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RNA interference is becoming a powerful tool in gene-specific silencing. New generation vaccines against
many pathogens will attempt to incorporate these molecules. Here we report the efficient silencing of
chicken anaemia virus (CAV) genes in vitro using short-hairpin RNAs (shRNAs) targeting the region of
the CAV transcript encoding either viral protein (VP) 1, or overlapping sections of VP2/3 and VP1/2. The
shRNAs were first validated against a EGFP-CAV fusion transcript reporter system and then against CAV
grown in MDCC-MSB1 cells. The decrease in CAV replication was shown with a flow cytometry assay
specific for VP3. Overall the results showed efficient silencing of CAV replication in tissue culture using
shRNAs. It was also shown that the combination of three shRNAs being expressed from a single plasmid

is less effective at silencing CAV replication than the most active shRNA alone.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

Chicken anaemia virus (CAV) is an important worldwide prob-
lem in the poultry industry, causing acute anaemia in young chicks
or subclinical infections in adult birds (Adair, 2000). The subclin-
ical infection results in immunosuppression which is particularly
troubling as this leaves chickens with enhanced susceptibility to
other avian pathogens and decreases the effectiveness of vaccines
thereby reducing production efficiency. The current CAV vaccina-
tion strategy involves the delivery of attenuated virus in drinking
water. Though effective, reversion to virulence of the vaccination
strain has been demonstrated, resulting in clinical symptoms in
flocks. More robust CAV control strategies are required (Von Bulow
and Schat, 1997).

CAV is a member of the gyrovirus genus in the Circoviridae fam-
ily of viruses that are characterized by their small, single-stranded,
circular DNA genome. The genome is 2.3 kb from which a single
2.0-kb mRNA transcript encoding the three viral proteins (VP) 1, 2
and 3 in overlapping reading frames is transcribed (Kato et al., 1995;
Noteborn etal., 1991). Splice variants of this transcript have recently
been identified, however translation of these transcripts has not
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been demonstrated (Kamada et al.,2006). VP1isa 52-kDa structural
capsid protein; VP3 is a 13.8-kDa virulence factor known to induce
apoptosis in transformed cell lines (Noteborn et al., 1994); and VP2,
is a 28-kDa dual-specificity protein phosphatase (DSP) (Peters et al.,
2002). Mutations in either VP1 or VP2 have been associated with
CAV strains exhibiting reduced or inhibited capacity for replication
in vitro (Peters et al., 2005; Yamaguchi et al., 2001). CAV is diffi-
cult to grow in tissue culture and will only grow in transformed
lymphoblastoid cell lines such as MDCC-MSB1 cells (Marek’s dis-
ease virus transformed chicken T cell) (Yuasa, 1983; Yuasa et al.,
1983).

RNA interference (RNAIi) is a naturally occurring mechanism
found in both plants and animals that uses short RNA molecules
(21-23 nt) to degrade or sequester mRNA resulting in specific gene
suppression (Hannon, 2002; Fire et al., 1998). This mechanism has
been taken advantage of by artificially introducing short inter-
fering RNAs (siRNAs) and short-hairpin RNAs (shRNAs) into cells
to suppress genes of interest. Introduction of siRNAs and shRNAs
targeting viral mRNA has been demonstrated to be effective at
silencing several human and animal viruses in vitro and in vivo
including HIV-1 (Coburn and Cullen, 2002), Hepatitis B (Ying et al.,
2007), Influenza A (Ge et al., 2003), foot and mouth disease virus
(Liu et al., 2005) and bovine viral diarrhea virus (Lambeth et al.,
2007).

This study describes the inhibition of a EGFP-CAV mRNA tran-
script in DF1 cells by using single or multiple shRNAs targeted to
various regions of the CAV mRNA. Active shRNAs were then used to
reduce CAV replication in MDCC-MSB1 cells.

0166-3542/$ - see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.antiviral.2008.05.009


http://www.sciencedirect.com/science/journal/01663542
mailto:Tracey.Hinton@csiro.au
dx.doi.org/10.1016/j.antiviral.2008.05.009

144 T.M. Hinton, T,J. Doran / Antiviral Research 80 (2008) 143-149

Table 1
Oligonucleotides used to produce chicken U6 promoter vectors

Primer name

Primer sequence

chU6-4F
chU6-4R
chU6-1F
chU6-1R
chU6-MW1F
chU6-MW1R
chU6-MW2F
chU6-MW2R
chU6-MW3F
chU6-MW3R

TTTGCATGCGTACCTCCTTCTCGCAG
TTTGTCGACATAAGCTTATGTTTAAACCCCAGTGTCTCTCG
CATGCATGCAAACGCTAAGCAGGCACCTAAAG
TTTCATATGATACTAGTATACCTGCGCATGAATATCTCTACCTCCTAGGCGG
TTTGCATGCGTACCTCCTTCTCGCAG
TTTGTCGACATAAGCTTATGTTTAAACCCCAGTGTCTCTCG
TATGTCGACAAACTCCAGGAGGTGCATGTTTG
TTTCTCGAGATGAATTCATCCATGGGACTAAGAGCATCGAGAC
CATCTCGAGAAACGCTAAGCAGGCACCTAAAG
TTTCATATGATACTAGTATACCTGCGCATGAATATCTCTACCTCCTAGGCGG

Letters in bold indicate restriction sites for ligation of shRNA annealed oligonucleotides; letters underlined indicate restriction sites for cloning promoter vectors; letters in

italics indicate plasmid requires nuclease treatment after digestion.

2. Materials and methods
2.1. Cell culture and virus growth

Chicken lymphoblastoid cells, MDCC-MSBI1, transformed by
Marek’s disease virus (Akiyama and Kato, 1974), were cultured at
37°C with 5% CO, in a 100-mm dish with RPMI1640 medium sup-
plemented with 10% fetal bovine serum (IBL), 2mM glutamine,
0.01% penicillin and 0.01% streptomycin. Transformed chicken
embryo fibroblast cells (DF1, ATCC no. CRL-12203) were grown in
DMEM medium supplemented with 10% fetal bovine serum, 2 mM
glutamine, 0.01% penicillin and 0.01% streptomycin at 37 °C with 5%
CO,. Both cell types were subcultured twice weekly.

The Australian isolate CAV269/7 was obtained from G. Brown-
ing (School of Veterinary Science, The University of Melbourne,
Australia) and grown in MDCC-MSBT1 cells. Virus was prepared by
freeze/thawing the culture three times and then clarifying by cen-
trifugation at 6000 x g for 10 min. Virus was stored at —80°C.

2.2. pEGFP-CAV and chicken U6 promoter plasmid construction

The pCAV269/7 plasmid was digested with Pstl and BamHI
(Brown et al., 2000). The 935bp CAV fragment was gel purified
and ligated into the similarly digested pEGFP-C (a generous gift
from David Cummins, CSIRO Livestock Industries, Australia) to pro-
duce pEGFP-CAV. Single chicken U6 promoters chU6-1, chU6-3 and
chU6-4 were amplified by PCR from previously reported plasmids
(Wise et al., 2007) and ligated into pGEMTeasy (Promega, Madison,
WI). pchU6-4 and pchU6-3 were ligated via Sphl and Sall sites on
primers and plasmid, whilst chU6-1 was ligated with Sphland Ndel.
The reverse primers also contained two cloning sites for insertion
of the shRNA. A third restriction site was included for removal of
parental vector before transforming E. coli cells. Oligonucleotides
used are shown in Table 1. All oligonucleotides were synthe-

Table 2
Oligonucleotides used to produce shRNA expression vectors

sised by Geneworks (Australia) and all restriction enzymes were
obtained from either Promega or New England Biolabs (Ipswich,
MA).

For construction of the multi-promoter vector (pMP), three
rounds of overlapping PCR was performed on the three U6 chicken
promoter vectors (pchU6-4, pchU6-3 and pchU6-1). Oligonu-
cleotides are shown in Table 1. The first round of PCR amplified
the promoter sequences of pchU6-1, pchU6-3 and pchU6-4 indi-
vidually. The second round combined the pchU6-3 and pchU6-4
PCR DNA templates. A third round of PCR combined the pchU6-3/4
template from round 2 with the individual pchU6-1 PCR product
fromround 1 to produce a PCR product containing all three promot-
ers. The final product was digested with Sphl and Ndel and ligated
into a similarly digested pGEMTeasy to produce pMP. Each reverse
primer contained restriction sites for ligation of the shRNAs. All
PCRs were performed with Platinum TaqHiFi as per manufacturer’s
instructions (Invitrogen, Carisbad, CA). All plasmids in this study
were sequenced by Micromon DNA sequencing facility (Monash
University, Australia).

2.3. shRNA design and plasmid construction

siRNAs were designed based on the CAV 269/7 strain sequence
(Genebank Accession No. AF227982) using the Dharmacon
siRNA Design tool (http://www.dharmacon.com). Sequences were
selected to be in the coding sequence of the CAV genome and con-
tain a GC content between 30% and 64%. The first three criteria of
the Taxman algorithm (Taxman et al., 2006) were then applied to
the first 40 siRNAs predicted from the Dharmacon tool. Six siRNA
sequences that had a Taxman score of 3 or 4 and a central duplex
closest to a AG>—12.9 kcal/mol calculated using the free-energy
parameters of the central six bases for predictions of RNA duplex
stability as published by Freier et al. (1986) were chosen. Comple-
mentary DNA oligonucleotides containing the siRNA followed by

Primer name

Primer sequence

VP2/3-1F
VP2/3-1R
VP2/3-2F
VP2/3-2R
VP2/3-3F
VP2/3-3R
VP1/2-1F
VP1/2-1R
VP1-1F
VP1-1R
VP1-2F
VP1-2R

ATTCGGAATTACAGTCACTCTATTTCAAGAGAATAGAGTGACTGTAATTCCTTTTTTGGAA
TATTCCAAAAAAGGAATTACAGTCACTCTATTICTCTTGAAATAGAGTGACTGTAATTCC
CAACTGCGGACAATTCAGATTCAAGAGATCTGAATTGTCCGCAGTTGTTTTTTGGAA
TCGATTCCAAAAAACAACTGCGGACAATTCAGATCTCTTGAATCTGAATTGTCCGCAGTTG
GAAGGTGTATAAGACTGTATTCAAGAGATACAGTCTTATACACCTTCTTTTTTGGAA
TCGATTCCAAAAAAGAAGGTGTATAAGACTGTATCTCTTGAATACAGTCTTATACACCTTC
CAAGCGACTTCGACGAAGATTCAAGAGATCTTCGTCGAAGTCGCTTGTTTITIGGAA
TCGATTCCAAAAAACAAGCGACTTCGACGAAGATCTCTTGAATCTTCGTCGAAGTCGCTTG
ATTCGAAGGACTCATTCTACCTATTCAAGAGATAGGTAGAATGAGTCCTTCTTTTTTGGAA
TATTCCAAAAAAGAAGGACTCATTCTACCTATCTCTTGAATAGGTAGAATGAGTCCTTC
CATCAATGAACCTGACATATTCAAGAGATATGTCAGGTTCATTGATGTTTTTITGGAA
TCGATTCCAAAAAACATCAATGAACCTGACATATCTCTTGAATATGTCAGGTTCATTGATG

Letters in bold indicate Pollll promoter termination signal; letters in italics indicate restriction site overhangs for ligation; letters underlined indicate loop sequence.
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the loop sequence (TTCAAGAGA), then the antisense of the siRNA,
followed by a Pollll termination sequence were chemically synthe-
sized and annealed at 90 °C for 3 minand 30°Cfor 1 h. A5’ blunt end
and 3’ overhang compatible to Sall digested DNA were included for
ligation into Pmel and Sall digested pchU6-4. A5’ overhang compat-
ible to BfuAl and 3’ overhang compatible to Ndel digested DNA were
included to ligate into BfuAl and Ndel digested pchU6-1. A non-
silencing (pshNS) control and a positive control shRNA targeting
GFP (pshGFP) were also used. The sequences have been published
previously (Lambeth et al., 2007; Wise et al., 2007). All oligonu-
cleotide sequences used to produce CAV shRNAs are shown in
Table 2. The final plasmids are referred to as pshVP2/3-1, pshVP2/3-
2,pshVP2/3-3,pshVP1/2, pshVP1-1and pshVP1-2.VP2/3 and VP1/2
indicate the shRNA sequence occurs where the VP2 and VP3 genes
sequences or VP1 and VP2 gene sequences overlap, respectively.
The expression of shRNAs from pshVP2/3-2, pshVP2/3-3, pshVP1/2
and pshVP1-2 was under the control of the chU6-4 promoter, whilst
pshVP2/3-1 and pshVP1-1 shRNA expression was under the control
of the chU6-1 promoter.

To produce the multiple shRNA expression vector, annealed
shRNA oligonucleotides were ligated into either Pmel and Sall
digested pMP to be transcribed by chU6-4, Ncol (nuclease treated
to produce a blunt end) and Xhol digested pMP to be transcribed
by chU6-3, or BfuAl and Ndel digested pMP to be transcribed by
chU6-1 producing pCAV-shMW.

2.4. Transfection of pEGFP-CAV and shRNA plasmids into DF1
cells

DF1 cells were seeded at 1.5 x 10° cells in 24-well tissue cul-
ture plates and grown overnight at 37 °C with 5% CO,. Plasmids
were transfected into the DF1 cells using Lipofectamine 2000 as
per manufacturer’s instructions (Invitrogen, Carisbad, CA). Briefly,
1 pg of pEGFP-CAV and 1 g of the relevant shRNA diluted in 100 .l
OPTI-MEM (Invitrogen, Carisbad, CA) was mixed with 2 .l of Lipo-
fectamine 2000 diluted in 100 .1 OPTI-MEM and incubated at room
temperature for 20 min. The DNA:lipofectamine mix was added
to cells and incubated for 4h. Cell media was changed to nor-
mal growth media and incubated for 72 h. Cells were then washed
twice with PBS, trypsinised and washed twice with FACS wash
(PBS with 1% FBS). Cells were subjected to flow cytometry and
analysed as a percentage of the non-silencing shRNA mean FITC
fluorescence.

2.5. Electroporation of pEGFP-N1 and shRNA plasmids into
MDCC-MSBI cells

MDCC-MSB1 cells were washed twice in RPMI1640 medium
(Sigma-Aldrich, St Louis MD), and 4 x 106 cells were resuspended
in 350 .l RPMI1640 containing 10 p.g of pEGFP-N1 and 10 g of the
relevant shRNA plasmid in a microfuge tube. Transfection was per-
formed using a 0.4-cm gap electroporation cuvette in a Gene Pulser
apparatus (Bio-Rad, Hercules, CA) set at 400V, 900 WF, o resistance
and extension capacitance. The cells were incubated at room tem-
perature for 5 min, then resuspended in 1 ml warm growth medium
and incubated for 4 h before infection with CAV.

2.6. Infection of transfected MDCC-MSB1 cells

Transfected cells were counted and 1 x 108 cells for each trans-
fection were pelleted and infected with an MOI of 2 CAV269/7 for
1h at 37°C or mock infected with 200 .l of growth medium. Cells
were then transferred to 3 ml warm growth medium and incubated
for 72 or 96 h.

2.7. Detection of EGFP and CAV VP3 by flow cytometry

Cells for experiments with EGFP alone were washed three times
in FACS wash (PBS with 1% FBS) and analysed by flow cytometry at
72 and 96 h. At 72 or 96 h 1 x 106 transfected and infected cells were
pelleted and fixed in 1 ml BD permeabilisation solution 2 (Becton
Dickinson) for 20 min at room temperature. Cells were then washed
in PBS with 0.01% Tween 20 and stained with 1:1000 mouse anti-
CAV VP3 (Tropbio, Australia) washed three times and stained with
1:500 goat anti mouse IgG1 APC conjugated antibody (Invitrogen,
Carisbad, CA) then analysed by flow cytometry for EGFP and APC flu-
orescence. Dot plots of the cells comparing FITC and APC channels
were analysed and histograms of APC fluorescence of EGFP-positive
cells were produced. Mean fluorescence of the histograms were
taken and analysed as a percentage of the non-silencing shRNA
mean fluorescence.

3. Results
3.1. shRNA design and plasmid constructs

The single-stranded DNA genome of CAV is transcribed into a
single long mRNA molecule encoding the three overlapping CAV
genes (Kato et al., 1995; Noteborn et al., 1991). Therefore targeting
any region of the coding sequence should silence the expression of
all three genes. The Australian CAV269/7 strain used in the study
has been shown to have 95% sequence identity to seven other
sequenced isolates (Brown et al., 2000), whilst the seven other
isolates had 98-99% identity to each other. Six shRNAs were there-
fore designed against regions of the genome that were identical in
all seven isolates, to give cross-strain specificity. As VP2 is over-
lapped by the entirety of VP3 and a portion of VP1 (Fig. 1A) most
of the shRNAs designed targeted two of the genes (indicated in the
plasmid names), although two shRNAs targeted VP1 alone. Each
shRNA was inserted into an expression vector individually produc-
ing pshVP2/3-2, pshVP2/3-3, pshVP1/2, and pshVP1-2 under the
control of the chicken U6-4 promoter and pshVP2/3-1 and pshVP1-
1 under the control of the chicken U6-1 promoter (Fig. 1B).

pEGFP-CAV contains 935 bp of the CAV genome at the 3’ end
of the EGFP gene. This region contains the target sequence for all
six of the CAV shRNAs (Fig. 1A) and is expressed as a single mRNA,
therefore an active ShRNA will result in the loss of EGFP expression.

3.2. Silencing of EGFP-CAV fusion transcript by single or multiple
ShRNAs

The six single shRNA expression vectors (pshVP2/3-1, pshVP2/3-
2,pshVP2/3-3, pshVP1/2, pshVP1-1 and pshVP1-2) were first tested
against the EGFP-CAV fusion mRNA in DF1 cells. All of the shRNAs
had some activity, the least active (pshVP2/3-2, Fig. 2 column 5)
resulting in 30% knockdown of EGFP expression, measured as a
percentage of mean FITC fluorescence of the non-silencing con-
trol. shRNA VP2/3-1 appeared to be extremely effective with over
80% knockdown of EGFP-CAV expression, considerably more than
the shEGFP-positive control. This indicated that efficient inhibi-
tion of CAV replication should be possible. The three most active
shRNAs; shVP2/3-1, shVP1-2 and shVP2/3-3 were cloned into the
multi-promoter vector, pMP to produce pCAV-shMW (Fig. 1C)
to determine whether individual or multiple shRNAs work most
effectively. The multi-promoter vector contains three individual
transcription units driven by either chicken U6 promoters (chU6)
1, 2 or 3, and has previously been shown to express three different
shRNA molecules targeted against influenza by RNase protection
assay, indicating the plasmid is functional (unpublished data).
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Fig. 1. Schematic representation of vectors. (A) Schematic representation of the linearised CAV genome. Sequences encoding open reading frames for the three known CAV
proteins are indicated. The transcriptional start site is indicated by an arrow and +1. The location of the promoter/enhancer repeat region is shown by two arrow heads. Location
of the CAV targeting shRNAs is indicated by short lines. Not to scale. The region of the CAV genome included in the fusion plasmid is shown. (B) Schematic representation of
the shRNA expression vectors. One vector contains either the ChU6-4 or ChU6-1 promoter. (C) Schematic representation of pCAV-shMW vector.

pCAV-shMW contains shVP1-2 under the control of the chU6-4
promoter, shVPVP2/3-3 under the control of the chU6-3 promoter
and shVPVP2/3-1 under the control of the chU6-1 promoter. This
construct was examined for its ability to inhibit EGFP-CAV mRNA
expression compared to the individual shRNAs. pCAV-shMW was
less efficient at silencing EGFP-CAV expression than the single
most active shRNA, VP2/3-1 (Fig. 3A column 4 and 6). However
the knockdown was still considerable at over 70%. When the three
individual shRNAs were co-transfected together with pEGFP-CAV
there was no difference in silencing to pCAV-MW (Fig. 3B). No non-
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Fig. 2. shRNAs targeting the CAV genome silence the GFP-CAV fusion mRNA in DF1
cells. DF1 cells were co-transfected with 1 pg of the relevant vectors for 72 h. Col-
umn 1: pshNS control; column 2: pEGFP-CAV alone; column 3: pshGFP control;
column 4: pshVP2/3-1; column 5: pshVP2/3-2; column 6: pshVP2/3-3; column 7:
pshVP1/2; column 8: pshVP1-1; column 9: pshVP1-2; column 10: untransfected.
Columns 1 and 3-9 were co-transfected with 1 g of pEGFP-CAV. Cells were then
assayed by flow cytometry and analysed in Microsoft Excel. Values are shown as
percentages of the negative control shRNA (shNS, column 1), as the mean of three
separate experiments in duplicate + standard deviation.

specific silencing was observed with the negative control pshNS
(Figs. 2 and 3 columns 1 and 2).

3.3. MDCC-MSBI1 cells have the RNAi pathway

As the transformed MDCC-MSB1 cells have not previously been
used in RNAi work it was necessary to determine whether the cells
had retained the RNAi pathway. Therefore the EGFP expression vec-
tor was electroporated into MDCC-MSB1 cells either alone or with
a non-silencing shRNA (pshNS) or a previously published, highly
active shRNA targeting GFP (pshGFP) as controls (Lambeth et al.,
2007; Wise et al., 2007). Results from both fluorescent microscopy
and flow cytometry indicated MDCC-MSB1 cells do have RNAi
capacity (Fig. 4A and B). As expected there was minimal non-
specific silencing of EGFP mRNA expression from the non-silencing
control (Fig. 4B column 1 and 2), whilst 70% knockdown of EGFP
expression was observed with pshGFP (Fig. 4B columns 2 and 3).
The results also indicated that the highest silencing was observed
at the longer 96 h post-transfection time point. This was therefore
used for future experiments.

3.4. Silencing of CAV replication using sShRNAs

It has been shown that some siRNAs that are highly effective
in the EGFP-fusion reporter assay are not effective against the
target virus (Lambeth et al., 2007). This is most likely due to dif-
ferent folding configurations of the native viral mRNA compared
to the EGFP-fusion mRNA. Therefore to determine the effective-
ness of the chosen shRNAs at inhibiting CAV replication, an assay
to determine silencing was required. Although it has been shown
that MDCC-MSB1 cells have retained the RNAi pathway, the highest
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Fig. 3. Expression of multiple shRNAs targeting the CAV genome from a single plasmid silence the GFP-CAV fusion mRNA in DF1 cells. (A) DF1 cells were co-transfected with
1 g of the relevant vectors for 72 h. Column 1: pshNS control; column 2: pEGFP-CAV alone; column 3: pshVP2/3-1; column 4: pshVP2/3-3; column 5: pshVP1-2; column 6:
pCAV-shMW; column 7: untransfected. Columns 1 and 3-6 were co-transfected with 1 g of pPEGFP-CAV. Cells were then assayed by flow cytometry and analysed in Microsoft
Excel. Values are shown as percentages of the negative control shRNA (shNS, column 1), as the mean of three separate experiments in duplicate & standard deviation. (B)
DF1 cells were co-transfected with a total of 1 pg of the relevant vectors for 72 h. Column 1: pshNS control; column 2: pEGFP-CAV alone; column 3: pshVP2/3-1; column 4:
pCAV-shMW; column 5: pshVP2/3-1, pshVP2/3-3, and pshVP1-2; column 6: untransfected. Columns 1 and 3-5 were co-transfected with 1 g of pEGFP-CAV. Cells were then
assayed by flow cytometry and analysed in Microsoft Excel. Values are shown as percentages of the negative control shRNA (shNS, column 1), as the mean of three separate
experiments in duplicate + standard deviation.

transfection efficiency that has been obtained was approximately tively a lower APC mean fluorescence detected in EGFP-positive
50% of cells (data not shown). This was deemed insufficient to cells indicates VP3 expression is less and CAV protein expression is
determine efficient CAV silencing as all cells are infected with inhibited.

CAV. Therefore a way to distinguish infected cells from infected When this assay was used with pCAV-shMW and the three
and transfected cells was required. This was accomplished by co- individual shRNAs contained within, a decrease in virus protein
transfecting the shRNA with pEGFP-N1 (Clontech). Co-transfection expression was observed with all constructs (Fig. 5). Interestingly
has been reported to be close to 100% efficient (Cullen, 2006) there- the most active was shRNA VP2/3-3 with a 60% knockdown of CAV
fore every cell that contains EGFP will also contain the shRNA. A VP3 expression, whilst this was not the most active in the EGFP-
method to detect CAV infection by flow cytometry has recently fusion reporter system. pCAV-shMW was again slightly less active
been elucidated by the use of a monoclonal antibody targeting CAV than the best single shRNA, however a knockdown of over 50% was
VP3 and a secondary anti-mouse antibody conjugated with APC (P. obtained. All results are shown as a percentage of the non-silencing
Guo, personal communication). Therefore both EGFP transfected shRNA negative control.

and infected cells can be distinguished by flow cytometry by acquir-

ing fluorescence of the two different flourophores. If a higher APC 4. Discussion

mean fluorescence was detected in EGFP-positive cells it indicates

that more of those cells have VP3 expression therefore those cells CAV is a major problem for the world-wide poultry industry
have a productive CAV infection and CAV is not silenced. Alterna- due to its ability to produce sub-clinical infection and immuno-
() Transfection Day 2 - Fluorescent microscope  (8) Transfection Day 4 - Fluorescent microscope

PEGFP-NT pshNS&  pshGFP & Untransfected pEGFP-N1 pshNS &  pshGFP &  Untransfected
PEGFP-N1  pEGFP-N1 pEGFP-N1  pEGFP-N1
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Fig. 4. MSB-1 cells have the RNA silencing pathway. MDCC-MSB1 cells were electroporated with 10 pg of the relevant vectors and incubated for 48 h. (A) Aliquots of cells
were taken, spun and resuspended in PBS with DAPI, then allowed to settle onto a microscope slide, images were taken by a fluorescent microscope. The remainder was
incubated for a further 48 h. (B) Aliquots of cells were taken at 96 h, spun and resuspended in PBS with DAP], then allowed to settle onto a microscope slide, images were taken
by a fluorescent microscope. (C) At 48 and 96 h aliquots of 1 x 106 cells were removed, washed twice with FACS wash and then analysed for GFP by flow cytometry. Mean
fluorescent intensity were obtained and analysed by Microsoft Excel. Column 1: pEGFP-NT1; column 2: pshNS; column 3: pshGFP; column 4: untransfected cells, columns 1
and 3 were co-transfected with pEGFP-NT1. Values are representative of three experiments and are shown as percentages of the negative control shRNA (pshNS, column 1).
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Fig. 5. shRNAs targeting the CAV genome can inhibit expression of CAV VP3. MDCC-
MSBT1 cells were electroporated with 10 pg vector and incubated for4 h. 1 x 106 cells
were then infected for 1 h with CAV269/7 at an MOI of 2. Cells were added to growth
media and incubated for 72 or 96 h. 1 x 10° cells were then fixed, stained for CAV
VP3 using anti-VP3 and anti-mouse APC and detected by flow cytometry. Cell quest
was used to obtain the results. The mean APC fluorescent intensity of GFP-positive
cells was then analysed in Microsoft Excel. Column 1: pshNS; column 2: pEGFP-N1;
column 3: pshVP2/3-1; column 4: pshVP2/3-3; column 5: pshVP1-2; column 6:
pCAV-shMW; column 7: untransfected/uninfected. Values are shown as percent-
ages of the negative control shRNA (shNS, column 1), as the mean of three separate
experiments in duplicate &+ standard error of the mean.

suppression in vaccinated mature birds (Adair, 2000). The use of
RNAI to silence virus replication has been shown to be highly effec-
tive against many human and animal viruses both in vitro and in
vivo (Coburn and Cullen, 2002; Ge et al., 2003; Liu et al., 2005). This
study demonstrates the ability to silence CAV gene expression up
to 60% in MDCC-MSBT1 cells with single shRNAs targeting various
regions of the genome. However, the use of a single shRNA, particu-
larly against highly variable RNA viruses such as poliovirus and HIV,
has allowed for the production of escape mutants (Das et al., 2004;
Gitlin et al., 2005). Whilst this may not be such a significant prob-
lem in the small highly conserved CAV DNA genome, expression of
multiple shRNAs is preferable.

Several methods to express multiple shRNAs from a single vector
have been explored including expression from multiple cassettes
using the same promoter (ter Brake et al., 2006), from single vec-
tors containing multiple promoters (Gou et al.,2007) or as extended
or long hairpin RNAs containing two siRNA sequences (Liu et al.,
2007). However, the most effective of these methods has not been
determined. This study utilised a plasmid construct directing the
expression of three shRNA molecules from three different chicken
U6 promoters, chU6-1, chU6-3 and chU6-4. These promoters have
been shown to be highly active in chicken cells and therefore
are appropriate for use against an avian pathogen (Wise et al.,
2007). The vector pCAV-shMW, was shown to reduce viral pro-
tein production by 50%, this is a considerable decrease as the virus
dose in this assay would be higher than during a normal environ-
mental exposure. Interestingly expression of the three different
shRNAs from pCAV-shMW showed less inhibition than the most
active individual shRNA, this has been observed previously when
multiple siRNAs or shRNAs are used (O’Brien, 2007; Henry et al.,
2006). Expression of the combined three shRNAs from individual
expression vectors resulted in the same silencing as from one vec-
tor.

Recently Castanotto et al. (2007) demonstrated that expres-
sion of multiple shRNAs in cells results in competition for proteins
involved in the RNAi pathway. This includes Exportin-5, responsible
for transporting the shRNA out of the nucleus, and for incorporation
into the RNA-induced silencing complex (RISC) which is respon-
sible for the recognition and degradation of the target mRNA (Yi
et al., 2003; Hammond et al., 2000). This competition was shown
to be partially sequence specific and to correlate with the activ-
ity of the shRNA. Therefore the decrease in silencing observed

with pCAV-shMW and the combination of the three individual vec-
tors may be attributed to competition between VP2/3-3 and the
less active shRNA sequences VP2/3-1 and VP1-2. Expression of
shRNAs have also been shown to out-compete endogenous micro
(mi)RNAs, however when the siRNAs were incorporated into a
miRNA backbone no competition was observed (Castanotto et al.,
2007). This indicates that the competition effect may be overcome
by incorporating siRNA sequences into a miRNA backbone or by
combining shRNAs with sequences that do not compete with one
another.

As pollll promoters are constitutively active the use of pro-
moters that express lower amounts of the shRNAs may mitigate
the potential for competition with endogenous miRNAs or among
combinations of applied shRNAs. The most active shRNA against
pPEGFP-CAV was under the control of the chicken U6-1 promoter
(Fig. 2). Previous work has shown that the chicken U6-1 promoter
is weaker than the chicken U6-4 promoter (Wise et al., 2007).
Therefore with an efficient shRNA the use of a weaker promoter
is possible. As the delivery of multiple shRNAs will be required for
any human or animal viral therapeutic treatment to avoid resistant
escape mutants, more work is clearly required on the best delivery
method for multiple shRNAs.

5. Conclusion

This report is the first time a method to detect both infected and
transfected MDCC-MSB1 cells by flow cytometry has been utilised.
It is also the first study that demonstrates silencing of CAV mRNA
expression is possible with single or multiple shRNA molecules.
As the CAV genome sequence is highly conserved amongst strains,
developing shRNAs targeting this virus should be highly efficient
at cross-strain protection. It will now be essential to determine
whether these shRNAs are able to protect chickens from a produc-
tive CAV infection.
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