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bstract

Porcine reproductive and respiratory syndrome (PRRS) is an economically important disease in swine-producing areas of the world. Many vaccine
trategies developed to control the disease are not yet completely successful. The objective of this study was to determine if RNA interference
RNAi) could be utilized to inhibit PRRSV replication on MARC-145 cells. Four short interfering RNA (siRNA) sequences (N95, N179, N218
nd N294) directed against a well-conserved region of PRRSV genome ORF7 gene were selected. Sense and antisense siRNA encode sequences
eparated by a hairpin loop sequence were designed as short hairpin RNA (shRNA) expression cassettes driven by mouse U6 promoter. Using
polymerase chain reaction (PCR)-based approach, shRNAs were generated from shRNA expression cassettes. The PCR products were cloned

nto pEGFP-N1 vector and shRNA expression vectors were constructed. When MARC-145 cells were transfected with shRNA expression vectors
nd then infected with PRRSV, N179 was found to be the most effective inhibition site in decreasing cytopathic effect (CPE) induced by PRRSV.

estern blot, indirect immunofluorescence and fluorescence quantitative PCR (FQ-PCR) confirmed that the expression of ORF7 was reduced

oth at protein and RNA levels comparing to controls. The results presented here indicated that DNA-based siRNA could effectively inhibit the
eplication of PRRS virus (approximately 681-fold reduction of viral titers) on MARC-145 cells.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is
haracterized by respiratory disorders in young pigs and repro-
uctive failure in sows. It is widespread in most major pig-
roducing areas throughout the world and is one of the most
mportant causes of economic loss to the swine industry (Collins
t al., 1992; Pejsak and Markowska-Daniel, 1997; Wensvoort,
993). This disease is due to the infection caused by porcine
eproductive and respiratory syndrome virus (PRRSV), which
s classified as a member of the order of Nidovirales, family
rteriviridae, genus Arterivirus (Cavanagh, 1997; Meulenberg
t al., 1993b). PRRSV has an approximately 15 kb single-

tranded polyadenylated RNA genome that encodes at least nine
artially overlapping open reading frames (ORFs). ORFs1a and
b occupy more than two-thirds of the genome and encode the

∗ Corresponding author. Tel.: +86 451 82734181; fax: +86 451 82734181.
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iral RNA polymerase. ORFs 2–7 are located at the 3′-end
f the genome and produced as a 3′-coterminal nested set of
ubgenomic mRNA during replication and encode the structural
roteins (Meulenberg et al., 1993a; Snijder et al., 1999; Wu et
l., 2001). ORF7 encodes the nucleocapsid protein N which con-
titutes about 20–40% of the total protein content of the virion
nd is essential during the assembly and disassembly of virion
Bautista et al., 1996; Mardassi et al., 1994; Nelson et al., 1993;
erheije et al., 2001).

RNA interference (RNAi) is a conserved gene silencing
echanism that recognizes double-stranded RNA as a signal to

rigger the sequence-specific degradation of homologous mRNA
Sharp and Zamore, 2000). At the heart of the pathway are
wo ribonuclease machines. The ribonuclease III enzyme Dicer
nitiates the RNAi pathway by generating the active short inter-
ering RNA trigger. Silencing is effected by the RNA-induced

ilencing complex and its RNase H core enzyme Argonaute
Elbashir et al., 2001; Hammond, 2005). In mammalian cells,
NAi can be triggered by chemically or enzymatically syn-

hesized 21–25 nt long RNA duplexes (Elbashir et al., 2001;

mailto:gztong@hvri.ac.cn
dx.doi.org/10.1016/j.antiviral.2006.04.013
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ohail et al., 2003). As the effect of short interfering RNAs
siRNAs) is generally transient in transfected animal cells, small
NA expression vectors have been developed to induce long-

asting RNA silencing in mammalian cells (Brummelkamp et
l., 2002b; Pinkenburg et al., 2004; Rubinson et al., 2003; Zhao
t al., 2003). These vectors use RNA polymerase III promoters
o direct the synthesis of short hairpin RNA (shRNA) molecules,
hich are processed intracellularly into siRNA-like molecules.
ector-produced shRNA molecules are as effective as siRNAs

hat are generated in vitro in inhibiting gene expression. Hairpin
xpression vectors have been used to induce gene silencing in
numbers of studies on viruses (Brummelkamp et al., 2002a;
rummelkamp et al., 2002b; McCaffrey et al., 2003; Miyagishi
nd Taira, 2002; Paddison et al., 2004; Paul et al., 2002). In
he interest of exploiting improved methods to control PRRS,
e have hypothesized that RNAi may provide effective pro-

ection against PRRSV. Here we apply a vector-based siRNA
echnology to inhibit the replication of PRRSV on MARC-145
ells.

. Materials and methods

.1. Selection of target sequences and construction of
hRNA expression cassette

The plasmid pBS-U6 (a gift of Dr. Guangchao Sui, Har-
ard Medical School) was used as a template for polymerase
hain reaction (PCR) amplification of the mouse U6 pro-
oter (−315 to +1) (Sui et al., 2002). Four 19 nt siRNAs

N95, N179, N218 and N294) from four different regions of
he ORF7 gene (GenBank accession number AY032626) were
elected using the siRNA “Target Finder and Design Tool” avail-
ble at http://www.ambion.com/ (Fig. 1A). Specificity of these

equences was verified by BLAST search. Additionally, a non-
pecific siRNA sequence was designed to examine inhibitory
pecificity. Using a PCR-based strategy, shRNA expression cas-
ettes were designed. In this strategy, a universal forward primer

t
1
m
t

ig. 1. Target small interference RNAs (siRNAs) and polymerase chain reaction (P
enomic structure of porcine reproductive and respiratory syndrome virus (PRRSV

trategy for shRNA expression cassettes. For forward primer arrow, grey section rep
coO109I site. For reverse primer arrow, grey section represents sequences comp
denosines and EcoO109I site.
arch 74 (2007) 83–91

hat is complementary to the 5′-end of the mouse U6 promoter is
sed. The reverse primers harbor 19 nt sequence complementary
o the 3′-end of the promoter, the sense and antisense sequence
f siRNA, a loop sequence, five adenosines and the restriction
nzyme sites sequence (Fig. 1B). The resulting PCR products
re shRNA expression cassettes under the control of mouse U6
romoter. To facilitate optional cloning of the PCR expression
assette into vectors, the EcoO109I restriction site sequences
ere designed in both the forward and reverse primers. The
nt loop sequence (Brummelkamp et al., 2002b) was com-
on to all of the hairpins. All primers were synthesized by
angon (Shanghai, China). The resulting PCR products were
igested with EcoO109I and cloned into the pEGFP-N1 vec-
or (BD Biosciences Clontech, Palo Alto, USA). The recom-
inant plasmids, pEN95-shRNA, pEN179-shRNA, pEN218-
hRNA, pEN294-shRNA and nonspecific control pEC-shRNA,
ere sequenced for verification. Plasmids used for transfec-

ion were purified with the Wizard PurefectionTM Plasmid
NA Purification System (Promega, Madison, WI, USA) and
uantified by Eppendorf Biophotometer. The Forward primer
as: 5′-AGTGAGGTCCTGATCCGACGCCGCCATCTCTA-
′. Reverse primers are listed in Table 1.

.2. Cell culture, transfection and virus infection

The PRRSV permissive cell line, MARC-145, a monkey
idney cell line, maintained in Harbin Veterinary Research Insti-
ute, China, was grown in Dulbecco’s modified Eagle’s medium
DMEM, Invitrogen, Inc., San Diego, CA, USA) containing 10%
eat-inactivated fetal bovine serum (FBS), 170 mM penicillin
nd 40 mM streptomycin. The cultures were maintained in a 5%
O2 humidified incubator at 37 ◦C. The cells were trypsinized
nd plated in 12-well plates at 105 cells per well 16 h before

ransfection. For transfection, we used 1 �g of each plasmid in
00 �l of OPTI-MEM medium (Gibco BRL, Gaithersburg, MD)
ixed with lipofectamine 2000 (Invitrogen, Inc.) according to

he manufacturer’s instructions and all 12-well plates were with

CR)-based strategy for short hairpin RNA (shRNA) expression cassettes. (A)
) and position of target siRNAs: N95, N179, N218 and N294. (B) PCR-based
resents sequences according to mouse U6 promoter, black section represents

lement to mouse U6 promoter and black section represents hairpin and five

http://www.ambion.com/


Y.-x. He et al. / Antiviral Research 74 (2007) 83–91 85

Table 1
Sequences of siRNA and reverse primers

Downstream primers siRNA sequence and reverse primers

U6P2-
N95

5′-GACAG′GACCTAAAAACAAAACCAGTCCAGAGGCA
tctcttgaaTGCCTCTGGACTGGTTTTGAAACAAGGCTTTTCTCCAA-3′

U6P2-
N179

5′-GACAG′GACCTAAAAAGATGACGTCAGGCATCACT
tctcttgaaAGTGATGCCTGACGTCATCAAACAAGGCTTTTCTCCAA-3′

U6P2-
N218

5′-GACAG′GACCTAAAAATTGTGTCTGTCGTCGATCC
tctcttgaaGGATCGACGACAGACACAAAAACAAGGCTTTTCTCCAA-3′

U6P2-
N294

5′-GACAG′GACCTAAAAAGTTACACTGTGGAGTTTAG
tctcttgaaCTAAACTCCACAGTGTAACAAACAAGGCTTTTCTCCAA-3′

U6P2-
c

5′-GACAG′GACCTAAAAAGACCTTGATCCGTCTTACC
AGAC
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mRNAs in samples were quantified by comparison with a stan-
dard curve derived from known amounts plasmids of target
gene. Relative amount of interesting mRNA were normalized
to �-actin mRNA. Amplification and detection of samples were

Table 2
Taqman primers and probes

Gene name Sequence

�-Actin
Actin-F 5′-TGACTGACTACCTCATGAAGATCC-3′
Actin-R 5′-TCTCCTTAATGTCACGCACGATT-3′
Actin-Taq Man 5′-(FAM)-CGGCTACAGCTTCACCACCACGGC-

(Eclipse)-3′

ORF7
ORF7-F 5′-CCTCTAGCGACCGAAGATGAC-3′
ORF7-R 5′-CCCTGGTTAAAGGCAGTCTGG-3′
ORF7-Taq Man 5′-(ROX)-CGACGACAGACACAATTGCCGCTCA-

(Eclipse)-3′

GFP
ontrol tctcttgaaGGTA

coO109I site are underlined. Sense and antisense siRNA sequences are bolded

ml medium per well. This concentration was determined to be
ptimal in preliminary experimentation. Specificity of the inhi-
ition was confirmed by transfecting the cultures with pEGFP-
1 empty vector and the nonspecific vector pEC-shRNA. Four
ours post-transfection, the cells were infected with PRRSV
H-1a isolate (Guo et al., 1996) at a multiplicity of infection

MOI) of 0.01. The cultures were then incubated at 37 ◦C, 5%
O2 in a humidified incubator for 1 h, at which point the culture
edium was replaced with fresh DMEM containing 4% FBS. To

etermine transfection efficiency, we monitored the GFP fluo-
escence intensity of transfected cells on an inverted fluorescent
icroscope before Western blot and fluorescence quantitative
CR (FQ-PCR) analysis. Culture supernatants were collected
or virus titration.

.3. Virus titration

MARC-145 cells were seeded into 96-well microtitre plates 1
ay before infection. Supernatant samples obtained above were
0-fold serially diluted and added to wells, 100 �l per well in
riplicate. Five days after infection, the 50% cell culture infec-
ious dose (CCID50) was calculated by the Spearman–Karber

ethod (Kaerber, 1931).

.4. Indirect immunofluorescece

Sixty hours after infection, cells grown in 12-well plates were
rypsinized. Following three washes in PBS (137 mM NaCl,
mM Na2HPO4, 1.5 mM KH2PO4, 2.7 mM KCl, pH 7.4), cells
ere pelleted by low-speed centrifugation at 1500 rpm for 1 min

o remove the supernatant. Cells were resuspended in PBS and
dded drop-wise onto slides and fixed with cool acetone for
0 min. After washing for three times with PBS, the fixed sam-
les were incubated with monoclonal antibody (MAb) directed
gainst the N protein (Zhou et al., 2005) of PRRSV CH-1a iso-
ate for 1 h at 37 ◦C. Cells were washed three times and then
ncubated with fluorescein isothiocyanate (FITC)-conjugated
oat anti-mouse IgG (H + L) (Sigma-Aldrich, St. Louis, MO,

SA) at a dilution of 1:100, for 1 h at 37 ◦C. After three PBS
ashes and one additional wash with deionized H2O, slides
ere mounted with coverslips and analyzed by fluorescence
icroscopy (Leica, HC).
GGATCAAGGTCAAACAAGGCTTTTCTCCAA-3′

se strands are italicized). The lower-case characters are loop sequences.

.5. Reverse transcription and FQ-PCR analysis

The sequences of Taq-Man probes and primers are listed in
able 2 (synthesized by Takara, Dalian, China). MARC-145
ells were transfected with or without shRNA expression vec-
ors. Four hours later, cultures were infected with PRRSV. Sixty
ours post-infection, the culture medium was removed and the
ells were harvested for total RNA isolation using the RNeasy
ini kit (Qiagen Inc., Valencia, CA, USA). Small amounts of

ontamination DNA were removed with the RNase-Free DNase
et (Qiagen Inc.) according to the manufacturer’s recommen-
ations. Reverse transcription was carried out according to the
akara reverse transcription reaction protocol in a volume of
0 �l at 42 ◦C for 1 h. One microliter of reverse transcription
eaction mixture was used for FQ-PCR by using gene-specific
rimers, probes and TaqMan universal PCR master mixture
Takara). All reactions were done in a 25 �l reaction volume.
he reaction was then performed at 95 ◦C for 10 min, followed
y 40 cycles at 95 ◦C for 15 s and 60 ◦C for 45 s. The target
GFP-F 5′-AAGATCCGCCACAACATCGAG-3′
GFP-R 5′-GGACTGGGTGCTCAGGTAGT-3′
GFP-Taq Man 5′-(ROX)-TGCAGCTCGCCGACCACTACCAG-

(Eclipse)-3′
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erformed with the Rotor-gene 3000 detection system (Gene
ompany Limited).

.6. Western blotting

MARC-145 cells transfected with shRNA expression vec-
ors were collected and lysed in 2× SDS sample buffer. Proteins
ere analyzed by 12% sodium dodecyl–sulfate polyacrylamide
el electropheresis (SDS–PAGE) and transferred onto nitro-
ellulose membrane, blocked by 10% skim milk, and probed
ith anti-N protein MAb. To normalize protein loading, the
embranes were simultaneously incubated with anti-GAPDH
Ab (Sigma-Aldrich). As secondary antibody, a horseradish

eroxidase-conjugated goat anti-mouse immunoglobulin G anti-
ody (Sigma-Aldrich) was used at a dilution of 1:5000.
mmunoblots were examined using supersignal west pico chemi-
uminescence substrate according to the manufacturer’s instruc-
ion (Pierce, Rockford, IL, USA) and filter memberanes were
xposed to Kodak X-OMAT X-ray film.

. Results

.1. Inhibition of CPE

To investigate whether RNAi could protect MARC-145 cells
rom cytopathic effect (CPE) induced by PRRSV, MARC-
45 cells were transfected by plasmids expressing N protein-
argeted shRNAs (pEN95-shRNA, pEN179-shRNA, pEN218-
hRNA and pEN294-shRNA), respectively. As a control for

onspecific inhibition, pEGFP-N1 empty vector and nonspe-
ific shRNA expression vector pEC-shRNA were transfected in
arallel. To determine transfection efficiency, we monitored the
FP fluorescence intensity of transfected cells on an inverted flu-

t
a
c
s

ig. 2. Cytopathic effect (CPE) analysis of porcine reproductive and respiratory synd
ectors (1 �g each). (A)–(F) representation of cells transfected with pEN95-shRNA,
ector (pEGFP-N1). (G) and (H) represented mock-transfected and untreated cells, r
ultiplicity of infection (MOI) of 0.01. Pictures were taken at 60 h post-infection wit
arch 74 (2007) 83–91

rescent microscope (approximately 40%, data not shown). Four
ours post-transfection, the cultures were infected with PRRSV.
PE were observed daily. Sixty hours later, we found that
ells pre-transfected with pEN179-shRNA manifested overtly
ess CPE. Other shRNA-treated cells (A, C, D and E) and
he empty vector control (F) demonstrated the same typical
RRSV-induced CPE as cells infected only with virus (G), which
ecame pycnotic and detached from the monolayer, as shown
n Fig. 2.

.2. Indirect immunofluorescence assay

To investigate the effect of shRNA-expressing vectors in
nhibiting the expression of N protein, indirect immunofluores-
ence assay was performed with anti-N protein MAb at 60 h
ost-infection. Indeed, overtly less fluorescing cells were seen
n the monolayers pretreated with pEN179-shRNA than in the
ther monolayers. In contrast, the infected cells in wells pre-
ransfected with pEN95-shRNA, pEN218-shRNA and pEN294-
hRNA had equivalent or slightly less N protein-positive cells
ompared to that of controls (Fig. 3). In addition, no fluorescing
ells were seen in the empty vector transfected MARC-145 cells
ith anti-N protein-specific MAb (data not shown).

.3. Western blotting analysis

The N protein is a small protein with an approximate molec-
lar mass of 15 kDa. To further analyze the suppression effect of
EN179-shRNA on protein level, MARC-145 cells were transf-

ected with 1 �g pEN179-shRNA and then infected with PRRSV
t an MOI of 0.01. Sixty hours post-infection, the cells were
ollected to assay by Western blot. Only infected cells were
hown to express the expected 15 kDa protein-N band by anti-

rome virus (PRRSV) on MARC-145 cells transfected with shRNA-expressing
pEN179-shRNA, pEN218-shRNA, pEN294-shRNA, pEC-shRNA and empty

espectively. Except (H), all cells were infected with PRRSV CH-1a isolate at a
h a Nikon E5400 camera mounted on an inverted microscope (Nikon TS100).
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Fig. 3. Indirect immunofluorescence detection of porcine reproductive and respiratory syndrome virus (PRRSV) on MARC-145 cells previously transfected with
or without short hairpin RNA (shRNA)-expressing vectors. Cells were transfected with shRNA-expressing vectors (1 �g each) in a 12-well plate. Sixty hours
post-infection (MOI = 0.01), cells were reacted against anti-N monoclonal antibody (MAb) and then incubated with fluoresce in isothiocyanate (FITC) conjugated
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econdary antibody. The second antibody was diluted with PBS containing Ev
ellow color means negative cells. Fluorescence microscopy data was processe

MAb. Lysates from cells transfected with the pEC-shRNA
howed a similar pattern of reactivity. In contrast, in cells that
ere previously transfected with pEN179-shRNA, only a faint
and could be seen. Normal cells showed no 15 kDa protein-N
and (Fig. 4A). To investigate whether the inhibitory effect of
EN179-shRNA was dose-dependent, MARC-145 cells were
ransfected with 0.4, 0.8, 1.5 and 2.0 �g of this vector. Sub-
equently, the cells were infected with PRRSV and the whole
ell lysates were examined by Western blot. The results showed
hat the silencing effect of pEN179-shRNA was dose-dependent
Fig. 4B).

.4. Fluorescence quantitative PCR analysis
To measure the level of gene suppression accurately, FQ-
CR primers and Taqman probes directing to ORF7 were
esigned. We also designed probes and primers directed to

2
�
N
o

lue. The bright green color means N protein-positive MARC-145 cells. Dark
g the Adobe Photoshop software.

GFP (to monitor the equality of transfection efficiency) and
-actin sequence (serve as internal reference). When normal-

zed for loading differences using the �-actin mRNA, the ORF7
essage in the cells transfected with pEN95-shRNA, pEN179-

hRNA, pEN218-shRNA and pEN294-shRNA were reduced
y 49, 96, 42 and 51% (ORF7 message copies ratios of cells
ransfected with shRNA expression vectors/cells transfected
ith empty vector) (Fig. 5A). There was no significant inhi-
ition in cells transfected with the empty vector and nonspe-
ific shRNA expression vector pEC-shRNA. mRNA levels of
GFP (average EGFP mRNA levels in cells treated with pEN95-
hRNA, pEN179-shRNA, pEN218-shRNA, pEN294-shRNA,
EC-shRNA and empty vector were 1.78E + 07, 1.21E + 07,

.60E + 07, 8.15E + 06, 8.00E + 06, 2.34E + 07, respectively) or
-actin (average �-actin mRNA levels in cells treated with
95, N179, N218, N294, pEC-shRNA, empty vector, infected
nly and normal cells were 1.64E + 08, 1.91E + 08, 1.45E + 08,
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Fig. 4. Western blot analysis of gene suppression in protein level. Whole-
cell extracts of shRNA-transfected cells were prepared 60 h post-infection
(MOI = 0.01), separated on 12% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE). Glyceraldehyde phosphate dehydrogenase
(GAPDH) protein served as loading control. (A) Reduction of N protein levels
by pEN179-shRNA (1 �g/ml). (B) Dose-dependent inhibitory effect in reduc-
tion of N protein levels by pEN179-shRNA. At here, 0.4, 0.8, 1.5 and 2.0 �g
pEN179-shRNA were used in 12-well plate with 1 ml medium per well. Data
a
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Fig. 5. N-specific small interference RNA (siRNA) inhibits the accumulation
of ORF7 message. MARC-145 cells were transfected with variant short hair-
pin RNA (shRNA)-expressing vectors and then infected with PRRSV at an
MOI of 0.01. Sixty hours post-infection, total RNA was extracted and subjected
to fluorescence quantitative PCR analysis. pEC-shRNA-transfected cells and
mock-transfected cells were used as controls. The mRNA of beta actin served
as an internal reference. The mRNA of green fluorescein protein (GFP) was
used to monitor transfection level. (A) Black bars indicate normalized shRNA+

(cells transfected with shRNA expression vectors)/shRNA− (cells transfected
with empty vector) ORF7 message copies ratios; white bars indicate normal-
ized shRNA+ (cells transfected with shRNA expression vectors)/shRNA− (cells
transfected with empty vector) GFP message copies ratios. (B) Dose-dependent
inhibitory effect of shRNA expression vector. Black bars indicate normalized
shRNA+ (cells transfected with different concentration of N179-shRNA expres-
sion vectors)/shRNA− (cells transfected with empty vector) ORF7 message
c
t

4

g
p
m
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t
t

re from a representative experiment and were processed using the Adobe Pho-
oshop software.

.12E + 08, 5.1E + 08, 7.0E + 08, 1.22E + 08, 2.80E + 08, respec-
ively) suggested that the reductions in ORF7 message did not
esult from poor transfection, nonspecific inhibition or toxic-
ty, because the average mRNA levels of �-actin and EGFP for
xperimental cells were not significantly reduced compared to
he control cells. In addition, the suppressive effect was found
o be gene-specific, because the inhibitory effect of empty vec-
or and nonspecific shRNA expression vector pEC-shRNA were
egligible. The RNA message of ORF7 in MARC-145 cells
ransfected with 0.4, 0.8, 1.5 and 2.0 �g of pEN179-shRNA
ere monitored by FQ-PCR. Fig. 5B shows that at high con-

entrations (2.0 �g pEN179-shRNA in 1 ml medium) mRNA of
RF7 gene was inhibited by 98%, whilst in the low concentra-

ion (0.4 �g pEN179-shRNA in 1 ml medium) mRNA of ORF7
ene was inhibited by 58%, according to Bliss’s method, the
0% effective concentration (EC50) for pEN179-shRNA was
pproximately 0.34 �g/ml.

.5. Interference of PRRSV replication by shRNA
xpression vector

The ability of shRNA to inhibit PRRSV replication was deter-
ined by titrating the media from the infected cells which had

een pre-transfected with shRNA expression vectors. We found

hat the virus titer of pEN179-shRNA pre-transfected MARC-
45 cells was 681-fold lower than that of empty vector controls
Fig. 6). In contrast, transfection with pEN95-shRNA, pEN218-
hRNA and pEN294-shRNA reduced the virus titres at 18-, 4-
nd 11-folds, respectively.

e
e
2
m
s

opies ratios. The data shown represent average from three experiments with
he standard deviations indicated by error bars.

. Discussion

RNAi is a process of sequence-specific, post-transcriptional
ene silencing that is initiated by double stranded RNA. In
lants, it is a natural antiviral defense mechanism. In mam-
alian cells, however, dsRNAs longer than 30 nt activate an

ntiviral defense leading to the nonspecific degradation of RNA
ranscripts and a general shutdown of host-cell protein transla-
ion (Baglioni and Nilsen, 1983). But 21–23 nt dsRNA is short
nough to evade the adverse effects of long dsRNAs and is long
nough to mediate gene-specific suppression (Elbashir et al.,

001; Huelsmann et al., 2005). The successful use of siRNA in
ammalian cells encouraged the development of siRNA expres-

ion vector (Miyagishi and Taira, 2002) and many studies have
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Fig. 6. siRNAs interfere with porcine reproductive and respiratory syndrome
virus (PRRSV) production on MARC-145 cells. Supernatants collected from
60 h PRRSV infected cells were serially diluted 10-fold and dispensed into a 96-
well plate in triplicate. Five days post-infection, the 50% cell culture infectious
dose (CCID50) values were calculated by the Spearman–Karber method. Virus
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iters are given as CCID50/ml (the titers on y-axis are shown as scientific notation
alues). The data shown represents the mean of three experiments, with standard
eviations indicated by error bars. The titers on y-axis are shown as logarithmic
alues.

emonstrated that DNA-based siRNA is a promising tool for
ntiviral therapy in mammalian. Ge et al. (2004) have shown
hat shRNA transcribed from DNA vectors can reduce virus
eplication in the lungs of mice, demonstrating a therapeu-
ic effect of siRNAs. Chen et al. (2004) injected the plasmids
ncoding foot-and-mouth disease virus (FMDV) VP1-specific
iRNA into suckling mice and demonstrated this treatment
endered mice less susceptible to FMDV and promoted their
urvival. Recently, they demonstrate that adenovirus-mediated
MDV-specific shRNA can significantly reduce the suscep-

ibility of guinea pigs and swine to FMDV infection (Chen
t al., 2006). Carmona et al. (2005) demonstrated Pol III U6
romoter-encoded shRNAs that target conserved sequences of
he oncogenic HBx open reading frame showed knockdown of
BV markers by 80–100% in transfected hepatocytes and also

n a murine hydrodynamic injection model of HBV replication.
everal groups have developed lentiviral vectors to confer long-

erm expression of transgenes and modified delivery method to
mprove RNAi effect, which make RNAi promising in antivirus
herapy (Nishitsuji et al., 2004; Rubinson et al., 2003).

Different siRNA sequences display widely differing effi-
acies, requiring screening of multiple sequences (Holen et
l., 2002; Scherer and Rossi, 2004; Scherer and Rossi, 2003).
resently, there are no reliable methods to select effective siRNA
equences without empirically testing, though several groups
ave proposed a set of guidelines that can narrow the choices
f potential siRNAs (Amarzguioui and Prydz, 2004; Boese
t al., 2005; Reynolds et al., 2004; Santoyo et al., 2005; Ui-
ei et al., 2004). In this study, we have selected four target
equences for RNA interference using the software applica-
ions, “siRNA Target Finder and Design Tool” available at
ttp://www.ambion.com/. As the ORF7 gene is well conserved

n a given type of PRRSV and N protein is the most abundance
rotein in PRRSV virion, we selected ORF7 as a target gene.
n order to generate shRNA expression cassettes quickly and
ccurately, we employed a PCR-based strategy to clone siRNA

s
t
s
P

arch 74 (2007) 83–91 89

equences. In this strategy, siRNA sequences were designed as
single primer sequence onto which 19 nt of sequence comple-
ent to the mouse U6 promoter were added. The resulting PCR

roducts are shRNA expression cassettes including mouse U6
romoter. shRNAs that have been generated from this expres-
ion system are efficiently processed by dicer into siRNAs.
o simplify the cloning process, the EcoO109I restriction site
equences were added to forward and reverse primers (Fig. 1B).

ith this design, we can insert the cassettes to different vectors.
n this study, we selected pEGFP-N1 vector which contains an
GFP gene as report gene and an SV40 origin for replication in
ammalian cells. It has been demonstrated that the 9 nt loop in

airpin RNA is the most effective and the corresponding shRNA-
xpressing vector that is able to knockdown gene expression to
he same extent as that of synthetic siRNA (Brummelkamp et
l., 2002b; Castanotto et al., 2002).

Of these four targets, N179 was found to be highly effective,
hile N95, N294 and N218 displayed weak activity. A potential

xplanation for the failure of these sequences is that the first
ucleotide of N95 and N218 is not guanine (G) while the U6
romoter is known to initiate transcription starting from the first

(Elbashir et al., 2002). Furthermore, according to the guide-
ines reported by Ui-Tei et al. (2004), the 7 bp antisence terminal
uplex regions of highly effective and ineffective siRNAs are AU
ich and GC rich, respectively. With effective siRNAs, the A/U
t the 5′ antisense end of the sequence may possibly be required
ot only for target recognition but also for RISC formation as
ell, which includes siRNA unwinding. The putative siRNA
elicase preferably initiates unwinding of the RNA duplex in an
U-rich terminal region with A/U at its 5′-free end, while RNA
uplex unwinding from the GC-rich terminal region with G/C at
ts 5′-free end is blocked. siRNAs opposite in features with this
onditions bring about little or no gene silencing. When com-
aring our four siRNA sequences to these guidelines, only N179
tringently meets these rules and it is very interesting. In addi-
ion, as we did not use a scrambled sequence of active shRNA
o guarantee the specific effect, we did not rule that the inhibi-
ion was due to nonspecific effects associated with the particular
ases contained in the active shRNA.

MARC-145 cells transfected with pEN95-shRNA, pEN179-
hRNA, pEN218-shRNA, pEN294-shRNA, pEC-shRNA and
ontrols were examined for CPE, indirect immunofluorescence
ssay, FQ-PCR and virus titration. All results demonstrated that
179 site is the most effective RNAi target site.
Blasting N179 sequence in GenBank revealed that there were

6 PRRSV isolates containing identical sequence corresponding
o N179. Sequence analysis revealed that all of the 16 isolates
ere North American type (date not shown). In view of the

equences of the N genes of PRRSV strains from the same geno-
ype, they all share high homology (96–99%). Therefore, N gene
s a good target to suppress PRRSV replication by RNAi.

PRRSV is a positive-stranded RNA virus. It has been reported
hat plus-strand RNA viruses appear to be attractive targets for

iRNAs, as their genome functions as both mRNA and replica-
ion template (Ge et al., 2003; Kanda et al., 2004). Perhaps a
imilar phenomenon is occurring here and the RNA genome of
RRSV is itself a target of this siRNA.

http://www.ambion.com/
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In conclusion, this study demonstrates that vector-based
hRNA methodology can effectively inhibit PRRSV replication
n MARC-145 cells. Further study will be required to determine
hether such treatment could protect against PRRSV infection

n vivo. Still, this work represents a significant advance, poten-
ially facilitating new experimental approaches in the analysis of
oth viral and cellular gene functions in the context of PRRSV
nfection.
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