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We have constructed 2 small interfering RNAs (siRNAs) specifically targeting homogenous 3D and 2B1
regions of 7 serotypes of the foot and mouth disease virus (FMDV) and tested the ability of siRNAs to inhibit
virus replication in baby hamster kidney (BHK-21) cells and suckling mice. In this study, we generated
transgenic mouse models integrating short hairpin RNA (shRNA) targeting microinfected FMDV. When
examined at the 7th passage in transgenic mice, the target gene was still found by PCR to be integrated in
oot and mouth disease virus (FMDV)
hort hairpin RNA (shRNA)
ransgenic mouse models

the genome. Compared to the control mice, the transgenic mice showed only slightly abnormal pathology
when they were infected with the FMDV serotype Asia 1. The number of viruses in the tissues of the
transgenic mouse was very low and in some tissues no virus could be detected by immunohistochemistry.

© 2010 Published by Elsevier B.V.

mmunohistochemistry

RNA interference (RNAi) has been extensively used for
equence-specific silencing of genes in mammalian cells. The lat-
st important breakthrough in the application of RNAi technology
as achieved in experiments demonstrating RNAi-mediated gene

epression in mice and rats. After more than 2 decades of research
n mice that was aimed at developing and continuously improv-
ng transgenic and knock-out technologies, the generation of
NAi-knock-down mice represents a valuable new alternative for
tudying gene function in vivo. Furthermore, RNAi holds promise as
fast and cost-effective approach to study mammalian gene func-

ion in vivo and as a novel therapeutic approach. In this study,
e generated a transgenic mouse model that integrated short
airpin RNA (shRNA) targeting the foot and mouth disease virus
FMDV). This is the first report to show the use of RNAi in confer-
ing enhanced resistance to FMDV in transgenic animals, and the
esults offer insight into the use of RNAi in animal breeding for
isease resistance.
In order to generate transgenic mice two shRNA-expression pSi-
MD2 and pSi-FMD3, constructed in the lab (Pengyan et al., 2008),
ere prepared in large quantities and digested with Hind III and

ac II. The small fragment containing the siRNA was diluted to
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Fig. 1. PCR of G0 the genomic DNA of transgenic mice. Lane 7: 100 bp ladder marker,
lane 12: negative control, lane 13: positive control, lanes 1, 2, 5, 9–11: transgenic
mice, lanes 3, 4, 6 and 8: negative results.

1.4 �g/ml and 5 �l/tube and preserved at −20 ◦C after recovery and
purification. Four-to-six-week-old suckling (Kunming white) mice
were used for breeding and embryo transplantation. The generation
of mice, collection of zygotes, microinjection and embryo trans-
plantation were carried out as described by Xiaoli et al. (1995).
Two small fragments (containing the siRNA) were microinjected
into the male pronucleus of the zygote. The fragment of pSi-FMD2
was microinjected into 506 zygotes, which were transplanted into
the oviducts of 23 mice; of these 17 became pregnant and gave
birth to an offspring of 104. The fragment of pSi-FMD3 was microin-

jected into 469 zygotes, which were transplanted into the oviducts
of 22 mice; of these 9 became pregnant and gave birth to an off-
spring of 55. The genomic DNA was extracted from tail clippings
(1–1.5 cm) from all the 21-day-old offspring. We used 1 �l tem-
plate DNA for PCR. siRNA-expressing plasmids were used as the
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Fig. 2. PCR of the genomic DNA of G7 transgenic mouse. Lane 1: 100 bp ladder
marker, lane 8: negative control, lane 6: positive control, lanes 2, 4 and 5: transgenic
mice, lanes 3 and 7: negative result.

Fig. 3. PCR of the genomic DNA of G5 transgenic mouse. Lane 1: positive control,
lane 2: negative control, lane 11: 100 bp ladder marker, lanes 3–14: transgenic mice.

Fig. 4. HE staining of different pathological sections of tissues from transgenic and control mice. (A) HE staining of liver sections revealed that there was severe hepatic
congestion in control mice; however it was normal in transgenic mice, (B) HE staining of spleen sections revealed that the number of splenic corpuscles in the transgenic
mice was higher, and macrophage epithelioid cell node in the junction of white pulp and red pulp had increased significantly, (C) HE staining of heart sections revealed that
there were almost no change in transgenic mice, however there were severe cardiac muscle waxy necrosis in control mice.
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ig. 5. Results of immunohistochemistry. (A) Immunohistochemistry results of FM
ontrol refers to normal BHK-21 cells. (B, C and D) Immunohistochemistry results o
he liver and kidney of transgenic mice and few virions in the spleen of transgenic m

ositive control and the genomic DNA of normal mice as the nega-
ive control. The sequences of up-stream and down-stream primers
ere as follows: F2: 5′-TCCCAGAACACATAGCGACA-3′; and R2: 5′-
AGAAAGCGAAGGAGCAAAG-3′. The PCR program was as follows:
min at 94 ◦C; 30 cycles of 30 s at 94 ◦C, 45 s at 58 ◦C, and 30 s
t 72 ◦C; and 7 min at 72 ◦C. We used 5 �l of the PCR product for
% agarose gel electrophoresis. The PCR results of 159 samples of

enomic DNA showed that there were 6 positive transgenic mice
Fig. 1). The rate of integration of the transgene was 20–30% in
1–G7 animals (Fig. 2). When mated between two transgenic mice,
00% of the offspring were transgenic mice (Fig. 3). The offspring
as demonstrated no abnormalities to date.
BHK-21 cell. Positive control refers to BHK-21 cells infected with FMDV. Negative
r, kidney and spleen of transgenic mice and normal mice. There were no virions in

To further test the anti-FMDV activity of the siRNAs, six G1
positive transgenic mice were challenged with 0.5 ml of 100 LD50
Asia1 FMDV via intraperitoneal injection. Saline-treated mice were
used as the control. Seventy-two hours after the viral challenge, the
mice were killed by exsanguination from the fossa orbitalis and the
heart, liver, spleen, lungs, kidneys and muscles were excised and
fixed in 10% formalin. Routine pathological sections of these tissues

were prepared and the pathological changes were observed under
a microscope. The resistance of transgenic mice to FMDV infec-
tion was evaluated by an immunohistochemistry assay. The results
of hematoxylin-eosin (HE) staining of different pathological sec-
tions revealed that compared to the control mice, the transgenic



2 al Res

m
b
m
r

s
m
t
m

r
l
e
t
t
m
s
t
s
w
s
N
w
t
t
b
t
a
a
t
i
v
m

s
m
t
a
o
c
g
w
a
g
b
r
o
t

r

68 W. Pengyan et al. / Antivir

ice showed slightly abnormal pathology. In particular, the num-
er of splenic corpuscles in the transgenic mice was higher, and
acrophage epithelioid cell node in the junction of white pulp and

ed pulp had increased significantly (Fig. 4).
FMDV could be detected by immunohistochemistry in the liver,

pleen, and kidneys of the control mice. However, in the transgenic
ice, FMDV could be detected only in the spleen and the liver, and

he number of viruses was smaller than that seen in the control
ice (Fig. 5).
There have been several studies on the inhibition of FMDV

eplication by siRNA at the cellular level (Kahawa et al., 2004; de
os Santos et al., 2005; Liu et al., 2005). In this study, we gen-
rated a transgenic mouse model that integrates siRNA targeting
he FMDV. These mice have a siRNA expression box, which can be
ransmitted to the offspring through the germline. Six transgenic

ice and six normal control mice were infected with FMDV in the
ame way. Routine pathological examinations of the tissues of the
ransgenic mice showed only slightly abnormal pathology. At the
ame time, the results of immunohistochemistry showed that there
ere few or no viruses in each tissue of the transgenic mice. As

hown in our previous study (Pengyan et al., 2008), the two siR-
As could trigger an antiviral response in BHK-21 cells infected
ith FMDV, but they could not completely inhibit virus replica-

ion. So in this work, it is possible that viruses were present in the
issues, but at a concentration below the threshold of detection
y immunohistochemistry. However, compared with control mice,
he number of splenic corpuscles in the transgenic mice was higher,
nd macrophage epithelioid cell node in the junction of white pulp
nd red pulp had increased significantly. It was presumed that after
he entry of FMDV into the body, the siRNA targeting the FMDV
nhibited the replication of FMDV at some extent, thus reducing the
irus number. Thus, the transgenic mice generated in our experi-
ent could effectively resist FMDV infection.
The technique of microinjection has been applied commonly

ince Gordon used it for introducing a gene into the zygote of a
ouse (Gordon et al., 1980). It was reported (Hogan et al., 1994)

hat when microinjection was performed by skilled researchers,
bout 60% of zygotes survived. Additionally, there is no limitation
f the size of DNA that can be introduced, and the foreign gene was
onfirmed to be integrated in the genome of 10–40% of the mice
enerated. Because the gene is introduced into the pronucleus it
ill produce less chimera. It is convenient to analyze G0 transgenic

nimals and establish new transgenic strains. In this study, each
ene was microinjected into about 500 zygotes. Some zygotes died
efore transplantation. After the zygotes were transplanted into

ecipient mice, 17 and 9 mice became pregnant and produced an
ffspring of 104 and 55, respectively (see supra). At last together
here were 6 transgenic mice.

It is apparent that introduction of favorable target genes into
ecipient animals will offer an effective way for improvement of
earch 87 (2010) 265–268

varieties of domestic animal breeds. However, it cannot replace
traditional breeding and should only be limited to the utiliza-
tion of beneficial genes in domestic animal breeds. Scientists have
obtained some materials of economic value from transgenic fishes,
fowls and pigs by the transgenic technique. The success of trans-
genic anti-PrPSC cattle could offer a new strategy for the prevention
of bovine spongiform encephalopathy. The generation of trans-
genic mice or RNAi-knock-down mice is not as difficult as many
people have thought. Mice created in such ways have a clean
genetic background, which makes the phenotype analysis highly
reliable. Furthermore, two or more RNAi vectors could be microin-
jected simultaneously, which would lead to double or multiple
inhibition (Kittler and Buchholz, 2003). Theoretically, RNAi-knock-
down could achieve 1–99% inhibition, an apparent advantage over
the gene knock-out approaches from procedural perspectives. So
far, there have been few studies on animal breeding for disease
resistance in mice or other animal species using the RNAi-based
knock-down approaches. Although RNAi-knock-down mice mod-
els have some limitations, they will be valuable for studies on
screening important genes for animal breeding or other purposes
in the postgenomic era.
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