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Abstract: Foot and Mouth Disease Virus (FMDV) is one of the most important pathogen to the cattle industry
often resulting in severe economic losses. Researchers have reported previously a therapeutic application of
plasmid-based shRNA against FMDYV but the lugh degree of sequence diversity between different FMDV
serotypes may result in the appearance of escape mutants. In this study, a dual shRNA expression plasmid
which can simultaneously express two different shRNA molecules was established and showed stronger
mhibitory effects on virus replication than the mixture of two shRINAs. Moreover, the antiviral activity induced
by the dual shRNA expression system was aslo evident on other FMDYV serotypes. Therefore, the dual shRNA
system targeting two conserved regions of virus genome provides a more powerful strategy for inhibiting
FMDV replication in a cross-resistance manner and implicates a potential application in the treatment of high

genetic variability of FMDV.
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INTRODUCTION

Foot and Mouth Disease (FMD) is an acute and
highly contagious disease requiring expensive treatment
occurring in cloven-hoofed animals (Pereira, 1981). The
etiological agent of FMD 1s Foot and Mouth Disease
Virus (FMDV) which belongs to the genus Aphthovirus
of the family Picornaviridae. The spreading capacity of the
virus and its ability to change its antigenic identity make
1t a serious threat to the beef and dary industries in many
countries (Bachrach, 1968; Howlader et ai., 2004). Owing
to the absence of reciprocal protection among 7 FMDV
serotypes, it 1s difficult to control FMD through
vaccmation and impossible to eliminate FMD by
conservative natural breeding (Knowles and Samuel,
2003). A recent occurrence of a large epidemiogenesis has
made the development of emergency antiviral strategies
essential for preventing outbreaks of FMD.

RNA mterference (RNA1) 1s a process of sequence-
specific, post-transcriptional gene silencing in animals
and plants which can be induced by 21-23 nucleotide
siIRNA targeting corresponding mRNA (Fire, 1999,
Bosher and Labouesse, 2000; Mittal ef al., 2011). Specific
gene silencing can be induced in cells by using synthetic
siRNA, plasmid or virus-mediated shRNA. Inhibition of
virus replication has been reported for a number of
viruses like HBV (Kayhan ef al., 2007), HIV (Coburn and
Cullen, 2002), HCV (Kapadia et al, 2003), FMDV
(Chen et al., 2004; Lv et al ., 2009). The use of siRNA as an

antiviral agent could lead to a selective pressure on the
siIRNA target sequences that might result m the
appearance of escape mutants. Some alternative strategies
for preventing escape mutants is to design multiple-
siRNA expression system that focus on the conserved
region of the viral genome. In this study, researchers
constructed a dual shRNA expression plasmid system
that can simultaneously produce two shRNAs targeting
two different conserved region of FMDV genome and can
cross-inhubit FMDV replication in BHK cells and suckling
mice.

MATERIALS AND METHODS

Cells and viruses: Baby Hamster Kidney (BHK) cells were
cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% Fetal Bovine Serum
(FBS). Cultures were incubated at 37°C with 5% CO,.
FMDV serotypes O, A and Asia [ were used for viral
challenge.

Design of shRNAs and plasmids: Researchers reported
previously that two different siRNA sequences (2B1 and
3D) could be used to effectively inhibit FMDV replication
(Wang et al., 2010). The selected Target sequence
(FMDV-2: GCT ACA GAT CAC CAT ACCT, FMDV-3:
GCC AGA TGC AGA GGG ACAT) had 100% identity
when compared with all the FMDV secuences
deposited in GenBank, regardless of their serotype.
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Oligonucleotides of inverted repeat FMDYV target
sequence were annealed and cloned into the pGenesil-1
(Wuhan, Genesil Biotechnology Co., Ltd) to generate
shRNA expression vectors pU6-sh2 and pU&-sh3. The
sh3 expression cassette (mcluding U6 promoter and sh3
sequence and termination signal) was amplified using
primers U6-F (5-TTG TCC AAA CTC ATC AAT GTA-3)
and Us-R (5'-ACT TGA TTA GGG TGA TGG TTC-3") and
cloned into Sall and EcoR T site of pUJ6-sh2 to generate a
dual shRNA expression plasmid (pU&-sh3-1J6-sh2) which
simultaneously expressed two shRNAs.

Cells, transfection and virus propagation: BHK were
seeded in 24 well plate (Costar) the day before
transfection and cultured in fresh DMEM (10% FBS)
without antibiotics to achieve 90% confluency. BHK were
transfected with 2.5 pg plasmid DNA using Lipofectamine
2000 (Tnvitrogen). After 12 h transfection, the transfection
complex was removed and the cells were washed twice
with DMEM. The transfected cells mn per well plates were
then infected with 100 TCID50 of FMDV. After 1 h of
adsorption, the inoculum was removed and the cells were
washed twice with DMEM. The mnfection then proceeded
in DMEM supplemented with 2% fetal bovine serum.
After 48 h, cell supernatants were collected and the virus
titers were determined three times on BHK cells. Statistical
analysis was performed with the Microsoft Excel program
(Microsoft, Redmond, WA).

Quantitative real-time RT-PCR: Viral RN A was isolated
at 48 h after FMDV serotypes O infection using Trizol
(Invitrogen) according to the manufacturer’s mstructions.
From purified RNA, cDNA was synthesized using random
hexamer primers and was quantified by spectrophotometer
at 260 nm. Real-time PCR (Stratagene MX3000P) was
carried out using SYBR Green (TaKaRa Biotech, Dalian)
following the manufacturer’s protocol. The following
primers were used for FMDYV amplification (FMDV-F 5'-
CAAAAGATGGTCATGGGC-3' and FMDV-R  5-
CAACAGATGGCTACTGTCTTCCC-3). Relative mRNA
levels of target genes are presented as the ratio of the
target gene product quantity to 1 ng beta-actin. Statistical
analysis was performed with the Microsoft Excel Program
(Microsoft, Redmond, WA).

Viral challenge assay in suckling mice: Kunming white
mice were used for the detection the anti-FMDYV activity
of the shRNAs. The suckling mice were subcutaneously
injected in the neck with 50-100 ug of shRNA plasmids
dissolved in 100 uL of saline. After 6 h, the suckling mice
were challenged with 20 LD50 of the FMDYV serotypes O,
A and Asia T per 0.1 mL by subcutaneous injection in the
neck near the site that received the mjected DNA and
were then observed for 5-6 days post-challenge.

RESULTS AND DISCUSSION

Inhibition of FMDYV replication in BHK cells by plasimid-
based shRNA: To test whether the dual shRNA
expression plasmid or mixture of two shRNAs could
enhance antiviral efficiency of RNAIL, researchers
compared antivirus activity against FMDV serotype O
among pU6-sh3-U6b-sh2, the mixture of pU6-sh3 and pU6-
sh2 (pU6-sh3+pU6-sh2) and plJo-sh2. Tt is found that
pUB-sh3-Us-sh2 induced a stronger antiviral effect than
did pU6-sh3+pU6-sh2 (p = 0.0437) (Fig. 1a). The same
results were obtained by the measurements of virus titers.
PUG-sh3-Ub-sh2 resulted in a reduction of approximately
100 fold in virus titer but the mixture of pU6-sh3+pUs-sh2
showed a decreased effect and there was no significant
decrease of virus titers in pU6-shScr control (Fig. 1b).

Dual shRNA expression plasmid inhibit replication of
multiple FMDYV serotypes in BHK cells: One of concemns
for shRNA antivirus is the antigemc variability of virus
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Fig. 1: Enhanced antiviral effect of dual shRNA
expression plasmid in BHK cells. BHK cells were
transfected with dual shRNA expression plasmid
(pU6-sh3-U6-sh2), the mixture of two shRNA
plasmid (pU6-sh2+pl6-sh3) or single shRNA
expression plasmid (pU6-sh2) and then incubated
for 1 h with FMDV serotype O; a) After 48 h
post-infection, total RN As were extracted from the
supernatant and the relative levels of FMDV RNA
were determined by real-time RT-PCR and b) Viral
titers in the supernatants were determined 48 h pi
by TCID50 assay. A scrambled shRNA plasmid
(pU6-shScr) was used as a negative control. Error
bars indicate Standard Deviation (SD)
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and escape mutant. To test whether the pU6-sh3-U6-sh2
could mnhibit other FMDYV serotypes, the transfected BHK
cells were infected with FMDV serotypes O, A and Asia
1. After 48 h viral challenge, lysed cell supernatants were
analyzed by TCID50. As shown in Fig. 2, the replication
of O, A and Asial types was significantly inhibited. The
TCID50 of the FMDV serotypes O, A and Asia T in
supernatants of cells transfected with pU6-sh3-U6-sh2
and pUb-sh2 was lower than that in the control cells. ITn
addition, differences in the degree of inhibition among
FMDV serotypes O, A and Asia 1 were not significant
(p=0.05).

Dual shRNA expression plasmid induced cross-
resistance to heterologous FMDYV infection in suckling
mice: To test anti-FMDV potential of the dual shRNA
expression plasmid ir vive, researchers challenged
suckling mice, pretreated by subcutaneocus injection of
shRNA plasmids with FMDYV serotype O. All plUU6-shScr
control treated mice died within 60 h after the viral
challenge. The pU6-sh3-Ut-sh2 and plUs-sh2 plasmid
inhibited wiral replication of FMDYV in suckling mice
(Fig. 3a). Treatment with pU6-sh3-U6-sh2 improved the
swvival rate of mice compared with pU6-sh2. The 6 of 40
mice pretreated with plU6-sh2 and 22 of 40 mice pretreated
with pU6-sh3-U6-sh2 swvived a viral challenge of
20 LD50 for 6 days of observation. The difference
between the survival rate of mice treated with plU6-sh3-
Ué-sh2 and pU6-shScr control was statistically significant
(p=0.00001). To demonstrate the antiviral effects against
other serotypes of FMDYV for the dual shRNA expression
plasmid, researchers challenged suckling mice with
FMDV serotypes A and Asia T after injection the
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Fig. 2. Dual shRNA expression plasmid inhibits
replication of multiple FMDYV serotypes. BHK cells
were transfected with plU6-sh3-U6-sh2, pU6-sh2 or
control plasmid (pU6-shScr) and then infected with
FMDYV serotypes O, A and Asia 1, respectively.
Virus titers were determined by TCTD50 assay after
48 h infection. A scrambled shRNA plasmid
{(pU6-shScr) was used as a negative control. Error
bars indicate Standard Deviation (SD)

pUB-sh3-U6-sh2, pUsb-sh?2 or pU6-shSer. In FMDV
serotype A challenge experiments, 4 of 40 mice treated
with pUs-sh2 were protected (Fig. 3b). However, 19 of
39 mice pretreated with pU6-sh3-Us-sh2 swvived a
viral challenge of 20 LD50 for 6 days of observation
(Fig. 3b). In the case of challenge with 20 L.D30 Asia T, 4 of
39 mice treated with pU6-sh2 and 15 of 40 mice
pretreated with pU6-sh3-U6-sh2 survived (Fig. 3c).
For FMDV serotypes A and Asia I challenge, a
significant difference in mouse swrvival rate was also seen
between mice treated with pU6-sh3-U6-sh2 and pU6-shScr
controls (p<<0.00001).

The application of 3iRNA to FMDYV is a promising
tool for virus inhibition and can be applied for both
preventive and therapeutic approaches (Kim et af., 2008).
This suggests that siRNA can be used as a potential
alternative strategy for FMDV control. However, long-
term silencing of viral protein expression by siRNA has
been reported to lead to the emergence of viruses

1201 ()

—e— pU6-sh3-U6-sh3
100+

—a— pUG6-sh2
pU6-shScr

Survival rate (%)
(=)
S
1

—e— pU6-sh3-U6-sh2
—a— pUG-sh2
pU6-shScr

Survival rate (%)
(=N
S
1

Survival rate (%)

Time (h)

Fig. 3: Cross-resistance effects mn suckling mice by dual
shRNA expression plasmid. Suckling mice were
challenged by subcutaneous injection in the neck
with 20 LD50 of; a) FMDYV serotypes O; b) A; ¢
Asia T after 6 h of treatment with 100 pg
pU6-sh3-Usb-sh2, plJo-sh?2 or control plasmid
(pU6-shS3cr). All amimals were observed for 6 days
after challenge
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resistant to RNA interference (Das et al, 2004,
Gitlin ef al, 2005). This 1ssue needs to be addressed if
siRNAs are to be used therapeutically. Focusing on the
conserved regions of the viral genome (Chang et al., 2005,
Dave and Pomerantz, 2004) or simultanecusly targeting
several viral sequences (Chang et al., 2005; Geisbert ef al.,
2006) may be an approach to resolve this issue. The
strategies to address these potential problems are to
generate dual shRNA molecules that can target
two different conserved region of the viral genome
(Gitlin et ai., 2005).

In this study, researchers constructed a dual shRNA
expression plasmid pU6-sh3-1U6-sh2. To test whether this
system can be used to enhance the efficiency of inhibiting
FMDYV replication, researchers compared anti-FMDV
effects between the dual shRNA and the mixture of single
shRNA. The dual shRNAs driven by two U6 significantly
umprove antiviral effects but the mixture of single shRINA
show no improvement of antiviral effects. In fact, the
antiviral effect decreased a little (Fig. 1). Chen and Mahato
(2008) reported a similar result that one plasmid expressing
three shRNAs agamst HBV was much stronger than the
application of several pooled shRNAs. This result
showed that the strategy of expressng siRNAs
simultaneously in one plasmid is more effective than the
strategy of mixing s1IRNAs. In addition, we also observed
significant antiviral activity against FMDYV serotypes A
and Asia I when using the dual shRNA system to
expressed two shRNAs in BHK cells and in suckling mice.
These results mdicate that the dual shRNAs targeted
conserved regions of FMDV genome not only conferred
a clear reduction m homologous FMDYV but also permitted
the inhibition of other FMDV serotypes.

CONCLUSION

This study shows that plasmid-based shRNAs
targeting conserved regions of FMDV genome were
efficient for inhibition of FMDV replication. Co-expression
of dual shRNAs m one plasmid can improve antiviral
efficiency of siRNA and permitted the induction of cross-
resistance to FMDYV mfection. Thus, this approach would
be beneficial especially to those viruses with high genetic
variability like FMDV and BVDV. In addition, the dual
shRNA expression may be used to deal with multi-virus
coinfection by expressing multiple shRNAs targeting
different virus.
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