2004). Since its discovery, RNAi has been regarded
y virologists as a promising method for suppression of viral infec-
ion, and has been applied successfully to inhibit the replication of
ome human and animal viruses, including HIV-1, hepatitis C virus,
epatitis B virus and SARS-CoV, both in vitro and in vivo (Ma et al.,
007).

Classical swine fever (CSF) is a highly contagious disease of pigs
aused by infection with CSFV, and is a notifiable diseases of the

orld Organization for Animal Health (OIE). CSF causes great eco-
omic losses in the pig industry worldwide, particularly in Asia,
atin America, and Eastern Europe. The disease was first recognized
n China in the 1920s and there continue to be major epizootics in
hina (Tu et al., 2001; Zhu et al., 2009). CSFV belongs to the genus

estivirus of the family Flaviviridae. 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 (Meyers et al., 1989).
fter translation, the polyprotein is cleaved into viral structural and
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ed with CSFV replication and may have potential therapeutic application.
© 2010 Elsevier B.V. All rights reserved.

non-structural peptides which are, from N- to C-terminus, Npro-
C-Ems-E1-E2-P7-NS2-NS3-NS4A-NS4B-NS5A-NS5B (Meyers et al.,
1989; Elbers et al., 1996; Ruggli et al., 1996; Tautz et al., 1997). Npro

is an atypical cysteine protease with an autoproteolytic activity that
cleaves the viral polyprotein via cis hydrolysis, generating the N-
terminus of the capsid protein C (Rumenapf et al., 1998). Npro is also
essential for evading the cellular antiviral defense system, and pro-
tects cells from double-stranded RNA-induced apoptosis (Ruggli et
al., 2005). NS4A is an indispensable cofactor of uncleaved NS2-3 in
the formation of infectious particles, with the N-terminus of NS3
providing serine protease activity (Moulin et al., 2007).

Previous study of in vitro-transcribed siRNA molecules target-
ing Npro and NS5B for their repressive effects on CSFV replication
(Xu et al., 2008) showed that 21-nt siRNAs are capable of spe-
cific and efficient inhibition of CSFV replication. While RNAi has
potential as an antiviral strategy against CSFV in animal systems,
in vitro transcribed siRNA has some limitations for this application.
To overcome these, siRNA delivery systems using retroviral (Ma et
al., 2007; Schuck et al., 2004), adenoviral (Chen et al., 2006) and
lentiviral vectors (Miest et al., 2009) have been reported. Retrovi-
ral delivery is well-recognized as an efficient means of introducing

genetic material into cells, and effective in most cell cultures, and
has been used in generating transgenic animals (Barquinero et
al., 2004). By combining a vector-based siRNA-generating system
with retroviral delivery, highly efficient transfection and stable
suppression of specific gene expression are possible. To explore a

dx.doi.org/10.1016/j.jviromet.2010.07.036
http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
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Table 1
List of shRNA sequences in this study.

Target namea Sequences of shRNA (5′ to 3′)b

N1 S GACGGATCCGGATAGGTAGGGTGACAGGTTCAAGAGACCTGTCACCCTACCTATCCTTTTTTGGAAAAGCTTGCA
N1 AS TGCAAGCTTTTCCAAAAAAGGATAGGTAGGGTGACAGGTCTCTTGAACCTGTCACCCTACCTATCCGGATCCGTC
N2 S GACGGATCCGAACCCTGAAGTGGATTAGTTCAAGAGACTAATCCACTTCAGGGTTCTTTTTTGGAAAAGCTTGCA
N2AS TGCAAGCTTTTCCAAAAAAGAACCCTGAAGTGGATTAGTCTCTTGAACTAATCCACTTCAGGGTTCGGATCCGTC
S11 S GGAGGATCCGAGGCATATACCAGTAGTCATTCAAGAGATGACTACTGGTATATGCCTCTTTTTTGGAAAAGCTTCGG
S11 AS CCGAAGCTTTTCCAAAAAAGAGGCATATACCAGTAGTCATCTCTTGAATGACTACTGGTATATGCCTCGGATCCTCC
C S GGAGGATCCGGACAGTGGGATGGATAGGTTCAAGAGACCTATCCATCCCACTGTCCTTTTTTGGAAAAGCTTCGG
C AS CCGAAGCTTTTCCAAAAAAGGACAGTGGGATGGATAGGTCTCTTGAACCTATCCATCCCACTGTCCGGATCCTCC
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a S means sense strand, AS means antisense strand, C means control shRNA sequ
b For each target gene (sense strand as an example), complementary 75-mer oli

tranded overhangs (Hind III) for ligation into the pSilencer vectors. Sequences for en
pecific to the mRNA target, a loop sequence separating the two complementary do

ew approach for prevention and therapy of classical swine fever,
etroviral vector-mediated RNA interference was studied for its
nhibitory effects on CSFV replication in PK-15 cells. Results showed
hat siRNAs were stably integrated into target cells and inhibited
fficiently CSFV replication in vitro. This study therefore provides
ot only an experimental basis for the development of a promising
nti-CSFV method, but also for a new approach to the study of viral
nfection and replication.

. Materials and methods

.1. Cells, virus, and sera

Pig kidney cell line PK-15 (80 passages) and the virulent CSFV
train Shimen 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. Plasmids construction

Sequences from the Npro and NS4A genes (GenBank accession:
F092448) were scanned for the signature sequence AA-N19. Two
esigned 21 nt candidate sequences, siN1 and siN2, as described
reviously (Xu et al., 2008), were chosen as siRNAs for Npro. The
NAi target within NS4A was also selected in the study, with the
equence depicted below. Sequences selected for a negative siRNA
ontrol (siC) were the same as in a previous study (Xu et al., 2008).

or each sequence, oligo DNA was synthesized by Shanghai San-
on Biological Engineering Technology & Service Co., Ltd. (Shanghai,
hina). The sequences are shown in Table 1.

These oligonucleotides were annealed and ligated to the BamH
and Hind III sites of pSilencer3.1H1 (Ambion, Austin, TX, USA) to

able 2
rimers and probe used in this study.

Primer name

pH1-fw
pH1-rev
pLN-fw
pLN-rev
FP147
RP267
Probe187
RT6-siN1
RT6-siN2
RT6-siS11
Short-siN1-rev
Short-siN2-rev
Short-siS11-rev
MP-fw
MP-rev
5S rRNA-fw
5S rRNA-rev
leotides were designed with 5′ single-stranded overhangs (BamH I) and 3′ single-
sites are underlined. The oligonucleotides should encode 19-mer hairpin sequences

s (TTCAAGAGA), and a polythymidine tract to terminate transcription (TTTTTT).

get plasmids pH1-(siRNAs), where “siRNAs” represents siN1, siN2,
siS11 and siC. To get H1 promoter, H1-(siRNAs) were amplified by
PCR using plasmids pH1-(siRNAs) as templates, with the following
primers: pH1-fw and pH1-rev (shown in Table 2).

H1-(siRNAs) were digested and ligated to the Xho I sites of
pLNHX (Clontech, Mountain View, CA, USA) to form plasmids pLN-
(siRNAs). The insert sequences were confirmed by sequencing by
Shanghai Sangon Biological Engineering Technology & Service Co.

2.3. Production of recombinant retrovirus

The packaging cell line GP2-293 (Clontech, Mountain View,
CA, USA) was grown in DMEM with 10% FCS (GIBCO)/10 mM
Hepes/2 mM l-glutamine/1 mM MEM sodium pyruvate/100 U/mL
penicillin/100 �g/mL streptomycin. The cells in 100-mm dishes
were transfected by FuGENE HD (Roche, Indianapolis, IN, USA)
with 6 �g pVSV-G (Clontech, Mountain View, CA, USA) and 10 �g
pLN-(siRNAs). Forty-eight hours post-transfection, each super-
natant was collected, filtered through a 0.45-�m syringe filter, and
assayed.

2.4. Screening for siRNA-expressing cells and CSFV infection

Wells of 100-mm cell culture dishes were seeded with 3 × 106

PK-15 cells. The next day, the cells were incubated with 104 cfu
(colony forming units) per well recombinant retrovirus containing
polybrene (8 �g/mL final concentration) for 2 h at 37 ◦C, follow-

ing which the medium was replaced. After 12 h, the medium
was removed and replaced with fresh medium containing G418
(500 �g/mL, GIBCO). This was repeated 3 times at 3-day inter-
vals. On day 14, colonies of G418-resistant monoclonal cells were
screened for stable expression of siRNAs. The cell clones were cul-

Sequences (5′ to 3′)

CTTCTCGAGGGTTTTCCCAGTCACGAC
GCGCTCGAGGCACCCCAGGCTTTACACTTT
GAAAGGTTGGGCTTCGGAATC
CTTTAACAAATTGGACTAATC
GCTCCCTGGGTGGTCTAAGTC
CGCYAGGGTTAAGGTGTGTCTTG
FAM-CAGTAGTTCGACGTGAGCAGAAGCCCAC-TAMRA
TGTCAGGCAACCGTATTCACCGTGAGTGGTAAGGAT
TGTCAGGCAACCGTATTCACCGTGAGTGGTAAGAAC
TGTCAGGCAACCGTATTCACCGTGAGTGGTAATGAC
CGTCAGATGTCCGAGTAGAGGGGGAACGGCGCCTGTCACCCTACCT
CGTCAGATGTCCGAGTAGAGGGGGAACGGCGCTAATCCACTTCAGG
CGTCAGATGTCCGAGTAGAGGGGGAACGGCGCGAGGCATATACCAG
TGTCAGGCAACCGTATTCACC
CGTCAGATGTCCGAGTAGAGG
GCCCGATCTCGTCTGATCT
AGCCTACAGCACCCGGTATT
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ured, infected with 500 TCID50 of CSFV (strain Shimen) per well in
4-well plates, and incubated at 37 ◦C for the various time periods

ndicated. Infected cells were identified by indirect immunofluo-
escence assay, and infectious virus production was determined
y TCID50 assay, as previously described (Xu et al., 2008). The copy
umber of CSFV genomic RNA was determined by real-time RT-PCR.

ntegrated siRNAs, H1-(siRNAs), were amplified by nested-PCR, and
he siRNA expression analysis were detected by RT-PCR.

.5. Real-time RT-PCR quantitation of viral genome

.5.1. Primer and probe
To use the 5′-UTR of the viral genome as a quantitative RT-PCR

tandard, primers were designed for CSFV strain Shimen using Vec-
or NTI 3.0 (Amersham, Piscataway, NJ, USA). Three primers were
ynthesized for this purpose: FP147, RP267 and probe187 (shown
n Table 2). The target region for real-time RT-PCR was nt 147–267
f 5′-UTR.

.5.2. Construction of 5′-UTR plasmid
Total RNA of CSFV-infected cells was extracted with Trizol LS

eagent (Invitrogen, Carlsbad, CA, USA) and then applied as a tem-
late for synthesis of the first cDNA strand of the 5′-UTR by RT-PCR
sing AMV reverse transcriptase (Promega, Madison, WI, USA) and
′-UTR RP267 primer, according to the manufacturer’s instructions.
CR was then used to amplify the 5′-UTR with FP147 and RP267
rimers under conditions of 94 ◦C for 2 min, then 35 cycles of 94 ◦C
or 30 s, 58 ◦C for 30 s, 72 ◦C for 20 s, with a final extension at 72 ◦C
or 7 min. The PCR product was gel-purified using the Agarose Gel
NA Extraction Kit (Axygen, Union, CA, USA) and then cloned into
GEM-T vector (Promega, Madison, WI, USA). The resulting plas-
id, pT-5′-UTR, with the correct sequence confirmed by direct

equencing, was selected as a quantitative standard for determi-
ation of the viral RNA copy number. The plasmid was prepared
nd stored at −80 ◦C after determination of its concentration by
he GeneQuant RNA/DNA Calculator.

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

NA from CSFV-infected cells was mixed with 1 �L RP267 primer,
eated to 65 ◦C for 5 min and chilled on ice for 2 min. To this primer-
emplate mix was added 5× buffer (4 �L), 10 mmol/L dNTP (1 �L),
Nasin (1 �L), AMV reverse transcriptase (1 �L, Promega, Madi-
on, WI, USA) and ddH2O to a total volume of 20 �L. The reaction
ixture was incubated at 42 ◦C for 45 min, followed by inactiva-

ion of reverse transcriptase at 75 ◦C for 15 min. Real-time PCR was
erformed with the ABI PRISM® 7000 Sequence Detection System
sing 2 �L transcriptase products as template under the conditions
f 95 ◦C for 15 min, followed by 50 cycles of denaturation at 95 ◦C
or 30 s, annealing, and extension at 60 ◦C for 30 s. The quantitative
tandard curve for determination of CSFV genome copy number
as created by real-time PCR of standard plasmid pT-5′-UTR serial

0-fold dilutions of a stock containing 108 copies/�L. The specificity
f the real-time PCR was confirmed by sequencing of the product.

.6. Analysis of siRNA gene integration

Genomes were extracted from siRNA stably expressing cells at
assages 5 and 15. Integrated siRNAs, H1-(siRNAs), were amplified
y nested-PCR, with pLN-fw and pLN-rev as outer set primers, and

H1-fw and pH1-rev as inner set primers (shown in Table 2).

PCR was used to amplify the H1-(siRNAs) genes under condi-
ions of 94 ◦C for 10 min, then 35 cycles of 94 ◦C for 30 s, 57 ◦C for
0 s, 72 ◦C for 20 s, with a final extension at 72 ◦C for 7 min. The PCR
roducts were detected by 1.2% agarose gel electrophoresis, and
ethods 169 (2010) 316–321

the specificity of the PCR was confirmed by sequencing of the inner
set product.

2.7. Analysis of siRNA expression by RT-PCR

RNA from siRNA stably expressing cell clones were prepared
using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA),
according to the manufacturer’s protocol. One hundred ng aliquots
of sample RNA were mixed with reverse transcription primer RT6-
X, where “X” represents siN1, siN2 and siS11 (shown in Table 2).
To this primer-template mix was then added 5× buffer (4 �L),
10 mmol/L dNTP (1 �L), RNasin (1 �L), AMV reverse transcriptase
(1 �L, Promega, Madison, WI, USA) and water to a total volume of
20 �L. RT reaction was kept at 16 ◦C for 30 min then at 42 ◦C for
45 min before it was terminated by incubating the mixture at 75 ◦C
for 5 min.

PCR was then used to amplify with the primers Short-X-rev, MP-
fw and MP-rev, under conditions of 94 ◦C for 2 min, then 35 cycles
of 94 ◦C for 15 s, 58 ◦C for 5 s and 72 ◦C for 15 s. Synthetic RNA-
oligonucleotides siN1 were used for the positive control of assays.
The positive control assay was performed by RT of 50 ng of the
synthetic siN1 mixture with 50 ng RNA from PK-15 cells present,
and RNA from PK-15 cells as negative control. 5S rRNA were chosen
as a housekeeping gene with primers 5S rRNA-fw and 5S rRNA-
rev (shown in Table 2). The method has been described previously
(Sharbati-Tehrani et al., 2008). The PCR products were detected by
15% polyacrylamide gel electrophoresis.

2.8. Statistical analysis

All numerical parameters, including genome copies and viral
titers, are expressed as means ± standard deviations. Student’s t
test was used for the analysis of numeric parameters (SPSS 13.0 for
Windows, SPCC Inc.). All differences were considered significant at
P values of <0.01.

3. Results

3.1. Examination of siRNA effect by IFA

To study the inhibitory effects of RNA interference on CSFV
replication, the level of viral antigen produced in siRNA stably
expressing cells was examined by IFA using anti-CSFV serum after
viral infection. At 72 h post-CSFV infection, most siC stably express-
ing cells exhibited bright green fluorescence in the cytoplasm,
indicating that most cells in the control were producing virus
(Fig. 1). By contrast, only few cell stably expressing siN1, siN2
or siS11 displayed green fluorescence, indicating that most were
effectively protected by the siRNA and resisted viral infection. With
increasing time the level of viral antigen increased, but to a lower
level than the control.

3.2. Examination of siRNA effect by real-time RT-PCR

To quantitate the effect of siRNA on viral replication, the viral
genome copy number was determined by real-time PCR, using
serially diluted plasmid pT-5′-UTR as a standard. The R2 value of
the standard curve was 0.99 and the average amplification effi-
ciency E was 0.990, calculated from the formula E = 10−1/slope − 1.
These data indicate that the real-time PCR was highly reliable in
the assay, and sequencing showed that the fragment amplified was

the expected part of 5′-UTR gene, thereby demonstrating the speci-
ficity and reliability of the analysis. As shown in Fig. 2, at 48 h and
60 h post-viral infection, the copy number of the viral genome per
ng total RNA calculated from the standard curve was 3.93 × 104,
5.33 × 104 copies/ng of the viral genome in the total RNA from siC
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ig. 1. Inhibition of CSFV replication by the siRNAs at 72 h post-CSFV infection. (A)
xpressing cell clone without CSFV infection). (C) siN1 (siN1 stably expressing cell cl
E) siS11 (siS11 stably expressing cell clone with CSFV infection). (F) siN2 (120 h po

tably expressing cells, followed by a gradual decrease in titer from
2 to 120 h post-infection. At 48 h post-infection, the copy num-
ers were 2.10 × 102, 2.62 × 102, 1.93 × 103/ng in siN1, siN2 and
iS11 stably expressing cells, respectively, corresponding to 186,
49 and 19-fold reductions. With increasing time the copy num-
ers of the viral genome increased, but at 120 h post-infection were
till 2–15-fold lower than in siC stably expressing cells.

.3. Examination of siRNA effect by infectious virus assay

The TCID50 assay was performed to examine the effect of siRNA
n production of viable virus. Fig. 3 shows that titers of CSFV
eached 104.33, 104.50, 104.58 TCID50/mL at 48 h, 60 h and 72 h
ost-infection, respectively in siC stably expressing cells, before
radual decreasing. In contrast, titers at 48 h post-infection were
02.58, 102.17 and 102.97 TCID50/mL in siN1-, siN2- and siC-stable
xpression cells, corresponding to 55-, 143- and 23-fold reduc-
ions, respectively. Titers at 60 h post-infection were 103.42, 103.42

nd 103.33 TCID50/mL in siN1-, siN2- and siC-stable expression

ells, respectively, corresponding to 12.02, 12.02 and 17.49-fold
eductions. The data indicate that the siRNAs markedly inhibited
nfectious virus production, but with increasing time the level of
nhibition decreased.

ig. 2. Genomic replication kinetics of CSFV in siRNA stably expressing PK-15 cells.
he CSFV genome copy numbers are the means of three repeat experiments. *P < 0.01
s. siC stably expressing PK-15 cells.
C stably expressing cell clone with CSFV infection). (B) Negative control (siC stably
ith CSFV infection). (D) siN2 (siN2-stably expressing cell clone with CSFV infection).
ction).

3.4. Examination of siRNA gene integration analysis

Amplification of template genomes DNA of siRNA stably
expressed cells with the nested-PCR primers resulted in ampli-
fied products corresponding to those of the predicted size: 450
(outer set) and 310 (inner set) bp. The PCR inner set products
were sequenced, and their identities confirmed as H1-(siRNAs).
Products amplified from passages 5 and 15 were identical. These
results confirm that siRNAs were stably integrated into the target
cell genomes.

3.5. Examination of siRNA expression analysis

RT-PCR was used to test for expression of siRNA. Two siRNAs
(siN1 and siN2) and a positive control were amplified, and the prod-
ucts of each were the predicted size (82 bp; Fig. 4) but siS11 failed
to produce an amplification product (data not shown). Expression
of the 5S rRNA gene was determined as a housekeeping gene, with a

product size of 93 bp (Fig. 4). The results indicate that siRNAs were
expressed in siN1- and siN2-stably expressing cells.

Fig. 3. Viable viral production in three siRNA stably expressing PK-15 cell clones.
TCID50 are the means of three repeat titrations at the time points indicated. *P < 0.01
vs. siC stably expressing PK-15 cells.
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be combined use of different replication-competent retroviral vec-
ig. 4. Detection of siRNAs expression in siRNA stably expressing PK-15 cell clones
y RT-PCR.

. Discussion

SiRNAs can be introduced into mammalian cells by various
eans. First, cells can be transfected with chemically synthesized

iRNAs or in vitro-transcribed siRNAs (Elbashir et al., 2001; Xu et
l., 2008). This can achieve effective and very rapid silencing of a
arget gene, although limited to cells that can be transfected at high
ates and the effects are transient. To circumvent the latter prob-
em, so-called short hairpin RNAs (shRNAs) can be expressed from
tably transfected plasmids (Kapadia et al., 2003). Like miRNA pre-
ursors, shRNAs form hairpin structures, which are cleaved by Dicer
o produce siRNAs. However, the generation of shRNA-expressing
ell lines are time-consuming. An alternative way to achieve sta-
le integration of shRNA expression cassettes into the genome of
ells is delivery via retroviruses (Schuck et al., 2004). Their pro-
uction is fast and simple. If expression of shRNAs is combined
ith expression of a selectable marker, populations in which every

ell contains at least one active copy of the retroviral genome can
eadily be obtained. This study has demonstrated the use of retro-
iral vector-based RNAi against CSFV, a major pathogen of pigs.
hree different siRNA gene constructs, delivered via a replication-
ompetent retroviral vector, successfully reduced viral replication
sing targets in viral genes Npro and NS4A, two key genes involved

n CSFV replication. The results showed that these siRNAs were sta-
ly integrated into, and expressed in PK-15 cells and were capable
f significantly inhibiting viral genomic RNA replication.

The CSFV genome contains a single large ORF encoding a
olyprotein (Meyers et al., 1989). Since Npro is the ultimate N-
erminal protease involved in the polyprotein processing, the
inding of siRNA to Npro mRNA likely interfered with the trans-

ation and the subsequent processing of the viral polyprotein,
hereby resulting in significant inhibition of the viral replication.

oreover, there are studies showing that it is essential that the
equence downstream of the internal ribosome entry site within
he starting region of CSFV mRNA should be single-stranded for
igh efficiency translation (Ruggli et al., 1996; Wilson et al., 2003).
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). NS4A is an indispens-
ble cofactor of uncleaved NS2-3 in the formation of infectious
articles, with the N-terminus of NS3 having serine protease activ-

ty (Moulin et al., 2007). That uncleaved NS2-3 recruited for virion
ssembly does not require the enzymatic activity of NS3 essential
or RNA replication further supports the hypothesis that NS2-3 and
S3, each in association with NS4A, have independent functions in

he CSFV life cycle. Based on this knowledge, satisfactory RNA inter-
erence results were obtained by siRNAs generated against both key
enes, although no research studying the effect of RNAi on the NS4A
ene has been done before.

This study has demonstrated the use of retroviral vector-
ediated RNAi against CSFV in PK-15 cells. Standard molecular
loning techniques were employed for the construction and gener-
tion of 3 different siRNA retroviruses, corresponding to different
egions of the CSFV genome: Npro and NS4A. The retroviruses
nfected PK-15 cells, and expression of siRNAs was combined with
ethods 169 (2010) 316–321

expression of a selectable marker. SiRNA stably expressing cell
clones were obtained in which every cell clone contained at least
one active copy of siRNA. Knowledge of the kinetics of CSFV repli-
cation in cultured cells is critical for determination of the sampling
points for estimation of siRNA effect in cells. Hence, the replication
kinetics of CSFV strain Shimen in PK-15 cells was studied by IFA and
TCID50 assay prior to siRNA transfection, with results showing that
the proliferation of virus peaked at 48-72 h post-infection (Xu et
al., 2008). Based on this consideration, viral growth in siRNA stable
expression cells was determined after 48 h post-infection.

Silencing of CSFV gene expression induced in siRNA stably
expressing cells is time-dependent. As shown in Fig. 3, significant
elevations in virus titers seen at 120 h post-infection of siRNA stably
expressing cells indicates that the effects of these siRNAs dimin-
ished after 96 h post-infection. Only a few cells were infected in
siRNA stably expressing cells at 72 h post-infection, and at 120 h
exhibited 45% fluorescence in siN2 stably expressing cells. When
siRNA-expressing cells with CSFV infection were passaged at 72 h
post-infection, almost all cells were infected at the second passage
(data not shown). In order to study further the siRNA effect, the
replication kinetics of CSFV was studied by real-time RT-PCR, and
results showed that there was effective inhibition of virus replica-
tion. The RT-PCR used in this study showed that specific siRNAs
were detected easily in siRNA stably expressing cells, suggest-
ing efficiency and specificity of siRNA expression in siRNA stably
expressing cells. For siS11, there was no detection of expression,
yet it displayed a significant inhibition although it was not as effi-
cient as siN1 or siN2. Considering that siS11 was below detection
level, one could argue that the siS11 construct may be actually more
effective than the two siN constructs.

Since RNAi is highly sequence-specific and it requires the tar-
get and targeting sequences to have 100% identity. Pestiviruses
are genetically variable. The overall interspecies sequence identity
within the genus is less than 70%, and sequence identity within
a species varies from 75% to 100%. This genetic variety makes it
impossible to design a siRNA able to cross-inhibit 3 species and
very difficult to design one able to inhibit all isolates within the
species. In order to evaluate the cross-inhibitory capabilities of
our siRNAs, multiple alignments of Npro and NS4A sequences of
CSFV strains were conducted based on their availability in GenBank.
Results showed that siN1, siN2 and siS11 could cover 71% (20/28),
60% (17/28) and 79% (22/28) of CSFV strains, respectively (data not
shown), indicating that additional efforts should be undertaken to
screen siRNAs with the widest cross-inhibitory effects on a range
of CSFV strains.

Therapy of animal viral infections is still an interesting concept,
although eradication is the worldwide policy, especially in devel-
oped countries, to prevent outbreaks of infectious diseases. Some
studies so far have clearly shown a prolonged inhibition by siRNA;
for example, retroviral mediated suppression of HIV transcription
by a single siRNA has been observed for 1 year in a susceptible HeLa
cell line (Yamagishi et al., 2009). This study has demonstrated that
retroviral vector-mediated RNAi has potential for the treatment
of CSFV infection. This method may not inhibit completely viral
growth, but it merits further animal study to define its real thera-
peutic potential, and a replication-competent retroviral vector with
siRNA in its genome can be used directly for treatment. Addition-
ally, the combined use of different siRNAs might improve further
the effect, and the siRNAs might be delivered to animals via trans-
genics (McGrew et al., 2004), or as a part of a vaccine potentially to
create virus-resistant animal populations. The effect of siRNA can
tors with siRNAs, and by repeated application. This concept might
help reduce viral transmission during the immunity gap between
vaccination and the onset of protection, thereby gaining precious
time for bringing outbreaks under control.
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