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Rabies virus (RABV) infection continues to be a global threat to human and animal health, yet no curative
therapy has been developed. RNA interference (RNAi) therapy, which silences expression of specific target
genes, represents a promising approach for treating viral infections in mammalian hosts. We designed six
small interfering (si)RNAs (N473, N580, N783, N796, N799 and N1227) that target the conserved region
of the RABV challenge virus standard (CVS)-11 strain nucleoprotein (N) gene. Using a plasmid-based
transient expression model, we demonstrated that N796, N580 and N799 were capable of significantly

?gémoirg:;rfermg RNA inhibiting viral replication in vitro and in vivo. These three siRNAs effectively suppressed RABV expression
Rabies virus in infected baby hamster kidney-21 (BHK-21) cells, as evidenced by direct immunofluorescence assay,

viral titer measurements, real-time PCR, and Western blotting. In addition, liposome-mediated siRNA
expression plasmid delivery to RABV-infected mice significantly increased survival, compared to a non-
liposome-mediated delivery method. Collectively, our results showed that the three siRNAs, N796, N580
and N799, targeting the N gene could potently inhibit RABV CVS-11 reproduction. These siRNAs have the

Nucleoprotein gene

potential to be developed into new and effective prophylactic anti-RABV drugs.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Infection with the rabies virus (RABV) manifests as a neu-
rodegenerative disease known as rabies, which is fatal in the
clinical stage. Affecting both animals and humans, rabies cases are
reported worldwide but are most prevalent in undeveloped coun-
tries, specifically in rural areas of Africa and Asia. No definitive
treatment exists to cure the disease once the clinical stage has
been reached, and only a small portion of clinical cases responds to
intensive therapeutic management and survives (Willoughby et al.,
2005). Thus, the current strategy to control rabies is pre-exposure
prophylaxis by vaccine injection, but research efforts are focused on
developing an effective antiviral strategy against established RABV
infection.

RNA interference (RNAi) is considered one of the most promis-
ing methods to achieve antiviral defense against RABV. The RNAi
therapeutic approach is based on the ability of double-stranded
small interfering (si)RNAs to specifically trigger mRNA degrada-
tion without causing significant cytotoxicity. siRNA-mediated gene
silencing occurs through the activities of the RNA-induced silencing
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complex (RISC), a ubiquitous cytoplasmic protein complex that
harbors dsRNA-binding domains and an exonuclease domain. The
RNAi approach has already been successfully applied to sev-
eral human pathogenic viruses, including hepatitis B virus (HBV)
(Morrissey et al., 2005; Song et al.,, 2003), dengue virus (DNV)
(Padwad et al., 2009), human immunodeficiency virus (HIV) (Boden
etal.,, 2004; Kumar et al., 2008), poliovirus (Saleh et al., 2004), hep-
atitis C virus (Lupberger et al., 2008), human papilloma virus (Niu
et al,, 2006), respiratory syncytial virus (RSV) (Bitko et al., 2005),
severe acute respiratory syndrome (SARS) coronavirus (Li et al.,
2005), and influenza virus (Zhang et al., 2009). In addition, sev-
eral researchers have investigated the potential of RNAI to treat
RABV infections. Brandao et al. demonstrated that siRNA designed
against the rabies virus nucleoprotein (N) mRNA was able to par-
tially protect cultured cells (baby hamster kidney (BHK)-21) from
rabies virus infection, as evidenced by direct fluorescent antibody
test (Brandao et al., 2007); however, no other in vitro assays or
in vivo data was provided to support the siRNA inhibitory effect.
More recently, Gupta et al. and Sonwane et al. reported that aden-
oviral vector-mediated delivery of small hairpin (sh)RNAs targeting
the RABV N or polymerase (L) mRNA led to a slight increase in sur-
vival of RABV-infected mice (Gupta et al., 2011; Sonwane et al.,
2011).

While viral vectors are undoubtedly efficient tools for gene
delivery, their use has been restricted by several inherent features
that pose potentially significant safety risks to the recipients. For
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example, the viral vectors randomly integrate their vector DNA
into the host chromosome. In addition, the vector itself may be
immunogenic, cytotoxic, or have specific tissue tropism. There is
also a possibility of the vector virus recombining with the wild-
type viruses, generating a potentially virulent or toxic pathogen.
Thus, researchers in gene therapy have turned to non-viral gene
delivery systems in the hopes of creating a safe and effective deliv-
ery system. To date, the cationic lipids have proven to be one of the
most efficient non-viral gene transfer methods. These amphiphilic
molecules possess two elements that are crucial for gene delivery:
a cationic head group that condenses DNA and a lipid moiety that
acts as a fusogenic group to enhance penetration into cells.

In the present study, we aimed to develop a universal siRNA
agent that is capable of targeting different RABV strains. The N gene
was chosen for this study since it is the most highly conserved
among the five RABV genes. We designed six siRNAs that were
specific to the conserved region of the RABV nucleoprotein gene.
An siRNA expression vector-based transient expression model was
used to determine their abilities to inhibit RABV replication in vitro
and in vivo.

2. Materials and methods
2.1. Cells, viruses and animals

BHK-21 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Carlsbad, CA, USA) supplemented with
2% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin (Hyclone, Logan, UT, USA) at 37°C in an atmo-
sphere of 5% CO,. The RABV challenge virus standard (CVS)-11
strain was obtained from the Changchun Institute of Veterinary

Science (China). RABV CVS-11 was used at a multiplicity of infec-
tion (MOI) of 0.01 for in vitro BHK-21 infection experiments, and
at 50% lethal dose (LDsg) of 10 for in vivo mice challenge experi-
ments. Seventy-two pathogen-free, female BALB/c mice (weighing
13-15g; Changchun Institute of Biological Products, China) were
used to assess the antiviral activities of the six siRNAs in vivo. All
experiments with the RABV virus were conducted in a biosafety
level three laboratory facility at the Changchun Institute of Veteri-
nary Science.

2.2. Plasmid construction

The siRNAs targeting conserved sequences of the RABV N gene
were designed by Dharmacon’s siRNA design algorithm (http://
www.dharmacon.com/DesignCenter/DesignCenterPage.aspx). A
scrambled siRNA sequence was designed for use as a negative
control. The siRNA target sequences, including the control, were
verified as specific to RABV, and absent in either the human or
Mus musculus genomes, by performing a BLAST search. Then,
complementary single-stranded DNA oligos encoding the specific
small-hairpin siRNAs (shRNAs) were synthesized, annealed, and
cloned into the pSilence2.1-U6 Hygro siRNA expression vector
(Ambion, Austin, TX, USA) to generate six ps-shRNA plasmids.
The 67 oligonucleotide conserved sequence region encoding the
specific shRNAs is shown in Fig. 1.

2.3. BHK-21 cell transfection with siRNA expression plasmid and
virus infection

BHK-21 cells were plated at 2 x 10° cells/well in 24-well plates
and incubated overnight. The various ps-shRNA plasmids were
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N796(796-814) GAGGAAGAGATAAGAAGAA
N799(799-817) GAAGAGATAAGAAGAATGT
N1227(12271245) CATGATGAATGGAGGTCGA
Negative control GGTTATGTACAGGAACGCA
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3-G CTCCTICTCTATTCTICTT

N799  S-GATCC GAAGAGATAAGAAGAATGT
3G CTTCTCTATTCTTCTTACA

N1227 5-GATCC G CATGATGAATGGAGGTCGA
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Fig. 1. siRNAs were designed to target the conserved sequences of the N gene from the RABV CSV-11 strain. (A) Schematic diagram showing the location of the six siRNAs
in the N mRNA and their relative potency in inhibiting rabies virus replication in BKH-21 cells (based on the data presented in Figs. 2-4). (B) Schematic diagram showing
the coding sequences of shRNAs. The 5'-ends of the two oligonucleotides are noncomplementary and form the BamHI and Hindlll restriction site overhangs that facilitated

directional cloning into the pSilence2.1-U6 Hygro siRNA expression vector.


http://www.dharmacon.com/DesignCenter/DesignCenterPage.aspx

Y.-J. Yang et al. / Virus Research 169 (2012) 169-174 171

mixed respectively with Lipofectamine 2000 transfection reagent
(1:2.5 ratio using 0.8 g plasmids and 2 p.L Lipofectamine 2000;
Invitrogen, Carlsbad, CA, USA) in Opti-MEM medium (Invitrogen)
and added to the wells. Scrambled siRNA plasmid was used as a
negative control. After 6 h of transfection, the transfected BHK-21
cells were infected with 0.01 MOI of the RABV CVS-11 virus for 48 h.
The non-transfected infected cells served as viral controls.

2.4. Direct immunofluorescence assay (DFA)

After transfection and 48 h of infection, the supernatants were
removed from the BHK-21 cells. The cells were fixed with 80% cold
acetone for 1h and washed three times with phosphate buffered
saline (PBS). A fluorescein isothiocyanate (FITC)-conjugated mouse
anti-N monoclonal antibody (prepared by the Changchun Institute
of Veterinary Science) was added to each well at 1:200 concentra-
tion and incubated at 37 °C for 1 h. Immunoreactivity was observed
by fluorescence microscopy (BX51FL; Olympus, Japan).

2.5. Viral titer assay

Viral titer was measured using 50% tissue culture infective dose
(TCIDsq) assays. Serial 10-fold dilutions of supernatants from the
treated and viral samples were added onto a monolayer of BHK-21
cells in 96-well culture plates and incubated for two days. Virus
concentrations were measured by DFA, as described above, and
the viral titer for each sample was calculated by the Reed-Muench
method (Pandiri et al., 2007).

2.6. Quantitative real-time reverse-transcription-polymerase
chain reaction (qRT-PCR)

siRNA-transfected BHK-21 cells were harvested after 24h of
RABV infection and total RNA was extracted using the TRIzol
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. The RNA was reverse transcribed into cDNA using AMV
reverse transcriptase (Promega, Madison, WI, USA) and poly-
T oligonucleotide primer (5-TTTTTTTTTTTTTIT-3’; Promega).
The levels of N mRNA transcripts were determined by qPCR
using the Brilliant II SYBR Green QPCR Master Mix (Strata-
gene, La Jolla, CA, USA) and the following gene-specific
primers: forward 5'-TCAAGAATATGAGGCGGCTG-3’ and reverse
5-TGGACGGGCTTGATGATTGG-3’ for CVS11-N (109 bp amplicon),
and forward 5-TGACAGGATGCAGAAGGAGA-3’ and reverse 5'-
GCTGGAAGGTGGACAGTGAG-3’ for 3-actin (86 bp amplicon). The
PCR reactions (25 wL; in triplicate) were carried out on the Mx
3000P System (Stratagene) under the following thermal cycling
conditions: 95 °C for 10 min, followed by 40 cycles of 95°C for 30s
and 60°C for 1 min. The B-actin normalized (relative) levels of N
mRNA transcripts were calculated by the double standard curve
method using the MxPro QPCR software.

2.7. Western blotting

siRNA-transfected BHK-21 cells were harvested after 48 h of
RABV infection and total protein samples were obtained by incu-
bating in cell lysis buffer (Beyotime Biotech Inc., Nantong, China).
Protein concentration was measured by the bicinchoninic acid
(BCA) protein assay (Pierce, Rockford, IL, USA). Fifty microgram
aliquots of total protein were resolved by sodium SDS-PAGE and
transferred to a nitrocellulose membrane (Amersham Biosciences,
Uppsala, Sweden). The resultant blots were probed with a mouse
monoclonal antibody to RABV N protein (1:200) or a mouse mono-
clonal antibody to 3-actin (1:2000, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), followed by the horseradish peroxidase-conjugated
goat anti-mouse IgG (1:2000, Santa Cruz Biotechnology, Santa Cruz,

CA, USA). Immunoreactive bands were detected with the enhanced
chemiluminescent reagent (Pierce) and the band area was quanti-
fied using Image ] software (US National Institutes of Health).

2.8. Viral challenge in mice

Mice, in groups of nine, were inoculated intracerebrally with the
liposome/ps-shRNA (40 pL of DMEM containing 50 pg ps-shRNA
and 25 pL of liposome) or ps-shRNA alone (100 p.g). After 6 h, the
mice were infected with 10 LD5g of RABV CVS-11 at the same intrac-
erebral site of inoculation. The mice were observed for 21 days post-
infection for development of rabies-specific symptoms and death.

2.9. Statistical analysis

Intergroup differences in quantitative data were analyzed by t-
test and one-way ANOVA. Intergroup comparison of the survival
rate was carried out by the log-rank test. All statistical analyses
were performed by SPSS ver 13.0 statistical software (SPSS, Inc.,
Chicago, IL, USA). A probability (p-value) of less than 0.05 was con-
sidered statistically significant.

3. Results
3.1. Screening of the antiviral effect of siRNA in BKH-21 cells

To evaluate the antiviral effects of siRNAs targeting the con-
served sequences of the CVS11-N gene, the six siRNA expression
plasmids (ps-N473, ps-N580, ps-N783, ps-N796, ps-N799 and ps-
N1227) and a negative control were respectively transfected into
BHK-21 cells. DFA results indicated that the ps-N796, ps-N580 and
ps-N799 constructs mediated a significant reduction in the RABV
N protein fluorescence signal. In contrast, the other three N gene
targeting siRNAs and the negative control had no effect on the flu-
orescence signals, compared to the non-transfected viral-infected
control cells (Fig. 2). In addition, the three effective constructs
significantly lowered the viral titer and relative mRNA levels in
infected cells. Specifically, ps-N796, ps-N580 and ps-N799 trans-
fected RABV-infected cells had TCIDs¢/mL of 6.25, 6.75 and 6.92,
respectively (vs. 7.50 for the negative control, p<0.01) (Fig. 3A).
The viral relative mRNA levels in the ps-N796, ps-N580 and ps-
N799 groups were 6.74, 5.68 and 8.19, respectively (vs. 100 for the
negative control, p <0.01) (Fig. 3B).

To determine the duration of the siRNA-mediated antiviral
activity, the siRNA with the most robust inhibitive property, ps-
N796 was selected for further analysis. After transfection and
infection, the cells’ supernatants were harvested for viral titer
assays at 24, 48, 72, 96, and 120 h time points. The results showed
that the significant inhibitive effect lasted for 96 h. At 120 h, the
viral titer had dropped to the same amount as that of the negative
control (Fig. 3C).

The N protein expression was analyzed in the transfected and
infected cells by Western blotting. The ps-N796, ps-N580 and ps-
N799 vectors led to significantly reduced CVS11-N expression,
compared to the negative control cells (p <0.01) (Fig. 4).

Collectively, these results demonstrated that the three siRNAs,
N796, N580 and N799, could significantly inhibit replication of the
CVS-11 virus in BKH-21 cells; however, the other three siRNAs,
N783,N473 and N1227, had no significant inhibitive properties and
were excluded from further analysis.

3.2. Antiviral activity of the ps-N796, ps-N580 and ps-N799 in
RABV-infected mice

To test whether the inhibition of RABV replication observed
in vitro for the ps-N796, ps-N580 and ps-N799 vectors was
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ps-negative control

Fig. 2. siRNA-mediated inhibition of the CVS-11 rabies virus presence in BKH-21 cells, as detected by DFA. Transfection of the ps-N796, ps-N580 and ps-N799 vectors led
to significant reduction in the fluorescence signal (green: CVS-11 N protein), compared to the scrambled siRNA-transfected (ps-negative) control and the untransfected
RABV-infected (viral) control.
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Fig. 3. Transfection of ps-shRNA vectors inhibited the replication of CVS-11 rabies virus in BKH-21 cells and the effect lasted several days. (A) Viral titers in culture supernatants
were determined by the TCIDsg assay. Data are expressed as mean log TCIDso/mL + SD for each group from three separate experiments. **p <0.01 vs. negative control, one-way
ANOVA test. (B) qPCR detection of CSV11-N mRNA transcripts relative to 3-actin transcripts. Data are shown as means + SD from three separate experiments. **p <0.01 vs.
negative control, one-way ANOVA test. (C) Time duration of the ps-N796 inhibitive effect. Data are expressed as mean log TCIDso/mL + SD for each group from three separate
experiments. *p <0.05, **p <0.01 vs. negative control, one-way ANOVA test.
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Fig. 4. siRNAs targeting the RABV N gene suppressed N protein expression in RABV
CSV-11-infected BKH-21 cells, as detected by Western blotting. The immunore-
active N protein bands were quantified using Image ] Software and expressed as
means =+ SD relative to the corresponding [3-actin protein. **p<0.01 vs. negative
control.

adequate for protection in vivo, we used an established BALB/c
mouse model of the rabies virus. The mice were first treated with
ps-N796, ps-N580 or ps-N799 using liposome-mediated delivery or
direct delivery (no liposome), and challenged with a lethal dose (10
LDs5g) of RABV CVS-11 6 h later. Compared to untreated (no siRNA)
RABV-infected control mice, all of the siRNA-treated mice showed
fewer clinical signs of disease and lower morbidity. However, the
mice in the siRNA/liposome-treated groups showed different sur-
vival rates than the mice treated with siRNA alone (ps-N796: 33.3%
vs. 44.4%; ps-N580: 44.4% vs. 33.3%; and ps-N799: 55.6% vs. 33.3%;
Fig. 5). The mice that survived did not develop symptoms of rabies
and remained healthy until the end of the experiment (21 days
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Fig. 5. Liposome-mediated delivery of siRNAs increased survival of RABV CSV-
11-infected mice. Mice were treated intracerebrally with ps-shRNA (A) or
liposome + ps-shRNA (B) and intracerebrally challenged with 10 LDs of lethal CVS-
11 6 h later at the same site. The challenged mice were observed for 21 days, and
percent survival was calculated. (A) The survival for groups of mice treated with ps-
shRNA did not differ from those treated with a ps-negative control. (B) The survival
of the liposome + ps-N799 and liposome + ps-N580 group was significantly differ-
ent from that of the liposome + ps-negative group (*p <0.05, **p<0.01 vs. negative
control; log-rank).

post-challenge). All untreated control mice died from the RABV
infection. These results suggested that all three of the siRNAs target-
ing the conserved regions of the RABV N gene were able to alleviate
RABV-related morbidity and could partially protect mice that had
been challenged with a lethal dose of the rabies virus.

4. Discussion

RNA interference has emerged as a useful technique for devel-
oping nucleic acid-based gene silencing therapeutics for treatment
of viral diseases (Anesti et al., 2008; Habayeb et al., 2009; Kim
et al,, 2008; Liu et al.,, 2009; Pacca et al., 2009). RNAi can be
achieved by either endogenously encoded small RNAs, known as
microRNAs (miRNAs), or exogenously introduced synthetic siRNAs
or plasmid/viral vector constructs containing shRNAs. Results from
a collection of in vivo studies (McCaffrey et al., 2003) and a phase
[ clinical trial (DeVincenzo et al., 2010) have provided the proof-
of-concept for RNAI as an effective therapeutic agent in humans;
however, some safety concerns remain.

Since an effective treatment for clinical rabies has yet to be
developed (Hemachudha et al., 2006), RNAi is considered a promis-
ing therapeutic strategy. The RABV genome consists of a single
negative-stranded RNA molecule of about 12 kb that encodes five
viral proteins, in the order of 3’-N-P-M-G-L-5". RNA transcription
and RABV replication requires an intricate interplay between the
nucleoprotein N, the RNA-dependent RNA polymerase (RdRp) L,
the nonenzymatic polymerase cofactor P, and the RNA genome
enwrapped by N, which is also known as the RABV nucleocapsid
(N-RNA). The N-RNA complex acts as the template for the viral
polymerase. During mRNA synthesis, the P and L complex bind to
the N-RNA template through an N-P interaction that involves two
adjacent N proteins in the nucleocapsid. The L-P binding to the
N-RNA is believed to trigger conformational changes that allow the
polymerase to access the RNA (Albertini et al., 2008, 2011). The N,
P and L proteins are thus important factors for both viral transcrip-
tion and replication; therefore, they are considered as promising
candidates for siRNA/miRNA inhibition strategies. In fact, studies
that sought to identify genetic suppressor elements that inhibit
RABV replication identified the N and P proteins as effective targets
(Israsena et al., 2009; Wunner et al., 2004).

In our current study, we attempted to develop a universal siRNA
agent that would recognize different RABV strains by using the N
gene, which is the most highly conserved gene among the five RABV
genes in the different RABV strains. Moreover, we selected the most
conserved sequences of the N transcript for use as RNAI targets. Six
siRNAs (N473, N580, N783, N796, N799 and N1227) designed, and
three (N796, N580 and N799) were capable of significantly inhibit-
ing CVS-11 rabies virus replication. Furthermore, in vitro analysis
indicated that the antiviral activity lasted for four days. In vivo, all of
the three could partially protect mice from a lethal dose of CVS-11
rabies virus. Interestingly, when ps-N580 and ps-N799 were deliv-
ered at lower concentration but together with a liposome reagent,
the survival rates significantly increased with both, but to a remark-
ably high extent with the ps-N799. These results indicated that the
cellular uptake of the siRNA therapy was not dependent on dosage
alone, but was significantly influenced by the carrier.

There are some discrepancies in the animal experiments that
should be noted. N796 worked best as naked RNA, and worse when
delivered with liposomes. The protection rates of N580 and N799
increased when delivered with liposomes, which is consistent with
our theoretical design. However, the result of N796 was oppo-
site, with N796 working better as naked RNA than with liposomes.
We remain perplexed by this finding but speculate that the rea-
son may be due to the distinctive features of in vitro and in vivo
environments. Moreover, the mouse grouping was random and
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this result may reflect individual physical differences in the tested
mice. Nonetheless, the mechanism remains unclear and we intend
to investigate it in detail in our subsequent studies. The purpose
of the in vivo experiments was to verify whether the siRNAs that
were selected by in vitro analysis were effective in vivo. The results
showed a partial protective effect. However, to achieve complete
protection, other siRNA delivery methods (targeted delivery), route
(intravenous crossing of the blood-brain barrier), dose (single or
multiple siRNAs), and timing of therapeutic administration should
be assessed to generate an optimal treatment strategy. Since the
siRNAs against RABV N gene sequences were capable of reducing
RABV replication and protected mice against rabies, this strategy
may represent the foundation for which each of the above-listed
parameters may be optimized. Although it is difficult to reach abso-
lute protection, the fact that there is currently no effective way to
cure rabies makes these agents promising candidates for adjuvant
therapy. For example, in RABV exposure vaccination the body gen-
erally needs at least seven days to produce antibodies, and siRNA
adjuvant may exert suppressive effects on the virus in the early
stages of exposure.

In conclusion, we developed three siRNAs (N796, N580 and
N799) that successfully targeted the N gene of RABV. All three
effectively inhibited RABV replication and protected mice from
challenges with the CVS-11 strain. We believe these siRNAs have
the potential to be developed into new and effective prophylactic
anti-RABV drugs.
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