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siRNAs targeting terminal sequences of the SARS-associated
coronavirus membrane gene inhibit M protein expression

through degradation of M mRNA
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bstract

SARS-associated coronavirus (SCoV) M protein plays a key role in viral assembly and budding. Recent studies revealed that M protein could
nteract with N protein in the Golgi complex. In this study, we showed that SCoV M protein co-localized in the Golgi apparatus with a Golgi
ector marker. To study M protein function, three candidate small interfering RNAs (siRNAs) corresponding to M gene sequences were designed,
ranscribed in vitro, and then tested for their ability to silence M protein expression. The plasmid, pEGFP-M, encoding SCoV M protein as a
usion protein with EGFP, was used for silencing and for reporter gene detection in HEK 293T cells transfected with siRNA constructs. The results

howed that the mean green fluorescence intensity and M RNA transcripts were significantly reduced, and that the expression of M glycoprotein
as strongly inhibited in those cells co-transfected with M-specific siRNAs. These findings demonstrated that the three M-specific siRNAs were

ble to specifically and effectively inhibit M glycoprotein expression in cultured cells by blocking the accumulation of mRNA, which provides an
pproach for studies on the functions of M protein and for the development of novel prophylactic or therapeutic agents for SCoV infection.

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

Severe acute respiratory syndrome-associated coronavirus
SCoV), a pathogenic agent of human coronaviruses, was iden-
ified in April 2003. SCoV, a Group Four coronavirus, is
nveloped, with a single-stranded positive-sense RNA genome
f about 29,727 nucleotides in length. Based on the sequenced
omplete SCoV genomes, SCoV encodes at least five major
tructural proteins: spike (S), envelope (E), membrane (M),
ucleocapsid (N) (Peiris et al., 2003; Fouchier et al., 2003; Rota
t al., 2003), and the newly identified ORF3a (Shen et al., 2005),
hich are common to all known coronaviruses. SCoV can cause

evere acute respiratory distress syndrome with a diffuse alveo-
ar damage (DAD) at autopsy (Peiris et al., 2003; Kuiken et al.,

003; Nicholls et al., 2003). At present, there is no vaccine or
pecific effective antiviral method available to treat this disease
ffectively.

∗ Corresponding author. Tel.: +86 21 25070312; fax: +86 21 25070312.
E-mail address: qizt@smmu.edu.cn (Z.-t. Qi).
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RNA interference (RNAi) is a cellular process in which
ouble-stranded RNA (dsRNA) molecules can silence targeted
enes through sequence-specific cleavage of the corresponding
NA transcript. Transfection of small interfering RNAs (siR-
As) into mammalian cells leads to the degradation of the target
ene mRNA or to the arrest of protein translation silence of the
rotein expression (Fire et al., 1998; Elbashir et al., 2001). There-
ore, siRNA-mediated RNAi may provide a useful approach
o study host cell-virus interactions and to serve as possible
herapeutics in virus infection. siRNAs have been employed as
herapeutic molecules in human diseases including cancer, neu-
ogenerative diseases and viral infectious diseases (Shi, 2003;
y kxhoorn et al., 2003). SCoV, as a RNA virus, may also be

n ideal target for the study of its biology and therapeutics by
NAi method.

To date, there are a number of published papers showing that
iRNA/shRNA (short hairpin RNA) target different regions or

enes in the SCoV genome by various siRNA/shRNA gener-
ting strategies. RNAase III specific siRNA targeting the RNA
ependant RNA polymerase (RDRP), or the S and N genes,
ould induce specific degradation of SCoV mRNAs in human

mailto:qizt@smmu.edu.cn
dx.doi.org/10.1016/j.jviromet.2007.05.017
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ells (Zhu et al., 2004). Synthesized shRNA targeting the N
rotein (Tao et al., 2005) and RDRP (Lu et al., 2004), could
nhibit the expression of target protein, and the latter significantly
educing the plaque forming ability of SCoV in Vero-E6 cells.
iRNA targeting the E, M and N proteins (Shi et al., 2005), leader
equence, TRS, 3′-UTR or the S gene (Wu et al., 2005; Qin et al.,
004; Zhang et al., 2004) could effectively inhibit the expres-
ion of these targets. Plasmid-derived siRNA targeting to RDRP
Meng et al., 2006; Wang et al., 2004), the leader sequence (B.J.
i et al., 2005; T. Li et al., 2005), and to the non-structural
rotein 1 (NSP1) could specifically inhibit the expression of tar-
et protein and also suppress the replication and propagation
f SCoV in cultured Vero E6 cell lines (Ni et al., 2005). The
ffect of siRNAs/shRNAs probably resulted in global reduction
f subgenome synthesis and subsequent protein expression of
CoV. Therefore, to screen more valid siRNAs targets in SCoV
enome will be important to provide more information for the
evelopment of better SCoV prophylaxis and therapy.

Among the five SCoV structural genes, M gene encodes
glycoprotein 221 amino acids in length, which contains a

hort amino-terminal ectodomain (residues 1–14), three trans-
embrane helices (residues 15–37, 50–72 and 77–99) and
121-amino acid carboxy-terminal endodomain (Voss et al.,

006; Oostra et al., 2006). M protein is the most abundant viral
embrane glycoprotein and a key protein in viral assembly and

udding through its interaction with N or S proteins (Kuo and
asters, 2002; He et al., 2004). Since SCoV M protein plays
key role in the viral life cycle, experiments were designed to

est whether specific siRNAs could inhibit the expression of M
rotein, which may hold promise for the development of SCoV
ene-specific therapeutics.

In this paper, the subcellular distribution of M protein was
stablished in mammalian cells. siRNAs transcribed in vitro
ere then introduced into the cells expressing the M protein.

he results showed that the M protein is mainly located in the
olgi apparatus, and that the specific siRNAs corresponding

o SCoV M gene specifically degraded M mRNA, significantly
nhibiting M protein expression.

b
(
t
w

able 1
equences of template deoxynucleotides for siRNAs used for target genes

ene targets Se

7 promoter 5′

GFP-siRNA A
Se

cramble siRNA A
Se

-siRNA1 A
Se

-siRNA2 A
Se

-siRNA3 A
Se

ote: The eight nucleotides (nt) underlined sequences of template deoxynucleotides fo
-siRNA2 and M-siRNA3 target to nt 10–28, nt 41–59 and nt 637–655 of SCoV me
l Methods 145 (2007) 146–154 147

. Materials and methods

.1. Construction of plasmids

The 663 base pair fragment of SCoV M gene was synthesized
ccording to the published sequence (GenBank accession no.
Y278554). The membrane protein coding region of this frag-
ent spans from nt 26383 to nt 27048 in the full length SCoV

enome. This fragment was used as the template to amplify the
NA fragment encoding amino acid residues 1–221 of SCoV M
rotein by polymerase chain reaction (PCR). The forward primer
as 5′-GAATTCGCCACCATGGCAGACAACGGTAC-3′ and

he reverse primer was 5′-GGATCCATCTGTACTAGCAAAG-
AATATTGT-3′ (the underlined sequences were EcoRI and
amHI sites, respectively). Forward and reverse primers (final
oncentration 0.4 �M) and the PrimeSTARTM HS DNA Poly-
erase (final concentration 0.025 U/�l, TaKaRa) were used.
he PCR conditions were denaturation (98 ◦C, 10 s), anneal-

ng (55 ◦C, 10 s) and extension (72 ◦C, 40 s) for 30 cycles. Then
he EcoRI–BamHI fragment was inserted into the corresponding

ulti-cloning site of a eukaryotic expression vector pEGFP-N1
Clonetech). The resulting plasmid was named pEGFP-M, in
hich the enhanced green fluorescence protein (EGFP) gene
as located downstream of the M gene. Identity of the M gene

o the published sequence was confirmed by DNA sequenc-
ng (Bioasia Co., Shanghai). Plasmid Golgi/pDsRed-N1, which
pecifically locates to the Golgi apparatus in mammalian host
ells, was kindly provided by Prof. Yuwen Cong (Department
f Pathophysiology, Beijing Institute of Radiation Medicine).

.2. Design and transcription of siRNAs

The siRNAs corresponding to SCoV membrane gene were
esigned according to Ambion’s siRNA guidelines. A scram-

le siRNA sequence (Wilson et al., 2003) and EGFP siRNA
Cao et al., 2004) were used as negative and positive con-
rols for silencing, respectively. All sequences of the siRNAs
ere BLAST searched in the National Center for Biotechnology

quences

-TAATACGACTCACTATAGGAGACAGG-3′

ntisense: 5′-AAGCTGACCCTGAAGTTCATCCCTGTCTC-3′
nse: 5′-AAGATGAACTTCAGGGTCAGCCCTGTCTC-3′

ntisense: 5′-AACAAGTCTCGTATGTAGTGGCCTGTCTC-3′
nse: 5′-AACCACTACATACGAGACTTGCCTGTCTC-3′

ntisense: 5′-AACGGTACTATTACCGTTGAGCCTGTCTC-3′
nse: 5′-AACTCAACGGTAATAGTACCGCCTGTCTC-3′

ntisense: 5′-AACTCCTGGAACAATGGAACCCCTGTCTC-3′
nse: 5′-AAGGTTCCATTGTTCCAGGAGCCTGTCTC-3′

ntisense: 5′-AACGACAATATTGCTTTGCTACCTGTCTC-3′
nse: 5′-AATAGCAAAGCAATATTGTCGCCTGTCTC-3′

r each siRNA are complemented with those of T7 promoter primer. M-siRNA1,
mbrane gene, respectively.
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nformation’s (NCBI), and were not found to have significant
omology to genes other than the targets. The DNA template
Table 1) used for siRNA transcription was synthesized by
ioasia Co. The oligonucleotide-directed production of siRNAs
ith T7 RNA polymerase has been described previously (Qin

t al., 2004). For each transcription reaction, 300 �M of each
ligonucleotide template and T7 promoter primer were mixed
nd denatured by heating at 95 ◦C for 2 min. The following
as then added to the mixture: 10× Klenow reaction buffer,
NTP mix (Promega, USA), Exo-Klenow (TaKaRa, Dalian)
nd nuclease-free water. The reaction was incubated at 37 ◦C
or 30 min. The in vitro transcription was performed in 20 �l
f transcription mix: 6 �l hybridization solution, 4 �l 5× T7
eaction buffer, 6 �l rNTP mix, 2 �l T7 RNA polymerase and
�l nuclease-free water. After incubation at 37 ◦C for 2 h,

ense and antisense RNAs generated in separate reactions were
nnealed by mixing both transcription reactions and incubating
t 37 ◦C overnight. The concentration of the generated dsRNA
as measured by the absorbance at 260 nm in a BioPhotometer

Eppendorf, Germany). S1 nuclease and RNase-free DNase I
TaKaRa) were added to final concentrations of 10 and 1 U/�g
f siRNA, respectively, for the digestion of ssRNA and dsDNA.
iRNAs were assessed by RNA gel electrophoresis on 2%
garose.

.3. Purification of siRNAs

One volume of TE-saturated (pH 4.5) phenol:chloro-
orm:isoamyl alcohol (25:24:1) was added to the in vitro tran-
cribed siRNA, and the sample then spun at 13,000 rpm in
microcentrifuge for 10 min. The upper aqueous phase was

ollected in a fresh tube and mixed with one volume of chloro-
orm:isoamyl alcohol (24:1) and centrifuged at 13,000 rpm for
0 min. The upper, aqueous phase was then mixed with two vol-
mes of ethanol and 0.1 volumes of 3 mmol/l sodium acetate
pH 5.2), and the sample placed on ice for 30 min, followed by
entrifugation at 13,000 rpm for 10 min. The pellet was washed
ith 1 ml of 70% ethanol, and suspended in nuclease-free water

or further use. The purity and integrity of siRNAs were checked
y agarose gel electrophoresis.

.4. Cell culture and transfection

Human embryonic kidney (HEK) 293T cells were grown
t 37 ◦C in Dulbecco’s modified Eagle’s medium (DMEM)
Sigma) containing 10% heat-inactivated fetal bovine serum
Gibco BRL, USA) supplemented with l-glutamine (1 mM),
treptomycin (100 �g/ml) and penicillin (100 U/ml). Twenty-
our hours prior to transfection, the cells were seeded into
4-well plates at a density of 0.5–2 × 105 cells per well in fresh
edium (500 �l/well) without antibiotics. For the transfection

f adherent HEK 293T cells, a total of 0.8 �g of plasmid DNA
pEGFP-M, Golgi/pDsRed-N1) and/or 10 nM of siRNA mixed

ith LipofectamineTM 2000 (Invitrogen, CA, USA) were used

ccording to the manufacturer’s instructions. The cells were
ncubated at 37 ◦C for various times to optimize gene transcrip-
ion and expression. The expression of M-EGFP and Golgi-RED

n
u
(
(

l Methods 145 (2007) 146–154

usion proteins were observed directly under an inverted fluo-
escence microscope.

.5. Localization of SCoV M protein

Expression of M-EGFP (green) and Golgi-Red (red) in trans-
ected cells was examined with a fluorescence microscope at 24
nd 48 h after co-transfection. At 48 h post-transfection, cells on
lass cover slips were rinsed with phosophate-buffered saline
PBS), fixed with 4% paraformaldehyde for 20–30 min at 4 ◦C,
nd then examined for M protein by confocal microcroscopy.
hen the cells were washed with PBS three times and stored

n PBS at 4 ◦C. Images were viewed and collected by confo-
al fluorescence microscopy (Leica Microsystems Heidelberg
mbH).

.6. Fluorescence and flow cytometry analyses

Expression of M-EGFP in transfected cells was examined
ith a fluorescence microscope (Olympus CK40, Japan) at 24,
8, 72 and 96 h after transfection. For flow cytometric anal-
sis of M-EGFP expression, the cells were harvested at 48 h
ost-transfection and digested with 0.25% trypsin, washed twice
ith PBS, and then resuspended in PBS to measure the fluores-

ence using a Becton Dickinson FACScan flow cytometer with
lters (emission, 507 nm; excitation, 488 nm). Samples (about
06 cells each) were counted and analyzed with CellQuest soft-
are, using non-transfected HEK 293T cells as control. The
alues were calculated as the percentage of the cell population
hat exceeded the fluorescence intensity of the control cells and
he mean fluorescence intensity of this population.

.7. Reverse transcription (RT) PCR and real-time
uantitative PCR

Total RNA from the test and control cells was extracted at
8 h post-transfection using RNAex Reagent (Watson, Shang-
ai) and digested with RNase-free DNase I (TaKaRa). One
icrogram of the RNA was then reverse transcribed into cDNA
ith oligo(dT)15 and the avian myeloblastosis virus (AMV)

everse transcriptase XL (TaKaRa) according to manufacturer’s
ecommendations. Reactions without reverse transcriptase were
erformed in parallel and yielded no PCR products. The
rimers (forward primer, 5′-TTGGTGCTGTGATCATTCGT-
′; reverse primer, 5′-AAAGCGTTCGTGATGTAGCC-3′) for
CoV M gene were used for the semi-quantitative RT-PCR
eaction as follows: denaturation (94 ◦C, 55 s), annealing
56 ◦C, 55 s) and extension (72 ◦C, 1 min) for 20 cycles.
lyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
sed as an internal control. GAPDH primers (forward primer,
′-TGGGCTACACTGAGCACCAG-3′; reverse primer, 5′-
AGTGGTCGTTGAGGGCAAT-3′) were synthesized based
n the human GAPDH mRNA sequence (GenBank accession

o. BC013310). The reaction conditions were as follows: denat-
ration (94 ◦C, 50 s), annealing (60 ◦C, 30 s) and extension
72 ◦C, 30 s) for 25 cycles. Then real-time quantitative PCR
Lightcycler, Roche) was performed as described (Rajeevan et
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ig. 1. (A and B) Subcellular co-localization of M-EGFP and Golgi-DsRed
olgi/pDsRed-N1. At 48 h after transfection, cells were fixed and subjected to

l., 2001) using SYBR® Premix Ex TaqTM (TaKaRa). Briefly,
eactions were carried out in 20 �l volumes containing 2 �l of
everse transcription product. To quantitate SCoV M gene tran-
cript levels, cDNA from the HEK 293T cells transfected with
EGFP-M were diluted in a range from 106 to 100. For each
ilution, amplifications were performed using primers for M and
APDH genes so that the M mRNA levels could be properly
ormalized. Each cDNA sample from the transfected HEK 293T
ells was run in parallel with the appropriately diluted sample.
o perform analysis of relative expression levels of SCoV M
ene using real-time PCR, the 2−��CT method was used (Livak
nd Schmittgen, 2001). The changes of SCoV M gene expres-
ion in siRNA co-transfected cells, normalized to GAPDH and
elative to its expression in mock-transfected cells, were calcu-
ated for each sample. The primers for SCoV M and GAPDH
ere the same as those described above.

.8. Western blotting

Cells were harvested and lysed with 1% SDS. Equal amounts
f total proteins were separated by 10% sodium dodecyl
ulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
lectrophoretically transferred to nitrocellulose membrane fol-
owing the protocol suggested by the manufacturer (Bio-Rad,
A, USA). After blocking non-specific binding sites with 5%

on-fat milk, the membrane was incubated with primary anti-
odies at 4′ overnight. The primary antibodies used were:
nti-GFP mouse monoclonal antibody (SantaCruz, 1:500 dilu-
ion) and anti-GAPDH mouse monoclonal antibody (KangChen,

3

R

ein in HEK 293T cells. The cells were co-transfected with pEGFP-M and
cal microscopy.

hanghai, 1:5000 dilution). After washing, the blot was incu-
ated with alkaline phosphatase-conjugated goat anti-mouse
gG. Immunoreactive bands were visualized with 5-bromo-4-
hioro-3-indolylphosphate/nitroblue tetrazolium (BCIP/NBT)
ubstrate (Sino-American, Shanghai).

. Results

.1. Expression and localization of SCoV M glycoprotein in
ultured cells

SCoV M gene was cloned into pEGFP-N1 with a C-terminal
GFP tag that could be used to monitor protein expression. At
8 h post-transfection, the fluorescence was mainly in the cyto-
lasm of HEK 293T cells, where it was condensed into discrete
oci and spots (Fig. 1), suggesting that M-EGFP fusion protein
as located in a particular cellular compartment. Published data

howed that M proteins of other coronaviruses were detectable
n the Golgi complex of mammalian cells. At 48 h post-
ransfection, cells were analyzed by confocal microscopy, which
howed that the M-EGFP fusion protein was co-localized in the
olgi apparatus with the Golgi vector marker—Golgi/pDsRed-
1 (Fig. 1). These results suggested that the Golgi distribution
f SCoV M protein was conformed, which was also consistent
ith the previous study (Nal et al., 2005).
.2. In vitro transcription of siRNAs

To silence the expression of SCoV M glycoprotein using
NAi technology, specific siRNA was made by in vitro tran-
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ig. 2. Purity and integrity of the siRNAs transcribed in vitro. 1. EGFP-specific
iRNA. 2. scramble siRNA. 3. SCoV M-siRNA1. 4. SCoV M-siRNA2. 5. SCoV

-siRNA3.

cription. The sense and antisense siRNA templates were
eparately transcribed in vitro with T7 RNA polymerase and
nnealed to form double-strand siRNA as described in Section 2.
he 5′ overhanging leader sequence of the generated dsRNA and
NA template were digested with single-strand specific nucle-

se (S1 nuclease) and RNase-free DNase I, respectively. The
ouble stranded siRNAs of 21 nt in length were obtained and
ound to be intact (Fig. 2).
.3. Inhibition of membrane gene transcription by siRNAs

Semi-quantitative RT-PCR was performed to examine RNA
evels of SCoV M gene in siRNA co-transfected cells. The

M
v
c
f

ig. 3. Reduced SCoV M mRNA in specific siRNAs transfected HEK 293T cells. (A
T-PCR products for the M gene (upper panel) and the internal control, GAPDH (b
erformed for the relative quantization of M mRNA on each sample using the 2−ΔΔ

ransfected HEK 293T cells relative to that in mock-transfected cells. The experimen
ars represent standard error of the mean.
l Methods 145 (2007) 146–154

ata showed that EGFP-siRNA, M-siRNA1, M-siRNA2 and M-
iRNA3 reduced the accumulation of M mRNA (Fig. 3A, upper
anel, lanes 4, 6, 7 and 8 compared to lane 3), while a control
iRNA with scrambled sequence had no effect on M mRNA
evels (Fig. 3A, upper panel, lane 5 compared to lane 3) while
APDH mRNA was not affected by the five siRNAs (Fig. 3A,
ottom panel).

To more accurately quantify RNA levels of the SCoV M gene,
eal-time quantitative PCR was performed using primers spe-
ific to the M gene and to GAPDH. cDNA from the HEK 293T
ells transfected with pEGFP-M was diluted from 106 to 100.
or each diluted sample, amplifications were performed using
rimers for the M and GAPDH genes so that the efficiencies of
he target and reference genes were similar. Each sample cDNA
rom the transfected HEK 293T cells was run in parallel with
he diluted sample. The change in SCoV M gene expression in
iRNA co-transfected cells, normalized to GAPDH and relative
o M gene expression in mock-transfected cells, was calculated
or each sample using 2−��CT method. The results showed that
CoV M gene mRNA levels were decreased about 45-, 56- and
2-fold in cells transfected with SCoV M-siRNA1, M-siRNA2
nd M-siRNA3, respectively, by 48 h post-transfection. Mem-
rane gene transcript levels were decreased about 28-fold in cells
ransfected with EGFP-siRNA but not significantly changed in
ells transfected with control siRNA (Fig. 3B).

.4. Silencing of SCoV M glycoprotein expression by siRNA

To determine whether siRNA could effectively silence SCoV

glycoprotein expression in cultured cells, pEGFP-M and the

arious siRNAs were co-transfected into HEK 293T cells. The
ells were examined microscopically at 48 h post-transfection
or green fluorescence. As shown in Fig. 4, the fluorescence

) RT-PCR was performed to show the level of M mRNA in transfected cells.
ottom panel), were shown in the figure. (B) Real-time quantitative PCR was
CT method. The assay showed the percentage of SCoV M mRNA in siRNAs

t was repeated for three times and the data were obtained by average. The error
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Fig. 4. Effect of siRNAs on the expression of M-EGFP in HEK 293T cells. (A) pEGFP-M transfected. (B) pEGFP-M and EGFP-siRNA co-transfected. (C) pEGFP-M
a cted.
c ges re
v expr

i
w
s
F
f
o
n
p
s
o
i

c
c
d
E
s
p

nd scramble siRNA co-transfected. (D) pEGFP-M and M-siRNA1 co-transfe
o-transfected HEK 293T cells. Upper panels represent the cell fluorescence ima
iew of cells in the same field. Specific silencing of the M-EGFP fusion protein

mage was much stronger in the HEK 293T cells transfected
ith control siRNA compared to cells transfected with SCoV M-

iRNA1, M-siRNA2 and M-siRNA3 (Fig. 4D–F, upper panel).
aint green fluorescence was observed in EGFP-siRNA trans-
ected cells (upper panel B in Fig. 4). The fluorescence intensity
f HEK 293T cells co-transfected with control siRNA showed
o significant difference from pEGFP-M transfected cells (upper

anels A and C in Fig. 4). The bottom panels represent the corre-
ponding image observed by light microscopy. Specific silencing
f the green fluorescence was confirmed by at least in three
ndependent experiments.

c
s
r
m

(E) pEGFP-M and M-siRNA2 co-transfected. (F) pEGFP-M and M-siRNA3
corded at 48 h post-transfection. Bottom panels represent the light microscopic

ession was confirmed in three independent experiments.

To further examine the silencing effect of SCoV M-siRNAs,
ells were collected and analyzed by fluorescence-activated
ell sorting (FACS) 48 h after transfection. Sorting was con-
ucted (using CellQuest software) to select cells that expressed
GFP, using non-transfected HEK 293T cells as a control. As
hown in Fig. 5, compared to the cells transfected with plasmid
EGFP-M alone, the cells cotransfected with pEGFP-M and

ontrol siRNA gave no significant reduction of EGFP expres-
ion, whereas the EGFP-siRNA gave an about 1.9- and 4.3-fold
eduction in the percentage of fluorescent cell population and
ean fluorescence intensity, respectively. Percentage of fluo-
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Fig. 5. Flow cytometry analysis of M-EGFP expression in HEK 293T cells.
Lanes (1–7) show the results from HEK 293T cells control, cells transfected
with pEGFP-M, cells co-transfected with pEGFP-M and EGFP siRNA, cells
co-transfected with pEGFP-M and scramble siRNA, cells co-transfected with
pEGFP-M and M-siRNA1, cells co-transfected with pEGFP-M and M-siRNA2
and cells co-transfected with pEGFP-M and M-siRNA3, respectively. At 48 h
after transfection, cells were analyzed for EGFP expression by flow cytometry.
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he percentage of the cell population that exceeded the fluorescence intensity
f the control cells and the mean fluorescence intensity of this population were
alculated. The results represent the means of three independent experiments.

escence cell population and mean fluorescence intensity were
educed about 1.5- and 3.0-fold for M-siRNA1, 1.9- and 3.7-
old for M-siRNA2 and 2.2- and 5.0-fold for M-siRNA3. This
esult was in keeping with the fluorescence imaging shown in
ig. 4.

To further determine the effectiveness of siRNA, transfected
ells were examined for M-EGFP fusion protein levels in the
resence or absence of siRNAs. Western blot analysis showed
hat compared with the cells transfected with plasmid pEGFP-

alone, M-EGFP fusion protein expression was reduced in
ells cotransfected with EGFP-siRNA, M-siRNA1, M-siRNA2
r M-siRNA3, but not reduced in cells cotransfected with control

iRNA (upper panel in Fig. 6). Interestingly, a little differ-
nce in the level of M-EGFP fusion protein expression in
-siRNA1, M-siRNA2 and M-siRNA3 co-transfected cells was

ound, indicating that the effect of silencing M-EGFP fusion

ig. 6. Effect of siRNA on M-EGFP protein expression in 293T cells. Western
lot analysis was performed on equal amounts of proteins harvested from mock-
r siRNA-transfected 293T cells at 48 h post-transfection by using GFP- and
APDH-specific antibodies described in Section 2. GAPDH was used as a

oading control.
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rotein expression by M-siRNA3 was better than M-siRNA1
r M-siRNA2. This was consistent with the data shown in
igs. 4 and 5. GAPDH was not affected by any of the five
iRNAs tested (Fig. 6, bottom panel). These data indicate that
iRNAs silenced SCoV M glycoprotein expression by blocking
he accumulation of M mRNA.

. Discussions

Individuals with SARS usually develop a high fever followed
y severe clinical symptoms. As it is a newly emerging disease, a
afe and effective vaccine is not yet available. The role of SCoV

protein in the viral life cycle, especially in viral assembly and
udding, makes it an attractive target for anti-SARS drug and
accine research.

RNAi, induced by double-stranded RNA molecules, can
ilence target gene expression. Since its discovery in Caenorhab-
itis elegans in 1998, RNAi has been found in many organisms.
NAi could become a reasonable approach in experimental ther-
peutics for human viral pathogens both in acute and chronic
nfections (Ketzinel-Gilad et al., 2006). A considerable body
f work has demonstrated that RNAi has great prospects in
iral therapeutic applications due to its simplicity and specificity
ompared to many other anti-viral strategies.

Here, the recombinant M-EGFP protein was expressed in
EK 293T cells and spotty fluorescence was found in the trans-

ected cells, which was condensed into discrete loci (Fig. 1).
sing confocal microscopy, the results verified that the M-
GFP fusion protein was predominantly located in Golgi
ompartments (Fig. 1), which is consistent with previous stud-
es (Nal et al., 2005). However, the correct protein band could
ot be detected by Western blotting analysis when the regu-
ar cell lysis buffer (50 mM Tris–Cl, pH 8.0, 150 mM NaCl,
.02% sodium azide, 1% Triton X-100, 1 �g/ml aprotinin and
00 �g/ml PMSF) was used (data not shown). It was speculated
hat this failure in detection may be due to its membrane-binding
roperty (Klumperman et al., 1994). Therefore, an alternative
ethod was adopted using 1% SDS to lyse the cells expressing
CoV M protein.

Three candidate M-specific siRNAs were designed and tran-
cribed in vitro to inhibit SCoV M protein. Although siRNAs
an be acquired through several methods (Donze and Picard,
002; Miyagishi and Taira, 2002; Yang et al., 2002; Svoboda
t al., 2001; Sui et al., 2002; Lois et al., 2002; Rubinson et
l., 2003), transcription in vitro by T7 polymerase is more con-
enient and reliable than other approaches. Furthermore, the
pplications of these specifically designed siRNAs, 19–23 nt
n length, in animal models have recently made great progress,
ncluding the siRNAs targeting Hepatitis B Virus (Xuan et al.,
006), Japanese Encephalitis Virus (Murakami et al., 2005),
uman Immunodeficiency Virus (Ping et al., 2004). Based on

he extensive screening of the effective siRNAs in vitro, some
roper modifications were adopted to improve the efficacy and

uration of siRNAs for additional in vivo use. For example,
ndoribonuclease-prepared siRNAs can efficiently inhibit HBV
eplication in a mouse model (Xuan et al., 2006), which might
e a better therapeutic agent to fight against HBV.
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siRNAs have also been pursued for the control of SARS
De Clercq, 2006). Some potent siRNA inhibitors of SCoV
n vitro were further evaluated for efficacy and safety in a
hesus macaque SARS model using clinically viable delivery
hile comparing three dosing regimens. The results showed

hat specific siRNA could mediate anti-SARS effects either
rophylactically or therapeutically, suggesting that a clinical
nvestigation is warranted. This work underscores the prospects
or siRNA to enable a significant reduction in development time
or new targeted therapeutic agents (B.J. Li et al., 2005; T. Li et
l., 2005).

In this study, RT-PCR, real-time quantitative PCR and West-
rn blotting analyses showed that M-siRNA1, M-siRNA2,
-siRNA3 could decrease the SCoV M gene transcript and

ranslational levels compared to the siRNA control (Fig. 3).
hese data suggested that the effect of gene silencing induced
y siRNA should be sequence specific and entire open read-
ng frame (ORF) based. The siRNAs transcribed in vitro can
ffectively down-regulate SCoV M RNA and protein levels,
orresponding to the reported mechanism that siRNAs degrade
arget mRNA. The resulting three SCoV M specific siRNAs
n this study were different from active siRNA reported by
ther labs (He et al., 2006), suggesting that these effective siR-
As could be further explored as a more efficacious therapeutic
gents for SCoV infection.

Previous studies on the M protein revealed that it can interact
ith N protein (He et al., 2004). In this work, when pEGFP-

was co-transfected with full length SCoV N protein into
EK 293T cells, the fluorescence of recombinant M-EGFP was

trongly enhanced (unpublished results). Future work will aim to
nvestigate the mechanism of how SCoV N protein can increase
he expression of M protein using specific siRNAs.
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