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bstract

The severe acute respiratory syndrome coronavirus (SARS CoV) genome has 14 potential open reading frames (ORFs). The first ORF is translated
rom the full-length genomic mRNA while the remaining ORFs are translated from eight subgeomic RNAs (sgRNAs). In this study, we designed
mall interference RNAs (siRNAs) targeting sgRNA 2, 3 and 7 and tested their efficiency and specificity in silencing the protein translated from
he targeted sgRNA. Our results demonstrated that siRNA 7 could inhibit sgRNA 7, which showed 19/19 nucleotides (nt) matching, and sgRNA
, which showed 18/19 nt matching; but, it did not inhibit the full-length genomic mRNA which showed 17/19 nt matching. Overall, each of the
iRNAs can inhibit the targeted sgRNA without affecting the full-length genomic mRNA or the other sgRNAs that showed mismatch of two or
ore nt. Thus, siRNA could be designed so as to knockdown the expression of viral protein(s) from a targeted sgRNA during viral infection,

hereby allowing the contribution of individual viral proteins to viral infection to be delineated. When Vero E6 cells expressing siRNA 2, 3 or 7
ere infected with SARS-CoV, a significant reduction in the yield of progeny virus was observed. Indirect immunofluorescence assays showed that
n the infected cells expressing each of the siRNAs, there was aspecific silencing of S, 3a and 7a, respectively, but the expression of nucleocapsid
rotein was not affected. Thus, our data suggests that the accessory proteins, i.e. 3a and 7a, could play an important role during the replication
ycle of the SARS-CoV.

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

A novel coronavirus was identified as the causative agent of
ARS, which affected over 30 countries world wide, and over
000 cases reported with over 800 fatalities (World Health Orga-
ization, http://www.who.int/csr/sars/country/en/). SARS-CoV
s a positive sense RNA virus with a genome about 30 kb and 14
otential open reading frames (ORFs) (Marra et al., 2003; Rota
t al., 2003). SARS-CoV has four structural proteins, spike (S),
embrane, nucleocapsid (N) and envelope, which are common

o all members of the genus coronavirus (Marra et al., 2003; Rota
t al., 2003). The genome contains another nine ORFs, exclud-

ng the four structural proteins and the replicase gene 1a/1b, and
he length of these ORFs varies from 39 to 274 amino acids
Marra et al., 2003; Rota et al., 2003). These accessory proteins

∗ Corresponding author. Tel.: +46 8 457 25 73; fax: +46 8 30 79 57.
E-mail address: Ali.Mirazimi@smi.ki.se (A. Mirazimi).
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re specific for the SARS CoV but their functions are still not
lear (see recent review by Tan et al., 2006).

Like other coronaviruses, SARS-CoV uses a transcrip-
ion attenuation mechanism to synthesize both full-length and
ubgenomic-length negative-strand RNAs which then function
s templates for synthesis of full-length genomic mRNA and
ubgenomic mRNAs (sgRNAs) (Fig. 1). The first ORF is trans-
ated from the full-length genomic mRNA (RNA 1), while the
emaining ORFs are translated from eight sgRNAs (RNA two to
ine) synthesized as a nested set of 3′ co-terminal RNA species in
hich the leader RNA sequences on the 5′ end of the genome are

oined to the body sequences at distinct transcription regulatory
equences containing a highly conserved consensus sequence
CS) (Marra et al., 2003; Rota et al., 2003; Snijder et al., 2003;
hiel et al., 2003; Yount et al., 2003). As illustrated in Fig. 1,
he full-length genomic contains nearly all the sequences found
n any of the sgRNAs, hence it may be expected that siRNA
argeting any of the sgRNAs will also affect the translation of
he full-length genomic mRNA. Indeed, it was recently reported

http://www.who.int/csr/sars/country/en/
mailto:Ali.Mirazimi@smi.ki.se
dx.doi.org/10.1016/j.antiviral.2006.10.008
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Fig. 1. Schematic diagram showing the expression of viral proteins from the severe acute respiratory syndrome coronavirus (SARS-CoV) genome and subgenomic
RNAs. Replicase genes (ORFs 1a and 1b) encode for two large polyproteins, pp1a and pp1ab (white solid boxes). These are expressed from the full-length genomic
mRNA (RNA 1). Expression of the ORF1b gene involves ribosomal frameshifting into the −1 frame just upstream of the ORF1a translation termination codon.
Open reading frames (ORFs) in the last 1/3 of the SARS-CoV genome are translated from eight subgenomic mRNAs (RNA 2 to RNA 9). Four of these encode the
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tructural proteins (checked boxes), spike (S), membrane (M) and envelope (E
ncode for accessory proteins (3a, 3b, 6, 7a, 7b, 8a, 8b and 9b) with no signifi
ave a common leader sequence (represented by �), which is derived from the

hat major replicative inhibition effects of siRNA targeting the
gRNAs may be due to the disruption of the full-length genomic
RNA rather than viral protein knockdown (Zheng et al., 2004).
However, a careful examination of the sgRNAs sequences

evealed that junction between the CS and the other sequences
hat encode the different ORFs shows significant differences
see Table 1). Based on this, we designed three siRNAs to target
gRNAs 2, 3 and 7, which are required for the expression of S,
a/3b and 7a/7b proteins, respectively. The sequence similari-
ies between each of these siRNA and the full-length genomic
NA and sgRNAs are shown in Table 1. For example, sgRNA
contains all the 21 nucleotides (nt) in siRNA 2, while the
ull-length genomic RNA (mRNA 1) only contains 15 out of
he 21 nt. These hairpin siRNAs are then expressed from the U6
romoter in a mammalian expression vector to determine if they
an specifically knockdown genes encoded by targeted sgRNAs.

G
a

able 1
esign of siRNA for knockdown of specific SARS coronavirus subgenomic mRNA i

RNA Sequencea Matching

GTAGATCTGTTCTCTAAACGAACTTTAAAATCTGT 15/21
GTAGATCTGTTCTCTAAACGAACATGTTTATTTTC 21/21
GTAGATCTGTTCTCTAAACGAACTTATGGATTTGT 17/21
GTAGATCTGTTCTCTAAACGAACTTATGTACTCAT 17/21
GTAGATCTGTTCTCTAAACGAACTAACTATTATTA 14/21
GTAGATCTGTTCTCTAAACGAACGCTTTCTTATTA 15/21
GTAGATCTGTTCTCTAAACGAACATGAAAAAATTA 16/21
GTAGATCTGTTCTCTAAACGAACATGAACTTCTCA 16/21
GTAGATCTGTTCTCTAAACGAACAAATTAAAATGT 16/21

a These sequences represent the leader-containing subgenomic mRNAs found in
onsensus sequences (CS), which are highlighted in bold, form the junction between
pen reading frames. The underlined sequences for mRNA 2, 3 and 7 represented the
b This represents the number of matching nucleotide (nt) between the subgenomic

tudy over the total number of nucleotide targeted by the respective siRNAs. Perfect
c This represents the number of matching nucleotide (nt) between the subgenomic

tudy over the total number of nucleotide targeted by the respective siRNAs. Perfect
d This represents the number of matching nucleotide (nt) between the subgenomic

tudy over the total number of nucleotide targeted by the respective siRNAs. Perfect
nucleocapsid (N). Another eight SARS-CoV-unique ORFs (grey solid boxes)
sequence homology to viral proteins of other coronaviruses. All the mRNAs
of the genome.

inally, we used these siRNAs to investigate the importance of
he accessory proteins, 3a/3b and 7a/7b, for SARS-CoV repli-
ation in Vero E6 cells.

. Materials and methods

.1. Cell-line and virus

The Vero E6 cells and SARS-CoV used in this study have
een previously described (Åkerström et al., 2005).

.2. Design and construction of vector-based siRNA
The construction of vector-based siRNA was performed by
enScript Corporation (NJ, USA) and the detailed protocols

re available from http://www.genscript.com. The vector used

n infected cells

nt for siRNA 2b Matching nt for siRNA 3c Matching nt for siRNA 7d

16/21 17/19
17/21 16/19
21/21 14/19
18/21 14/19
15/21 14/19
15/21 13/19
14/21 19/19
14/21 18/19
15/21 15/19

SARS coronavirus infected cells (Yount et al., 2003). The highly conserved
the leader RNA sequences and the body sequences that encode the different
insert sequences for the siRNA used in this study.
mRNA sequences and the sequences targeted by the siRNAs (2) used in this

matches are highlighted in bold.
mRNA sequences and the sequences targeted by the siRNAs (3) used in this

matches are highlighted in bold.
mRNA sequences and the sequences targeted by the siRNAs (7) used in this

matches are highlighted in bold.

http://www.genscript.com/
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s pRNAT-U6.1/Hygro, which is a mammalian expression vector
hat allows hairpin siRNA to be expressed from the U6 promoter
s previously described (Yu et al., 2002). This vector contains
GFP marker under the CMV promoter for easily tracking

ransfection efficiency. The inserts were chosen to match the
equences of the SARS-CoV sgRNAs 2, 3 and 7 as reported by
ount et al. (2003). For each of the siRNA inserts, the sequence
orresponding to the highly conserved CS flanked by five to
even nucleotides (nt) before and 6–10 nt after the CS was cho-
en because this would give the best differentiation between the
ifferent sgRNAs and would therefore, allow specific knock-
own of a specific sgRNA (see Table 1). The insert sequences
or the siRNAs used in this study were as follows:

siRNA 2: GGATCCCGAATAAACATGTTCGTTTAGAGTT-
GATATCCGCTCTAAACGAACATGTTTATTTTTTTTCC-
AAAAGCTT.
siRNA 3: GGATCCCGAAATCCATAAGTTCGTTTAGATT-
GATATCCGTCTAAACGAACTTATGGATTTTTTTTTCC-
AAAAGCTT.
siRNA 7: GGATCCCGTCTCTAAACGAACATGAAATT-
GATATCCGTTTCATGTTCGTTTAGAGATTTTTTCCAAA-
AGCTT.

For each insert, the underlined sequences represent the tar-
eted sequences in the respective subgenomic mRNAs and
he underlined italic sequences represent the corresponding
everse complementary sequences. Restrictions sites BamHI and
indIII (highlighted in bold above) were used for cloning into

he pRNAT-U6.1/Hygro vector. The 6T’s before HindIII repre-
ent the termination signal.

.3. Establishment of stable cell-lines expressing siRNAs

Vero E6 cells were transfected with vector-based siRNAs
sing electroporation as previously described (Tan et al., 2003).
ingle colonies were isolated after selection in medium contain-
ng 0.25 mg/ml of hygromycin B (Roche Molecular Biochemi-
als, Indianapolis, IN), and the expression of GFP in these clones
as analyzed by Western blot analysis, as previously described

Tan et al., 2004b) using anti-GFP antibody (Roche). Control

p
o
(
i

able 2
rimers for the construction of CS-containing 7a, 8a and nsp-1 plasmids

ame of plasmid Sequencea,b

XJ-CS-7a 5′-CGGGATCCTCTCTAAACG
XJ-CS-7a 5′-CCGCTCGAGTCATTCTGT
XJ-CS-8a-HA 5′-CGGGATCCTCTCTAAACG
XJ-CS-8a-HA 5′-CCGCTCGAGTTGTGTTGT
XJ-CS-nsp1-HA 5′-CGGGATCCTCTCTAAACG
XJ-CS-nsp1-HA 5′-CCGCTCGAGTTACCTCCAT

a These primers are used to construct insert than can mimic the CS-leader-contai
and 8 found in SARS coronavirus infected cells (Yount et al., 2003). The highly c

unction between the leader RNA sequences and the body sequences that encode the
equence of siRNA 7 (TCTCTAAACGAACATGAAA) are underlined and the numbe
XJ-CS-nsp1-HA is 17/19, respectively.
b The restriction sites used for cloning purposes are shown in italics.
search 73 (2007) 219–227 221

ells were stably transfected with an empty vector. For each of
he siRNA constructs, two independent clones with high GFP
xpression were chosen for infection studies.

.4. Using plasmids that mimic the sgRNAs to determine
he specificity of siRNA

In order to mimic the sgRNAs generated during SARS-CoV
nfection, standard PCR methods were used to generate CS-
ontaining plasmids with inserts matching the sequences of
he full length viral genomic RNA (mRNA 1) and sgRNAs 7
nd 8 (see Table 1), respectively. The primers used to gener-
te these inserts are shown in Table 2 and the templates used
ere cDNA prepared from SARS-CoV infected cells, as previ-
usly described (Tan et al., 2004b). The amplicons were digested
ith BamHI and XhoI and cloned into the compatible sites of

he pXJ3′HA vector, which allows the expression of C-terminus
A tagged proteins in mammalian cells (Tan et al., 2004b).
Stable cell-lines harboring the different siRNAs were tran-

iently transfected with pXJ-CS-7a, pXJ-CS-8a-HA or pXJ-CS-
sp1-HA using Lipofectamine reagent (Invitrogen, Carlsbad,
A), according to Manufacturer’s protocol. After 16 h, the cells
ere harvested and lysed and subjected to Western blot anal-
sis. Primary antibodies used were anti-HA (Roche), anti-GFP
Roche) and anti-actin (Sigma, St. Louis, MO) monoclonal anti-
odies and mouse polyclonal anti-7a antibody (Fielding et al.,
004).

.5. Determination of progeny virus production

The stable cell lines containing empty vector or plasmid with
iRNA 2, 3 or 7 inserts were seeded in 24-well plates and incu-
ated at 37 ◦C overnight. The cells were then infected with
ARS-CoV at a multiplicity of infection (MOI) of 0.01, and
t 1 h post infection (hpi), the cells were washed twice and fresh
MEM medium containing 10% fetal calf serum was added.
hen, at 24 hpi, the supernatant was titrated out on a 96-well

late containing Vero E6 cells. At 48 h after titration, the amount
f virus was determined as the 50% cell culture infective dose
TCID50). The calculations were made from the cytopathic effect
nduced in cell culture by different dilutions of the harvested

Sense

AACATGAAAATT-3′ Forward
CTT-3′ Reverse
AACATGAACCTTCTC-3′ Forward

ACC-3′ Reverse
AACTTTAAACCATGGAGAG-3′ Forward
TGAGCTC-3′ Reverse

ning full-length genomic mRNA (i.e. mRNA 1) and the subgenomic mRNA
onserved consensus sequences (CS), which are highlighted in bold, form the

different open reading frames. The sequences that corresponded to the targeted
r of nt match by pXJ-CS-7a is 19 out of 19, by pXJ-CS-8a-HA is 18/19 and by
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irus as described previously (Åkerström et al., 2005; Gillim-
oss et al., 2004; Li et al., 2004).

In these experiments where transient transfections of siR-
As constructs were being tested, Vero E6 cells were plated

n a 24-well plate and left to attach overnight. Then, the cells
ere transiently transfected with siRNA plasmid constructs of

iRNA 2, 3 or 7 or empty vector as a control using lipofectamine
eagent (Invitrogen) according to protocol, with small modifica-
ions (1.6 �g of DNA was used for transfection). At 24 h later,
he cells were infected as described for the stable cell lines.

.6. Indirect immunofluorescence assay (IFA)

Vero E6 cells were plated on chamber slides and transiently
ransfected with siRNA plasmid constructs followed by infec-
ion with SARS-CoV as described in Section 2.5 except that an

OI of 1 was used instead. At 24 hpi, supernatant was removed
nd the cells were washed with PBS and fixed in 4% formalde-
yde in PBS and stored at +4 ◦C until IFA was performed,
s previously described (Åkerström et al., 2005). Rabbit poly-
lonal antibodies against 3a, 7a, and S proteins were previously
escribed (Fielding et al., 2004; Tan et al., 2004b) and a mon-
clonal antibody against SARS-CoV NP was purchased from
ymed Laboratories (San Francisco, CA). Briefly, The cells
ere incubated with primary antibodies for 1 h at 37 ◦C. After

insing with PBS, the cells were incubated with anti-rabbit or
ouse TRITC-conjugated antibodies (Jackson, Baltimore, PA)

or 1 h at 37 ◦C. After three washes the slides were mounted
sing mounting medium and analyzed by immunofluorescence
icroscopy (Nikon Eclipse TE300, Tokyo, Japan). Pictures were

btained with a Hamamatsu Digital Camera (Type Wasabi 1, 4
amamatsu, Photonics GmbH, Germany).

. Results

.1. Design of siRNA targeting specific subgenomic mRNAs
f SARS-CoV

During SARS-CoV infection, the first ORF is translated from
he full-length genomic mRNA while the remaining ORFs are
ranslated from eight sgRNAs (Snijder et al., 2003; Thiel et
l., 2003; Yount et al., 2003). As shown in Table 1, the junc-
ion between the leader sequences and the body sequences that
ncodes for the different ORFs is the highly conserved consensus
equences (CS), which is ACGAAC for SARS-CoV. Because
he sequences of the sgRNAs showed the greatest difference
n this region, the siRNA sequences were chosen to match the
equences of sgRNAs 2, 3 and 7 of the SARS-CoV as reported
y Yount et al. (2003). For each siRNA inserts, the sequence
orresponding to CS flanked by five to seven nucleotides (nt)
efore and 6–10 nt after the CS was chosen because this would
ive the best differentiation between the different sgRNAs and

ould therefore, allow knockdown of a specific sgRNA (see
able 1).

The insert sequences for the siRNAs used in this study are
hown in Section 2.2. The 21 nt inserts were chosen for the

b
b
r
a

search 73 (2007) 219–227

iRNA targeting sgRNAs 2 and 3, which are used for the syn-
hesis of the structural protein S and accessory proteins, 3a and
b (siRNA 2 and 3). Whereas for sgRNA 7, which is used for
he expression of accessory protein, 7a and 7b (siRNA 7), a
9 nt insert was chosen because it has a GC content more suit-
ble for RNA interference (see http://www.genscript.com for
etails). When comparing the sequences of siRNA 2, 3 and 7 to
he full-length genomic mRNA (mRNA 1) and the eight sgRNA
mRNA 2–9), it is clear that there are significant differences
etween them. For example, the number of mismatches between
iRNA 2 and the mRNA 1–9 (except for the targeted mRNA 2)
aried from 4 to 7. Similarly, for siRNA 3, the number of mis-
atches (except for the targeted mRNA 3) varied from 3 to 7,

nd for siRNA 7, the number of mismatches (except for the tar-
eted mRNA 7) varied from 1 to 6. Whether or not the degree
f mismatch between the designed siRNAs and mRNA 1–9 is
ufficient to allow specific inhibition of the targeted mRNA is
etermined experimentally in the following section.

.2. Determining the specificity of siRNA 2, 3 and 7

In order to determine if the siRNAs that we have designed can
pecifically inhibit the targeted sgRNAs, we first constructed a
DNA containing the CS and the first ORF of sgRNA 7, i.e. the
a protein, such that the mRNA transcripted from this plasmid
ould be matched by siRNA 7. As shown in Fig. 2A, when

he pXJ-CS-7a plasmid was transfected into the different stable
iRNA cell lines, the expression of 7a protein was specifically
nockdown in cells harboring the siRNA 7 and not in the cells
arboring siRNA vector, siRNA 2 or siRNA 3. This showed that
he siRNAs designed in this study can be used to knockdown
pecific sgRNAs, even though there is some overlaps between
he sequences of the different sgRNAs (Table 1).

As shown in Table 1, the mismatch between siRNA 7 and
he full length viral genomic RNA (mRNA 1) is 2 nt, and the

ismatch between siRNA 7 and sgRNA 8 is 1 nt, so it is possible
hat siRNA 7 may have some unspecific effects on the translation
f the full length viral genomic RNA (mRNA 1) or sgRNA 8.
n order to determine if there is such an effect, two cDNAs,
XJ-CS-nsp1-HA and pXJ-CS-8a-HA (see Table 2 for primer
equences), were constructed. The pXJ3′HA vector allows the
xpressed protein to be easily detected with an anti-HA antibody
Tan et al., 2004a,b). Note that in the case of the full length viral
enomic RNA (mRNA 1), the first protein in the polyprotein
p1a, i.e nsp1, was chosen to simplify the detection. As shown
n Fig. 2B, the expression of 8a-HA was significantly reduced
n siRNA 7 stable cell-line when compared to the vector control
ell-line or the siRNA 2 and 3 cell-lines. However, there was no
ignificant difference for the expression of nsp1-HA for all the
table cell-lines. Hence, it may be expected that the siRNA 7
ill inhibit both sgRNA 7 and sgRNA 8 but not the full length
iral genomic RNA (mRNA 1) or the other sgRNAs.

Our results showed that mismatches of 2 nt and above

etween the different sgRNAs will allow differentiation inhi-
ition by RNA interference and are consistent with previous
eports that if there is a mismatch of more than 1 nt between
21 nt siRNA and its targeted gene, the gene will not be effi-

http://www.genscript.com/
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Fig. 2. The specificity of designed siRNAs was demonstrated using cDNA con-
structs that mimic the subgenomic RNAs of SARS-CoV. (A) Stable cell lines
harboring empty vector or siRNA 2, 7 or 3 were transiently transfected with
pXJ-CS-7a and harvested after 16 h. Western blot analysis was performed using
anti-7a antibody to determine if the expression of 7a is silenced by the siRNA.
Anti-GFP antibody was used to determine the amount of siRNA in each cell line
and anti-actin antibody was used in the Western Blot to check for equal loading
o
8
p

c
A
s
3
e
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N
t
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Fig. 3. SARS-CoV subgenomic RNA-specific siRNAs can inhibit the produc-
tion of progeny virus. (A) Stable cell lines harboring siRNA 2, 3 and 7, which
are targeted to subgenomic RNA 2, 3 and 7 of SARS-CoV, were infected with
SARS CoV at an MOI of 0.01. Viruses were harvested at 24 hpi and titers were
determined by TCID50, calculations were made from the CPE induced in cell
culture by different dilutions of the harvested virus. Cells transfected with empty
vector were used as a control. The values given are average of three independent
experiments. Error bars indicate standard deviations. (B) Vero E6 cells tran-
siently transfected with empty vector or plasmid carry siRNA 2, 3 or 7 were
infected with SARS CoV at an MOI of 0.01. Viruses were harvested and titers
were determined as described above. Mock-infected cells were used as a con-
t
i

p
i
i
v
3
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7

i
e
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f samples in each well. (B) The same cell lines were transfected with pXJ-CS-
a-HA (lanes 1–4) or pXJ-CS-nsp1-HA (lanes 5–8). Western blot analysis was
erformed using anti-HA, anti-GFP and anti-actin monoclonal antibodies.

iently knocked down (Elbashir et al., 2001; Yu et al., 2002).
s shown in Table 1, siRNA 2 and 3 showed mismatches to all

gRNAs, except for sgRNA 2 and 3, respectively, by more than
nt; therefore, it is not likely that these two siRNAs have any
ffects on the other sgRNAs.

.3. Effects of siRNA on the yield of progeny virus

In order to study if silencing of viral proteins by these siR-
As has any effect on the yield of progeny virus, infection of

he stable cell lines with SARS-CoV was compared. The stable
ell lines for the empty vector or siRNA 2, 3 and 7 were infected
ith SARS CoV at an MOI of 0.01, and at 24 hpi, the super-
atant was titrated out on a 96-well plate containing Vero E6
ells. The amount of virus was deduced by the 50% cell culture

nfective dose (CCID50), calculations were made from the cyto-
athic effect (CPE) induced in cell culture by different dilutions
f the harvested virus [as described previously (Åkerström et
l., 2005; Gillim-Ross et al., 2004; Li et al., 2004)]. When com-

r
t
c
8

rol. The values given are average of three independent experiments. Error bars
ndicate standard deviations.

ared to vector cells, we could see a reduction of progeny virus
n all three stable cell-lines by about 70% (Fig. 3A). Interest-
ngly, the silencing by siRNA 7 appeared to reduce the progeny
irus slightly better than the silencing by siRNA 2 or siRNA
. Possibly, siRNA 7 could inhibit both sgRNA 7 and 8 (see
ig. 2B) such that the expression of four accessory proteins, 7a,
b, 8a and 8b, would be knocked down.

In an independent experiment, Vero E6 cells were plated
n a 24-well plate and transiently transfected with the differ-
nt siRNA constructs using lipofectamine reagent (Invitrogen).
t 24 h after transfection, the cells were infected with SARS-
oV and the amounts of virus produced were determined as
escribed above. Consistent with the results obtained from the
table cell lines, Vero E6 cells that were transiently transfected
ith siRNA 2, 3 or 7 showed a significantly lower level of
rogeny virus than cells transfected with siRNA vector or mock-
nfected cells (Fig. 3B). Again, siRNA 7 reduced the progeny
irus slightly better than siRNA 2 and siRNA 3. In fact, the
eduction of progeny virus in cells transiently transfected with

he siRNA constructs was more when compared to the stable
ell-lines, although the typical transfection efficiency was only
0%. By comparing the fluorescence of the GFP signals in these
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Fig. 4. siRNA 2, 3 and 7, which targeted against subgenomic RNA 2, 3 and 7, can specifically silence the expression of S, 3a and 7a, respectively. Vero E6 cells
were transfected with siRNA against S, 3a and 7a as indicated in the figure. Transfected cells were mock-infected or infected with SARS CoV at an MOI of 0.01.
At 24 hpi cells were fixed with 4% formaldehyde and then incubated with specific antibodies. The cells were incubated with anti-rabbit or mouse TRITC-conjugated
antibodies and analyzed by immunoflourescence assay. GFP expression used for tracking the transfected cells.
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ells, we observed that the level of siRNA in the stable cell-
ines were somewhat lower than in cells transiently transfected
ith the plasmid (data not shown), which can explain why we
id not observe more pronounced inhibition of yield of progeny
irus in stable cell lines expressing these different siRNAs. In
he plasmid transfection experiments in Fig. 2, we also observed
nefficient silencing of proteins if a high amount of plasmid was
sed for transfection (data not shown).

.4. Inhibition of S, 3a and 7a expression by siRNAs in
ARS-CoV infected cells

Next, IFA was performed to determine if the proteins trans-
ated from the sgRNAs targeted by the siRNAs were efficiently
nocked down in infected cells.

Vero E6 cells were transfected with siRNA against S, 3a and
a as indicated in Fig. 4. These vectors contain a GFP marker
nder CMV promoter for easy tracking of transfected cells. The
ells were mock-infected or infected with SARS CoV. At 24
pi cells were fixed then analyzed by using specific antibodies
gainst 3a, 7a and S proteins followed by immunofluorescence
ssay (as described in Section 2.6). The IFA results (Fig. 4)
howed that we could specifically silence the expression of 3a,
a and S in cells expressing siRNA 3, 7 and 2, respectively. In
ontrast, the expression of N in the infected cells was not affected
y any of the siRNAs, demonstrating the specificity of the RNA
nterference.

. Discussion

.1. siRNA targeting the sequence difference at the CS and
ody sequences junctions of SARS-CoV sgRNAs can
pecifically knock down the targeted sgRNA

Several laboratories have designed siRNA or shRNA (short
airpin RNA) targeting different regions of the SARS-CoV
enome and demonstrated their abilities to inhibit SARS-CoV
eplication in cell culture (He et al., 2003; Li et al., 2005a,b; Lu
t al., 2004; Ni et al., 2005; Wang et al., 2004; Wu et al., 2005;
hang et al., 2004). These RNAs are targeted at the first 2/3
f the SARS-CoV genome, which encodes the viral replicase
enes, the S gene, as well as the leader sequence found at the
′ end of the genomic and subgenomic mRNAs. A recent study
sing Rhesus macaque showed that a combination of siRNAs
argeted to S and nsp12 genes has both prophylactic and thera-
eutic effects against SARS-CoV infection (Li et al., 2005a,b).

During SARS-CoV infection, the full-length viral genomic
NA is required for the translation of the ORF 1a/1b, while the

gRNAs are used for the expression of specific viral proteins
Snijder et al., 2003; Thiel et al., 2003; Yount et al., 2003). In
his study, we used the short-interfering RNA (siRNA) technol-
gy and the difference at the CS and body sequences junctions
or the full-length genomic RNA and sgRNAs of SARS-CoV to

esign hairpin siRNAs to target specifically sgRNAs 2, 3 and 7
n order to silence the expression of the viral proteins S, 3a/3b,
a/7b, respectively. First, we used consensus sequence(CS)-
ontaining plasmids to mimic the full-length genomic RNA

C
s
p
s

search 73 (2007) 219–227 225

pXJ-CS-nsp1-HA) and subgenomic RNAs 7 (pXJ-CS-7a) and 8
pXJ-CS-8a-HA) to determine the specificity of the shRNA con-
tructs. These plasmids contained the CS joined to the initiation
odon of the first open reading frame of the full-length genomic
NA (i.e. nsp1) or subgenomic RNAs (i.e. 7a for sgRNA 7 and
a for sgRNA 8). We found that siRNA 7 could inhibit both
gRNA 7 and 8 (Fig. 2). The siRNA 7 matches sgRNA 7 per-
ectly well while the mismatch between siRNA 7 and sgRNA
is 1 nt (Table 1). In contrast, siRNA 7 did not have an effect

n the full length viral genomic RNA (mRNA 1) as the mis-
atch between siRNA 7 and the full length viral genomic RNA

mRNA 1) is 2 nt. The mismatch between siRNA 2 or 3 and all
gRNAs, except for sgRNA 2 and 3, respectively, is more than
nt and, hence, siRNA 2 or 3 are not able to inhibit any other

gRNAs. Hence, we have designed hairpin siRNAs targeting
he sequence differences in the CS-body sequence junctions of
gRNA 2, sgRNA 3 or sgRNAs 7 and demonstrated that they
an specifically knock down either sgRNA 2, sgRNA 3 or both
gRNAs 7 and 8, respectively, without affecting the full length
iral genomic RNA (mRNA 1)or other sgRNAs.

.2. Knockdowns of the expressions of accessory proteins
a/3b or 7a/7b and 8a/8b reduce the production of progeny
ARS-CoV in Vero E6 cells

To date, two of SARS-CoV accessory proteins, 3a and 7a
ave been characterized to a great extent (see recent review by
an et al., 2006). 3a being the first ORF of the sgRNA 3 and
nti-3a antibodies having been found in convalescent patients
Guo et al., 2004; Tan et al., 2004a). In addition, 3a has also
een found to be expressed in SARS CoV-infected cells (Tan
t al., 2004b; Yu et al., 2004; Zeng et al., 2004) and could be
etected in tissues obtained from SARS-CoV infected patients
Yu et al., 2004; Law et al., 2005; Chan et al., 2005). The sgRNA
contains a second ORF, called 3b, which is mostly likely to

e expressed via an internal ribosomal entry mechanism (Marra
t al., 2003; Rota et al., 2003; Snijder et al., 2003). 3b has been
hown to be localized in the nucleus and to induce apoptosis
hen overexpressed (Yuan et al., 2005a,b). The 7a protein is

ncoded by the first ORF of sgRNA 7 (Snijder et al., 2003; Thiel
t al., 2003; Yount et al., 2003) and it is expressed in SARS-CoV-
nfected cells (Fielding et al., 2004; Chen et al., 2005; Nelson
t al., 2005). A second protein, termed 7b, may be expressed
rom sgRNA 7 by “leaky scanning” of ribosomes (Snijder et al.,
003), but to date, there is no characterization of this protein.

Next, we showed that these siRNAs, when introduced into
ero E6 cells by transient or stable transfection, resulted in a
ignificant reduction in the production of progeny virus (Fig. 3).
FA also showed the specific knockdown of S, 3a and 7a pro-
eins in infected cells containing siRNA 2, 3 and 7 (based upon
he GFP signal), while the expression of the N protein was not
ffected (Fig. 4). To our knowledge, this is the first report of
nhibition of virus replication by using siRNA against the SARS-

oV accessory proteins. When compared to the inhibition by

iRNA against the S protein, siRNA against 3a/3b showed com-
arable inhibition while siRNA against 7a/7b (and 8a/8b) was
lightly more efficient. Our data showed that the siRNA 3 and 7



2 al Re

a
t
i

g
7
t
(
d
v
d
s
f
s
a
s

R

A

C

C

E

F

G

G

H

L

L

L

L

L

M

N

N

R

S

T

T

T

T

T

W

W

Y
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re able to inhibit the yield of progeny virus, and suggested that
he accessory proteins, 7a/7b (and 8a/8b) and 3a/3b, could play
mportant roles during the replication cycle of SARS-CoV.

Yount et al. (2005) recently published results from reverse
enetics experiments showing that recombinant virus lacking
a and 7b can replicate as efficiently as wild-type virus, while
he deletion of 3a resulted in about 1 log reduction of virus yield.
Yount et al., 2005). The siRNA 7 was able to reduce the pro-
uction of progeny viruses in our system, while the recombinant
irus with 7a/7b deleted behaved like the wild-type virus. The
ifference between our data may be explained by the fact that
iRNA 7 could inhibit both sgRNA 7 and 8, which are required
or the expression of accessory proteins 7a, 7b, 8a and 8b. The
imultaneous silencing of these four accessory proteins may
lso explain why we observed the highest inhibition effect with
iRNA 7.
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