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ABSTRACT

Viral virulence/immune evasion strategies and host anti-viral responses represent different sides of the
continuing struggle between virus and host survival. To identify virus-encoding molecules whose func-
tion is to subvert or blunt host immune responses, we have adapted anti-sense approaches to knock
down the expression of specific viral gene products. Our intention is to correlate knock down with loss of
function and thus infer the role of a given viral gene. As a starting point in this process we have targeted
several structural and catalytic genes using antisense morpholino oligonucleotides (asMO) and small,
interfering RNAs (siRNA). In proof of concept experiments we show the feasibility of this approach and
describe recent work targeting five frog virus 3 genes. Our results indicate that both 46K and 32R, two
immediate-early viral proteins, are essential for replication in vitro, and confirm earlier findings that the
major capsid protein, the largest subunit of the viral homolog of RNA polymerase II, and the viral DNA

methyltransferase are also essential for replication in cell culture.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

“Through millennia of co-evolution, pathogens have acquired
substantially more insight into the complexity of host immune
responses than human immunologists.”

Rowland-Jones S and Dong T. Science 443:282-283 (2006)

Although viruses are intrinsically interesting to virologists, they
also attract the attention of immunologists (or at least that sub-
group known as “viral immunologists”) because of their ability
to evade specific elements of the host’s immune defense system
and, in that way, illuminate the role of those elements in anti-

Abbreviations: asMO, antisense morpholino oligonucleotide; Cr, threshold
crossing value; DMEM, Dulbecco’s modified Eagle’s medium; DMT, DNA methyl-
transferase; dsRNA, double-stranded RNA; FHM, fathead minnow; FV3, frog virus
3; FNS-CTL, fluorescein-tagged non-silencing control; FV3-RFP, an FV3 recombi-
nant that expresses red fluorescent protein; HMEM, Eagle’s minimum essential
medium with Hank’s salts; MCP, major capsid protein; MOI, multiplicity of infec-
tion; mol wt, molecular weight; NFH, neurofilament triplet heavy chain protein;
NTC, non-targeting negative control; PFU, plaque forming units; p.i., post infection;
RNAIi, RNA interference; qRT-PCR, quantitative real-time polymerase chain reaction;
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; siRNA, small
interferring RNA; vPol-Ila, viral homolog of the largest subunit of RNA polymerase
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viral immunity. Understanding the precise roles that innate and
acquired responses play in anti-viral immunity is challenging, but
the observation that viruses encode proteins that inhibit specific
immune pathways provides “biological proof” for the importance
of those responses in host defense. Moreover, because host anti-
viral defense mechanisms and virus-encoded virulence genes likely
represent different sides of the same coin, elucidating key elements
of the anti-viral response requires not only a thorough understand-
ing of the genetics of the host’s immune system, but also a detailed
understanding of viral gene function. Herein we describe an anti-
sense approach designed to elucidate viral gene function.
Although the broad outlines of frog virus 3 (FV3, genus
Ranavirus, family Iridoviridae) replication are known, the precise
details of viral macromolecular synthesis, virion assembly, and
virulence are only imperfectly understood (reviewed in Chinchar
et al.,, 2009). Understanding ranavirus replication and pathogene-
sis is important because members of this genus adversely impact
a wide-variety of cold-blooded animals. For example, ranaviruses
such as Frog virus 3, Ambystoma tigrinum virus, and Epizootic
haematopoetic necrosis virus have been linked to localized die-
offs among frogs, salamanders, and fish (Cunningham et al., 1996;
Duffus et al., 2008; Gray et al., 2009; Green et al., 2002; Greer et al.,
2005; Jancovich et al., 1997; Jensen et al., 2009), and members
of another genus (Megalocytivirus) within the family Iridoviridae
are responsible for wide-spread die-offs among cultured fish in
Asia (Weber et al., 2009). Moreover, despite the observation that
many iridovirid (a term denoting members within all five gen-
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era of the family Iridoviridae) genes are conserved among diverse
members of the family, the specific functions of most viral gene
products are unknown (Eaton et al., 2007). Iridovirid genes fall
into three categories: essential, efficiency/host range, and vir-
ulence/immune evasion. As the name implies, essential genes
are absolutely required for virus replication in all cells. Essential
genes include the virus-encoded DNA polymerase, homologs of
the two largest subunits of RNA polymerase II, and structural and
non-structural proteins that play critical roles in virion assembly.
Efficiency/host range genes are those which enhance replication in
all cell types, or are required for replication in specific cell types,
but whose deletion does not invariably abolish replication in vitro.
Efficiency/host range genes are thought to include genes that
play a role in nucleotide biosynthesis, e.g., thymidylate synthase,
dUTPase, dihydrofolate reductase, and ribonucleotide reductase.
Lastly, virulence/immune evasion genes are those which allow the
virus to replicate in vivo (and in some cases in vitro) by blocking
host anti-viral responses. Based on homology to other phyloge-
netically related nucleo-cytoplasmic large DNA viruses such as
poxviruses, ascoviruses, phycodnaviruses, and African swine fever
virus (Alcami and Koszinowski, 2000; Johnston and McFadden,
2003), we postulate that iridovirids contain a half dozen or more
genes whose function is to circumvent various aspects of the
host immune response (see below). In view of these gaps in our
knowledge of viral gene function, our goal is to elucidate the
role that viral genes play using anti-sense approaches. Moreover,
this study bridges the disciplines of virology and immunol-
ogy since elucidating the identity and function of virus-encoded
immune evasion molecules will likely identify specific elements
of the host immune response that play critical roles in anti-viral
immunity.

Within the family Iridoviridae, a half dozen or more putative
virulence/immune evasion genes have been tentatively identified
by homology to similar proteins in other viruses (Tidona and Darai,
1997; He et al., 2002; Jancovich et al., 2003; Tan et al., 2004; Song
et al.,, 2004; Tsai et al., 2005; Huang et al., 2009). In FV3 and related
ranaviruses, candidate immune evasion/virulence genes include
a viral homolog of the largest subunit of eukaryotic initiation
factor 2, a B-hydroxysteroid dehydrogenase homolog, a ribonu-
clease III (RNase)-like protein, a cytosine DNA methyltransferase
(DMT), and a virus-encoded caspase activation and recruitment
domain containing protein. Ranaviruses and other members of the
family contain additional putative immune evasion genes, e.g., a
tumor necrosis factor receptor homolog, several putative proteins
with immunogloblulin-like domains, homologs of semaphorin, and
putative antagonists of apoptosis (Eaton et al., 2007). Moreover,
since the above genes were identified by amino acid sequence
identity/similarity with their well-characterized mammalian coun-
terparts, it is likely that other, less conserved, immune evasion
proteins remain to be discovered. Identifying the precise function
of these genes is important for understanding viral replication in
vivo. In addition, determining the precise function of these genes
within infected cells, and more importantly within infected ani-
mals, will provide key insights into the anti-viral immune response
of lower vertebrates. Although recent work has markedly expanded
our knowledge of immunity among model fish and amphibians
and shown that amphibian and fish immune systems are func-
tionally similar to those of higher vertebrates, salient differences
have been noted (Litman et al., 2010). For example, cytokine genes
such as interferon often show only minimal sequence relatedness
to their mammalian counterparts, likely reflecting 300-400 mil-
lion years of divergent evolution and responsiveness to different
pathogens (Long et al., 2004). In addition, unique surface recep-
tor molecules, e.g., leukocyte immune-type receptors and novel
immune type receptors in fish and novel FcR-like molecules in
Xenopus, are present in lower vertebrates, but not in birds or mam-

mals (Stafford et al., 2007; Guselnikov et al., 2008; Litman et al.,
2010).

We are interested in developing methodologies for identify-
ing viral genes that antagonize anti-viral host responses among
lower vertebrates. For this study, we have chosen FV3 because it
is one of the best characterized pathogens of lower vertebrates
and because suitable in vitro and in vivo systems are available to
examine replicative and immune-related events (Gantress et al.,
2003; Chinchar et al., 2009; Morales et al., 2010). To accomplish
this task, we have chosen in our initial experiments to identify the
role of putative structural and catalytic genes by knocking down
their expression and discerning function by changes in phenotype
using an antisense approach. To date we and others have suc-
cessfully knocked down the expression of four viral genes using
anti-sense morpholino oligonucleotides (asMOs) and siRNA (Xie
et al., 2005; Sample et al., 2007; Whitley et al., 2010). Mechanisti-
cally, asMOs inhibit translation by binding to target mRNAs at, or
upstream of, the initiating AUG codon and blocking ribosomal scan-
ning (reviewed in Ekker and Larson, 2001), whereas siRNAs block
gene expression either by binding and degrading target messages or
by interfering with translation (Meister and Tuschl, 2004; Appasani,
2011)). In the case of siRNAs, binding is mediated by the RNA
induced silencing complex and leads to activation of a complex-
associated ribonuclease that cleaves the targeted RNA. Moreover,
whereas the asMO target is limited to the 5’ non-translated region
or the immediate vicinity of the start codon, siRNA target sites may
lie within any coding or non-coding region within the message.
The results of our initial experiments support the utility of these
approaches in vitro. Recent work is described below as are direc-
tions for further research and the strengths and weaknesses of this
approach.

2. Materials and methods
2.1. Cells and virus

FV3 infections were performed in fathead minnow cells (FHM,
American Type Culture Collection, ATCC No. CCL-42) grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 4% fetal
bovine serum at 26 °C in a humidified incubator in 95% air and 5%
CO,. FV3 (Granoff et al., 1965; ATCC VR-569) and a FV3 recom-
binant that constitutively expresses red fluorescent protein and
replicates comparably to wt FV3 (FV3-RFP, Jacques Robert, Univer-
sity of Rochester School of Medicine) were propagated on confluent
monolayers of FHM cells grown in 150 cm? flasks and incubated in
Eagle’s minimum essential medium with Hank’s salts (HMEM) sup-
plemented with 4% fetal bovine serum. To generate virus stocks,
FHM cells were infected at a multiplicity of infection (MOI) of
~0.01 plaque forming units (PFU)/cell and harvested ~5 days later
when cytopathic effect was marked. Virions were released by three
freeze-thaw cycles and the virus-containing supernatant clari-
fied by low speed centrifugation. Virus titers were determined by
plaque assay on FHM monolayers under an overlay of 0.75% methyl-
cellulose.

2.2. Antisense morpholino oligonucleotides

AsMOs and delivery agents were purchased from GeneTools
(Philomath, OR) and were used according to the manufac-
turer’s protocol. Four different morpholino oligonucleotides were
utilized: a non-targeting negative control (NTC) (5 CCTCTTA-
CCTCAGTTACAATTTATA3'), an asMO targeting the major cap-
sid protein (MCP) (5TGAACCAGTTACAGAAGACATITCC3') as a
positive control, an asMO targeting the 46K protein (46K) (5
GAGAGTCTGTCACAAAGTTTGCCAT 3’), and an asMO targeting the
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32R protein (32R) (5 CCCTCAGTTCAGTAACAGTAACCAT 3'). As indi-
cated by underlining and boldface type, the anti-MCP, anti-46K,
and anti-32 asMOs bound slightly upstream of, or precisely at, the
AUG initiation codon. AsMOs were used at a final concentration
of 10 M and the delivery agent Endo-Porter was used at a final
concentration of 6 M.

2.3. FV3 protein synthesis

FHM cells were grown to ~80% confluency
(~1.9 x 106 cells/well) in 6 well tissue culture plates. On the
day of assay, the media was removed by aspiration and replaced
with 1mL of DMEM containing 4% fetal bovine serum. Subse-
quently, 6 L of Endo-Porter and 10 L of a 1mM stock of the
indicated asMO were added, and the cultures incubated at 26 °C.
Twenty-four hours after treatment, the cultures were infected
with FV3 at a MOI of 20 PFU/cell. To detect viral proteins, repli-
cate cultures were radiolabeled with methionine-cysteine free
Eagle’s minimum essential medium with Earle’s salts containing
30 wCi/mL [3°S] methionine-cysteine (EasyTag Express Protein
Labeling Mix, Perkin-Elmer) from 7 to 9 h post infection (p.i.). At
9h p.i., the radiolabeled medium was removed, and cell lysates
were prepared by disrupting the cells in 300 wL direct sample
buffer (125 mM Tris-HCI, pH 6.8, 10% glycerol, 2% SDS, 0.02% 2-
mercaptoethanol, 0.01% bromophenol blue). Radiolabeled proteins
were separated by electrophoresis on 10% SDS-polyacrylamide gels
(Laemmli, 1970), and visualized by autoradiography using Kodak
XAR film or by phosphoroimaging (BioRad, Personal Molecular
Imager).

2.4. FV3viral yields

To determine virus yields viral growth was stopped by freezing
the cultures at the indicated times (24 h p.i. for asMO experiments
and 48h p.i. for siRNA studies). Virions were released by three
cycles of freeze-thaw and cellular debris removed by low speed
centrifugation. Clarified, virus-containing supernatants were seri-
ally diluted 10-fold and 200 L of each dilution was added to
duplicate wells of confluent FHM monolayers grown on 6 well
plates. After a 1h absorption period, the cells were overlaid with
2 mL of DMEM containing 2% fetal bovine serum and 0.75% methyl
cellulose. After 7 days, the overlay was removed and plaques were
visualized by staining with 1% crystal violet in 70% ethanol.

2.5. RNA interference (RNAi)

siRNAs targeting three FV3 transcripts (those encoding the MCP,
DMT, and the largest subunit of the viral homolog of RNA poly-
merase II, vPol-Ilat) were designed using an algorithm supplied by
the manufacturer and purchased from Dharmacon RNAi Technolo-
gies (Lafayette, CO). In addition, a siRNA similar to one targeting
the tiger frog virus MCP was also designed (Table 1; Xie et al.,
2005). Two non-silencing siRNAs were used as negative controls
and to monitor transfection efficiency: a DY-547 tagged siGLO
Red® RISC-free control (siGLO; Dharmacon RNAi Technologies)
and a fluorescein tagged non-silencing control (FNS-CTL; Qiagen,
Germantown, MD). Synthetic siRNAs were provided as desalted,
lyophilized pellets and were rehydrated in siRNA buffer (300 mM
KCL, 30 mM HEPES, pH 7.5, and 1.0 mM MgCl,) to yield a working
stock of 20 M.

FHM cells were plated at ~50% confluency (1 x 106 cells/well; 6
well dishes) in DMEM containing 5% fetal bovine serum and incu-
bated in a humidified incubator in 95% air/5% CO, at 25°C. FHM
cells were transfected 24 h after plating with media containing
50 nM siRNAs using DharmaFECT 1 (Dharmacon) as the transfection
reagent. Briefly, 150 pL of serum free media was combined with

Table 1
siRNA sequences.
siRNA Orientation Sequence
FNS-CTL? Sense UUCUCCGAACGUGUCACGUATAT
Antisense dTdTAAGAGGCUUGCACAGUGCA
siGLO-CTLP Sense N/A
Antisense N/A
Anti-MCP-4¢ Sense ACGCCUGGUUGGUGCUCAAATAT
Antisense dTdTTGCGGACCAACCACGAGUU
Anti-vPol-1 Sense GGAAAUGUUUGCAUCUAAAdTAT
Antisense dTdTCCUUUACAAACGUAGAUUU
Anti-DMT- Sense UGGCCGACUCUGACUAUAA dTdT
1 Antisense dTdTACCGGCUGAGACUGAUAUU

3 FNS-CTL is an FITC-labeled non-silencing control siRNA (Qiagen).

b siGLO-CTLis a non-RISC incorporated control that is labeled with the dye DY-547
(Dharmacon, Fafayette, CO).

¢ This sequence is similar but not identical to the Si1 siRNA designed by Xie et al.
(2005). Anti-MCP-4 contains the addition of a 5’ terminal A residue, the deletion of
the 3’ terminal C residue, and the substitution of a G (found in FV3) for an A (found
in tiger frog virus) at position 14 of the sense strand. The above changes on the sense
and anti-sense strands are indicated by boldface type.

50 wL of 2 WM siRNA in a 12 mm x 75 mm polystyrene tube. At the
same time, 196 p.L serum free media was combined with 4 pL Dhar-
maFECT1 in a second 12 mm x 75 mm polystyrene tube. Both tubes
were incubated at room temperature for 5 min, their contents com-
bined and incubated at room temperature for an additional 20 min
before adding 1.6 mL of DMEM with 5% fetal bovine serum. Two
mL of growth medium containing siRNA/DharmaFECT1 complexes
were added to FHM monolayers and the cultures were incubated as
described above. Approximately 24 h later the cells were infected
with FV3-RFP at MOIs ranging from 0.01 to 10.0 PFU/cell. After
allowing 1h for adsorption, non-attached virus was removed by
washing and the cultures were incubated as described above. The
infection was stopped at 48 h p.i., and replicate cultures processed
for RNA extraction, transmission electron microscopy, and plaque
assay.

2.6. RNA extraction and qRT-PCR analysis

Total cellular RNA was isolated from FHM cells using Trizol
(Invitrogen, Carlsbad, CA) and cDNA was synthesized from 1 pg
of total RNA using the iScript cDNA synthesis kit (Bio-Rad, Her-
cules, CA). Expression levels of viral genes in relation to a standard
(FHM 18S rRNA) were determined based on Cr (threshold crossing)
values using the 2-2AC method of Livak and Schmittgen (2001).
Because this calculation involved comparison of transcript levels
in mock and virus infected cells, a Gy value of 30 was chosen as
the background level for viral gene expression in mock-infected
samples. qRT-PCR primers (Table 2) targeting viral genes encoding
MCP, vPol-lla, and DMT and FHM 18S rRNA (control) were designed
using DNASTAR (Madison, WI).

To confirm the suitability of primer pairs for qRT-PCR, cDNA
of three different dilutions (undiluted, 1/10, and 1/100 diluted in

Table 2
qRT-PCR primers.

Primer designation Primer sequence (5'-3")

FHM 18S rRNA F-Q? CCGCAGCTAGGAATAATGGA
FHM 18S rRNA R-Q CATCGTTTACGGTCGGAACT
FV 3 Major Capsid Protein F-Q CCTCCCCTACAACGAGATCA
FV 3 Major Capsid Protein R-Q CAACCATGTCCCTGACTGTG
FV 3 cytosine DNA-methyltransferase F-Q ACACGGGTCGCATGAAAGAG
FV 3 cytosine DNA-methyltransferase R-Q GGTCCAACAGCTCCACAATAA
FV 3 viral RNA Polymerase-Ila F-Q ACGGACAGGATGATGAGGAG
FV3 viral RNA Polymerase-Ila. R-Q CTCCTCATCATCCTGTCCGT

2 Primer designations: the target transcript is indicated; Q denotes a quantitative
real-time PCR primer; F, forward primer; R, reverse primer.
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nuclease free water) from the CTL sample was combined with each
of the primer pairs, including that for FHM 18S rRNA. To verify the
quality of cDNAs used, FHM 18S rRNA primers were used to amplify
CTL and treated cDNA samples at the dilutions indicated above.
Relative gene expression was determined only when the efficiency
of reactions amplifying the gene of interest and the housekeeping
gene were found to be approximately equivalent. All reactions were
performed in triplicate in a total volume of 25 p.L. Each 25 L reac-
tion consisted of 12.5 L of 2x SYBR green Supermix (100 mM KCl,
40 mM Tris-HCI pH 8.4,0.4 mM of each dNTP, 0.5 unit Tag DNA poly-
merase, 6 mM MgCl,, 20nM fluorescein, Bio-Rad, Hercules, CA),
0.5 L each of forward and reverse primers (0.5 wM each), 1L
cDNA (diluted as indicated above) and 10.5 L sterile nuclease-free
water. The cycling conditions were 1 cycle at 95°C for 1 min fol-
lowed by 30 cycles of 95°C for 20s and 55 °C for 1 min. Data were
collected during the 1 min annealing/extension step. To verify that
a single product was synthesized, melt curves were generated for
each product and only primer pairs and cDNAs that generated a sin-
gle peak were used in the final analyses. Cycling conditions for melt
curve analysis were 1 cycle at 95°C for 1 min followed by 1 cycle
at 50°C for 1 min and 100 cycles at an initial temperature of 50°C
and increasing stepwise by 0.5 °C thereafter to a final temperature
of 100°C with a cycle duration of 10s.

2.7. Transmission electron microscopy

FV3-infected cultures were processed for transmission elec-
tron microscopy as described earlier (Sample et al., 2007). At the
indicate times post infection, the medium was removed and the
cells rinsed gently with 0.1 M sodium phosphate, pH 7.4. The cells
were scraped into fresh buffer, pelleted, fixed in 2% glutaraldehyde
in 0.1 M sodium phosphate buffer, and stored at 4°C until pro-
cessed for electron microscopy. At that time, the samples were post
fixed in 1% osmium tetroxide and stained with 2% uranyl acetate
in de-ionized water. The samples were dehydrated in a stepwise
fashion in ethanol, the ethanol removed by treatment with 100%
propylene oxide, and the samples embedded in resin composed of
45% Epon, 19% NMA (methyl-5-norbornene-2,3-dicarboxylic anhy-
dride), and 36% DDSA (dodecenyl succinic anhydride). Thin sections
(0.1 pm) were floated onto 200 mesh copper hexagonal grids (Elec-
tron Microscopy Science, Fort Washington, PA), counter-stained
withlead citrate, and examined using a Leo 906 (Zeiss) transmission
electron microscope.

3. Results
3.1. asMO-mediated knock down of viral gene function

Gene-specific asMOs have been used to knock down the expres-
sion and infer functions of the FV3 major capsid protein, the viral
homolog of the largest subunit of RNA polymerase II (vPol-Ila), and
ORF 53R, a virus-encoded putative myristoylated membrane pro-
tein (Sample et al., 2007; Whitley et al., 2010). Here we use this
technique to determine the in vitro requirement for two FV3 imme-
diate early genes of unknown function, 46K (ORF 91R) and ORF 32R
(Tan et al., 2004; Majji et al., 2009). The former has a predicted
mol wt of ~46 kDa (pl=5.5), and PSI-BLAST analysis indicates 46 K
shares amino acid sequence identities and similarities with mem-
bers of the T4 RNA ligase superfamily (Altschul et al., 1997). Blast
analysis of the latter shows that 32R (mol wt 70 kDa, pI 9.96) shares
homology with neurofilament triplet H1 (NFH)-like proteins, which
are high mol wt proteins that are structural components of mam-
malian neurons (Lee and Cleveland, 1996; Tan et al., 2004; Perrot
et al., 2008).
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Fig. 1. SDS-PAGE analysis of asMO-treated, FV3-infected FHM cells. Mock-infected
(lane 1) and virus-infected FHM cells were pre-treated with the indicated asMOs
(lanes 2-5) and protein synthesis monitored 7-9 h p.i. Radiolabeled proteins were
separated by 10% SDS-PAGE and visualized by phosphoroimaging. Positions of the
MCP, 46K, and 32R proteins are indicated by arrows. Molecular weight markers (kDa)
are shown to the left of the gel image. Lane headings here and elsewhere refer to FV3-
infected cells pretreated with a non-targeting control (NTC), and asMOs targeted to
the major capsid protein (MCP), 46K protein (46K), and 32R protein (32R).

In order to ascertain a function for these proteins, we blocked
their expression using gene-specific asMOs and observed the effect
of knock down on protein expression, FV3 replication, and virion
assembly. Twenty-four hours prior to infection, FHM cells were pre-
treated with asMOs targeting either the 46K or 32R messages. In
addition, a non-targeting control (NTC) asMO and a MCP-targeting
asMO were used as negative and positive controls, respectively.
Pretreated cells were infected with FV3 at a MOI of 20 PFU/cell
and viral protein synthesis, monitored by pulse labeling with
[3>S|methionine from 7 to 9h p.i., was analyzed by SDS-PAGE.
Treatment with the non-targeting control prior to infection had
little to no effect on viral protein synthesis (Fig. 1, lane 2). Addi-
tionally, virus infection resulted in a marked inhibition of host
cell protein synthesis and the appearance of characteristic FV3-
specific proteins (compare lane 1, mock-infected cells, to lane 2,
control treated, FV3-infected cells). As seen previously, treatment
with an asMO targeting the MCP resulted in a marked reduction in
the synthesis of the MCP without adversely affecting the synthe-
sis of other viral proteins (lane 3). Treatment with asMOs targeting
46K resulted in a marked reduction of a ~50kDa protein (lane 4),
whereas 32R asMO treatment resulted in the reduction of a band
>100kDa in size (lane 5). Knockdown of neither the 46K nor 32R
proteins had any observable effect on the synthesis of other viral
proteins indicating that knockdown was limited to the target mes-
sage. The failure to detect knock down of a 70kDa protein, the
predicted mol wt of the 32R product, and the loss of a much higher
mol wt product was unexpected. As discussed below we specu-
late that phosphorylation of numerous serine residues within the
32R product resulted in its anomalous migration. This suggestion is
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FV3 Titers after anti-46k and anti-32R asMO treatment
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Fig. 2. FV3 yields following treatment with anti-46K and anti-32R asMO. FHM cells were treated with anti-46K or anti-32R asMOs 24 h prior to FV3 infection. At 24 h p.i.,
replication was stopped by freezing and viral yields determined by plaque assay. Shown are the averages and standard deviations of four replicate experiments from anti-46K
and anti-32R treated cultures. Yields in cultures treated with the NTC asMO were set at 100%.

consistent with observations on the mobility of the neurofilament
heavy chain protein which has a predicted mol wt of ~100 kDa, but
migrates on SDS-PAGE gels as a ~200 kDa polypeptide.

In order to determine the requirement of 46K and 32R for
virus replication in vitro, viral titers were determined at 24 h p.i.
by plaque assay. As shown in Fig. 2, viral titers were reduced by
77% after 46K knockdown and 81% after 32R knockdown. This
result was confirmed by transmission electron microscopy. Cells
treated with a control asMO showed hallmarks of a productive FV3
infection including chromatin condensation (consistent with the
onset of apoptosis), assembly site formation, and progeny virions
within paracrystalline arrays and scattered throughout the cyto-
plasm (Fig. 3, panel A). In contrast, although asMO-treated cells
formed viral assembly sites and appeared to undergo apoptosis,
events that are indicative of an ongoing infection, infected cells
were markedly devoid of progeny virions (Fig. 3, compare panels B
and C to panel A) indicating that both 46K and 32R are essential for
FV3 replication in vitro.

3.2. siRNA-mediated silencing

As an alternative to asMO-mediated KD, we next sought to tar-
get FV3 gene expression using RNAI. Initially, we attempted to
silence viral gene expression using siRNA pools (final concentra-
tion=100 mM) containing two-three siRNA species and targeted
to MCP, vPol-lla, or DMT transcripts. However, we were unable
to consistently demonstrate a reduction in the level of the tar-
geted messages by either 1D SDS-PAGE or RT-PCR when a MOI of
~10PFU/cell was used (data not shown). Since transfection with
siGLO indicated that the majority of treated cells were success-
fully transfected, our failure to detect silencing was not due to the
inability of the siRNA to enter target cells. Moreover, since oth-
ers have reported successful siRNA-mediated silencing when using
MOIs of one or lower, we reduced the MOI to ~1 PFU/cell and moni-
tored silencing at 48 h p.i. (Dave et al., 2006; Yamauchi et al., 2008;
Vigne et al., 2008; Falkenhagen et al., 2009). Preliminary experi-
ments indicated that silencing occurred in FHM cells pre-treated
with siRNA at this lower MOI (data not shown).

To determine which siRNAs were most effective in blocking
virus replication, we next monitored the ability of individual siRNAs
to block viral gene expression. We observed marked reductions in
the levels of MCP, vPol-lla, and DMT transcripts following treat-
ment with each of the siRNAs assayed. Moreover, although all
siRNAs inhibited FV3 gene expression, for each set there was one
siRNA that was most effective and these were chosen for additional
studies (Table 1; data not shown). To confirm the above result and
determine whether siRNA-mediated silencing of FV3 gene expres-
sion is MOI-dependent, we treated FHM cells with anti-MCP-4 and
24 h later infected them with FV3 at MOIs ranging from 0.01 to
10 PFU/cell. Three sets of replicate cultures were examined: one to
determine the level of mRNA silencing by qRT-PCR, a second for
determining viral yield by plaque assay, and a third set to monitor
virion assembly by transmission electron microscopy. To quantify
the level of mRNA silencing, we performed qRT-PCR analysis on
total RNA extracted from each culture and determined the rel-
ative levels of MCP, vPol-lla, and DMT transcripts. The level of
MCP transcripts, along with those for vPol-lla and DMT, were not
reduced in virus-infected cells treated with a control siRNA indicat-
ing that transfection with non-targeting RNA did not inhibit overall
viral gene expression (data not shown). Likewise, little to no inhi-
bition of MCP gene expression was observed at the two highest
MOIs tested (1 and 10 PFU/cell; Fig. 4, panel A). However, when
the MOI was reduced to <0.1 PFU/cell, a marked decrease in the
level of gene expression was observed in cultures pretreated with
anti-MCP-4 siRNA. At the lower MOIs, MCP gene expression was
reduced by ~80% compared to levels seen in control treated cul-
tures (Fig. 4, panel A). Surprisingly, along with the reduction in MCP
transcripts, there was also a ~80% reduction in the expression levels
of two additional non-targeted viral genes (Fig. 4, panels B and C).
Because MCP, vPol-lla, and DMT transcripts were not reduced by
treatment with negative control siRNA, or when MOIs > 1.0 PFU/cell
were used, we suggest that reductions in vPol-Ilac and DMT levels
were not a result of “off targeting,” but rather reflect the cumula-
tive effect of siRNA-mediated silencing of MCP expression and the
resulting inhibition of both the initial and subsequent rounds of
FV3 replication. Since less than 10% of cells are infected at an MOI of
0.1 PFU/cell and less than 1% are infected at an MOI of 0.01 PFU/cell,
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Fig. 3. Transmission electron microscopy of control, anti-46K, and anti-32R asMO treated FV3-infected FHM cells. FHM cells were treated with a non-targeting negative
control (NTC), anti-46K, or anti-32R asMOs and 24 h later infected with FV3 (MOI =20 PFU/cell). At 9 h p.i. cultures were fixed in 2% glutaraldehyde and processed for electron
microscopy. Panel A: NTC-treated, FV3-infected FHM cells. Panel B: Anti-46K asMO-treated, FV3-infected FHM cells. Panel C: Anti-32R asMO-treated, FV3-infected FHM cells.
N, nucleus; AS, assembly site; closed arrowhead indicate mature virions; arrow indicates a paracrystalline array. Scale bars represent 1.5 pm.
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Fig. 4. Effect of multiplicity of infection on siRNA mediated silencing: qRT-PCR analysis. FHM cells were treated with a non-silencing control RNA or anti-MCP-4 siRNA and
24 later infected at the MOIs shown. Total RNA was isolated at 48 h p.i. and message levels determined by qRT-PCR. The specific transcripts assayed are shown to the right
of each panel, the percent gene expression relative to the non-silencing control is indicated along the left of each panel, and the MOl is listed on the X-axis. Numerical values
for error bars were calculated to a 95% confidence interval based on three independent experiments with samples analyzed in triplicate.

infection of the complete monolayer likely requires two or more
rounds of virus replication. Given that treatment with anti-MCP-
4 siRNA likely inhibits virus replication in the few cells initially
infected, markedly fewer virions will be available to initiate subse-
quent rounds of replication with the result that the level of total
viral transcripts will be markedly depressed. Collectively, these
results suggest that in the FV3 system, siRNA-mediated silencing is
MOI dependent and is only seen at lower MOIs.

In an attempt to further confirm the effect of gene silencing
on virus replication we assayed the resulting virus yields from
both control and anti-MCP-4 siRNA treated cultures at ~48 h p.i. As
shown in Fig. 5 anti-MCP-4 treatment had little effect on replication
at MOIs > 1.0 PFU/cell, i.e., cultures infected at an MOI of 1.0 and
10.0 PFU/cell produced yields that were ~96% and ~98% of those
seen in control treated cultures infected at the same MOI. However,
as the MOI was reduced to 0.1 and 0.01 PFU/cell the resulting virus
yields were reduced to ~17% and ~16%, respectively, of those seen
in control treated cultures (Fig. 5). These results further support
the qRT-PCR findings and suggest that siRNA-mediated silencing
is inversely related to the MOI. Lastly, we examined the effect of
anti-MCP siRNA treatment by transmission electron microscopy.
FV3-infected cells treated with a control siRNA showed abun-
dant virion formation with virus particles present within assembly
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Fig. 5. Effect of multiplicity of infection on siRNA mediated silencing: Virus yield
analysis. FHM cells were treated with a non-silencing control siRNA or a siRNA tar-
geting the MCP (anti-MCP-4). Twenty-four hours after treatment, the cultures were
infected at the indicated MOIs, and 48 h later the cultures were harvested and virus
yields determined by plaque assay. Virus yields are expressed as a percentage of
those achieved in control treated cultures. MOIs are shown on the X-axis and per-
cent yield is shown along the Y-axis. Error bars were calculated to a 95% confidence
interval based on three independent experiments with samples analyzed in dupli-
cate. Virus yields were analyzed using a randomized block design ANOVA to assess
differences in titers among treatment categories at a statistical significance level of

o =0.05 (http://www.statsoft.com/textbook/anova-manova/).
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Fig. 6. Effect of siRNA treatment on FV3 replication: Transmission electron microscopy. FHM cells were treated with control, anti-MCP-4, anti- vPol-lla-1, or anti-DMT-1
siRNAs, and infected with FV3-RFP at an MOI ~0.1 PFU/cell 24 h later. Cells were harvested at 48 h p.i., fixed, and processed for electron microscopy. Panel A was treated
with a non-silencing control siRNA prior to infection; panels B, C, and D received prior treatment with anti-MCP-4, anti-vPol-Ila-1, or anti-DMT-1 siRNAs, respectively. N,
nucleus; ¥ viral assembly sites; large arrows identify virions within paracrystalline arrays; small arrowheads identify budding virions; and slender arrows identify aberrant
structures. Magnification: panel A - 10,000x; panel B - 7750x; panel C - 4646 x; panel D - 4646 x.

sites, paracrystalline arrays, and budding from the plasma mem-
brane (Fig. 6A). In contrast, cells treated with anti-MCP-4 siRNA
showed a marked reduction in virion formation and the pres-
ence of aberrant structures, reminiscent of the atypical elements
seen in FV3-infected cells treated with an asMO targeted against
the MCP (Fig. 6B, Sample et al., 2007). Collectively these results
confirmed that anti-MCP-4 siRNA reduced MCP gene expres-
sion and resulted in a decrease in the synthesis of mature virus
particles.

3.3. Silencing vPol-Ilo expression

We next targeted vPol-llw, a viral gene product previously linked
to late gene transcription (Sample et al., 2007). qRT-PCR analysis

demonstrated a >90% reduction in vPol-Ila message levels follow-
ing treatment (Fig. 7, panel A). In addition, as seen with a siRNA
directed against the MCP, there was a drop in non-targeted MCP
and DMT transcript levels. This result was not unexpected since
both MCP and DMT are late genes and require vPol-Ila for their
transcription (Sample et al., 2007; Majji et al., 2009). However,
given the results of previous treatment with an anti-MCP siRNA,
the reduction in MCP and DMT levels also likely reflects the effect
of siRNA on initial and subsequent rounds of virus replication. Con-
sistent with reductions in viral transcripts, virus yields declined
>90% compared to control treated cultures, and transmission elec-
tron microscopy (Fig. 6C) showed a marked reduction in virion
formation and assembly sites that were completely devoid of viral
intermediates.
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Fig. 7. FV3 gene expression following treatment with anti-vPol-lla-1 and anti-
DMT-1 siRNAs: qRT-PCR. FHM cells were treated with a non-silencing control and
anti-vPol-1la-1 (panel A) or anti-DMT-1 (panel B) siRNAs. Cells were infected at an
MOI ~0.1 PFU/cell at 24 h post treatment. Total RNA was isolated at 48 h p.i., and
message levels determined by qRT-PCR. The percent gene expression and the spe-
cific transcripts monitored are shown along the left and bottom edges, respectively.
Levels of expression have been normalized to the expression of FHM 18S rRNA.
Numerical values for error bars were calculated to a 95% confidence interval based
on three independent experiments with samples analyzed in triplicate.

3.4. Silencing DNA methyltransferase expression

We next targeted the FV3 DMT gene to determine if it was
essential for virus replication in vitro. Previous work indicated that
the virus-encoded DMT was responsible for viral DNA methyla-
tion and that inhibition of DMTase activity resulted in a 100-fold
drop in virus titers (Goorha et al., 1984; Essani et al., 1987). How-
ever, since the former study utilized 5 azacytidine, a general
inhibitor of DNA methylation, rather than an inhibitor specific for
the virus-encoded DMT, we wished to determine the impact of tar-
geted knock down on virus replication. qRT-PCR analysis showed
a dramatic drop in DMT message levels within anti-DMT-1 siRNA
treated cells compared to control-treated cells (Fig. 7, panel B). In
addition, there was also a parallel drop in the levels of MCP and
vPol-lla transcripts most likely reflecting the cumulative effect
of inhibiting virus replication and not due to off targeting or a
direct effect of DMT silencing on heterologous viral gene expres-
sion. Consistent with the reduction in viral messages, virus yields
were reduced >95%. Transmission electron microscopy confirmed
both findings and showed a marked reduction in virion formation
in anti-DMT-1 treated cultures (Fig. 6D). These results were simi-
lar to earlier results from cells treated with 5" azycytidine (Goorha
et al.,, 1984) and indicate that DMT is an essential gene product.

4. Discussion

Previous studies have shown that asMOs and siRNAs targeted to
specific transcripts can be used to elucidate FV3 gene function (Xie
et al., 2005; Sample et al., 2007; Whitley et al., 2010). Moreover,
asMOs have been used to inhibit translation in variety of cellu-
lar and viral systems (Sumanas and Ekker, 2001; Munshi et al.,
2002; Zhang et al., 2007; Vagnozzi et al., 2007; Stein et al., 2008;
Lupfer et al., 2008). For example, asMOs-targeting the 5 termi-
nal region and the 3’ region responsible for cyclization of Dengue
virus genomic RNA inhibited replication 1000-fold in vitro. More-
over, intraperitoneal injection of these asMOs increased survival
of Dengue virus-infected mice by 8 days suggesting a therapeu-
tic role for these agents (Stein et al., 2008). In other studies, asMOs
targeting transcriptional regulators of Kaposi’s sarcoma-associated
herpesvirus inhibited viral gene expression and suppressed repli-
cation (Zhang et al., 2007), and intranasal administration of asMOs
targeted to conserved regions within the nucleoprotein and the
PB1 polymerase protein protected mice from influenza A virus
(Lupfer et al., 2008). Likewise, siRNAs have been shown to silence
gene expression in a number of viruses including hepatitis A and B
viruses, rotavirus, measles virus, retroviruses, and respiratory syn-
cytial virus (Hu et al., 2002; Zhou et al., 2002; Arias et al., 2004;
Randall and Rice, 2004; Hu et al., 2005; Lu et al., 2005; Neuman
et al., 2005; Jia et al., 2006; Kusov et al., 2006; Guang et al., 2010;
Zhang et al., 2010; Zhigiang et al., 2010).

4.1. asMO knock down of 46K and 32R proteins

Initially, we sought to determine the roles of the FV3 46K and
32R proteins using asMOs. We showed that knock down of these
two proteins resulted in the marked inhibition of viral replication.
However, unlike knock down of vPol-Ila that was characterized by a
marked reduction in late viral gene expression, knock down of 46K
and 32R only affected the target proteins. Furthermore, although
the data indicated that both 46K and 32R were essential for virus
replication in vitro, the precise roles of 46K and 32R remain to be
determined. In the former case, FV3 46K, a viral gene with limited
sequence identity to T4 RNA ligase, could act as a repair enzyme
to combat host antiviral responses. In Escherichia coli there is evi-
dence that bacterial damage to lysine-tRNA limits phage replication
(Amitsur etal., 1987). Accordingly, bacteriophage T4 RNA ligase has
been implicated in the repair of damaged tRNA molecules and the
maintenance of phage replication within E. coli. Perhaps, the T4 RNA
ligase-like activity of 46K repairs tRNAs damaged either as a result
of a host-induced antiviral response or as a consequence of the
virus-induced degradation of cellular RNA (reviewed in Chinchar
et al., 2009).

BLAST analysis identified 32R as a protein with marked amino
acid sequence identity with the human neurofilament heavy chain
(NFH) protein. NFH is member of the intermediate filament fam-
ily of proteins and, along with light and medium chains, forms
neurofilaments. The main role of neurofilaments is to increase
the axonal caliber of myelinated axons and, in doing so, their
conduction velocity. In addition neurofilaments contribute to the
dynamic properties of the axonal cytoskeleton during neuronal
differentiation, axon outgrowth, regeneration and guidance (Lee
and Cleveland, 1996; Perrot et al.,, 2008). The NFH protein is
characterized by the presence of multiple lysine-serine-proline
(KSP) repeats which likely serve as sites for serine phosphoryla-
tion (Fig. 8A). This high level of phosphorylation, coupled with
a high percentage of acidic amino acids, may be responsible for
the anomalous migration of NFH on SDS-polyacrylamide gels, i.e.,
although NFH has a predicted mol wt of ~100,000, it migrates on
SDS-polyacrylamide gels as a protein of nearly 200,000 mol wt. Like
NFH, the 32R gene product displays multiple KSPrepeats embedded
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Neurofilament heavy (NFH) polypeptide (H.sapiens)

MMSFGGADALLGAPFAPLHGGGSLHYALARKGGAGGTRSAAGSSSGFH
SWTRTSVSSVSASPSRFRGAGAASSTDSLDTLSNGPEGCMVAVATSRS
EKEQLQALNDRFAGYIDKVRQLEAVRQRLDDEARQREEAEAAARALARF
AQEAEAARVDLQKKAQALQEECGYLRRHHQEEVGELLGQIQGSGAAQA
QMQAETRDALKCDVTALREIRAQLEGHAVQSTLQSEEWFRVRLDRLSEA
AKVNTDAMRSAQEEITEYRRQLQARTTELEALKSTKDSLERQRSELEDRH
QADISSYQEAIQQLDAELRNTRWEMAAQLREYQDLLNVKMALDIEIAAYR
KLLEGEECRIGFPIPFSLPEGLPKIPSVSTHIKVKSEEKIKVVEKSEKETVIV

EEQTEETQVTEEVTEEEEKEAKEEEGKEEEGGEEEEAEGGEEETKSPPA
EEAASPEKEAKSPVKEEAKSPAEAKSPEKEEAKSPAEVKSPEKAKSPAK
EEAKSPPEAKSPEKEEAKSPAEVKSPEKAKSPAKEEAKSPAEAKSPEKA
KSPVKEEAKSPAEAKSPVKEEAKSPAEVKSPEKAKSPTKEEAKSPEKAK
SPEKEEAKSPEKAKSPVKAEAKSPEKAKSPVKAEAKSPEKAKSPVKEEA
KSPEKAKSPVKEEAKSPEKAKSPVKEEAKTPEKAKSPVKEEAKSPEKAK
SPEKAKTLDVKSPEAKTPAKEEARSPADKFPEKAKSPVKEEVKSPEKAK

SPLKEDAKAPEKEIPKKEEVKSPVKEEEKPQEVKVKEPPKKAEEEKAPAT

PKTEEKKDSKKEEAPKKEAPKPKVEEKKEPAVEKPKESKVEAKKEEAEDK
KKVPTPEKEAPAKVEVKEDAKPKEKTEVAKKEPDDAKAKEPSKPAEKKEA
APEKKDTKEEKAKKPEEKPKTEAKAKEDDKTLSKEPSKPKAEKAEKSSST
KQKDSKPPEAATEDKAAKGK

Repeats motifs within the middle third of NFH:
(KSP [N]sK )15 and ( KSP [N]s K )15

FV3 ORF 32R

MVTVTELRATAKNLGIRGYSTMRKAELEEAIRDHGRVSEARVASPRRSPARSPRKSPA
GRKSPSKSPAGRKSPSKSPAGRKSPSKSPAGRKSPSKSPAGRKSPSKSPAGRKSP

SKSPVRKSPSKSPVRKSPRKSPAAKLQAGDRPASMNICKNLPKQRLVDIATEMGIDLN
RESDGKPKTKDQLCADIMGGAGRKSPRKSPSRSPYRKSPSRSPVRKSPVRSPRKSP
VRVPSPVRSPVKEKTPVRSPARSEDAGSDLAPRPRRGKAVRLDYDEDDDYSYGASTD
NLFSGNKEIPFPTRKRRTRKPEKVFVDVRSPHTLTDSEDEDDMVEVPELEDKEITMPG
VLSPYSDEIVERGYVSQGGADYINYIYRTEYALESDESFARGARPKTNKRDSDRAVRE
AAAAAAIARALDRRSQSGNDEPAVRRRSAPTDSSRESRRDREPQRDIAEPQRDIAEPQ
RDIAEPQRDIAEPRKVRFREAGSADVRVFERDEPKEYGRVPVRPPLFMPAGEPLQPLK
FRPKTPKIDDTIHRAQMVLPSKPSQKETDNYYKQFAGEAVRPSEPVQWDKDDQVLYH
KVPAWDDSSYAAAVSAWPMSVDPKQAESVFAEFEQLSAQDSDLIKVRKSIMKALGY

NH. — [N]ss [AGRKSPSKSP]s [VRKSPSKSP],...[AGRKSPRKSP] [N]s
[VRKSPSRSPY],...-COOH

945

Fig. 8. Comparison of the amino acid sequences of NFH and 32R. Panel A, NFH: KSP repeats within the human NFH protein are indicated in boldface type and the central region
containing these repeats is highlighted. Several areas containing stretches of acidic amino acids are indicated by double underlining. Panel B, 32R: Conserved and degenerate
AGRKSPSKSP repeats are underlined and KSP motifs are displayed in boldface type; conserved and degenerate VRKSPSKSP repeats are indicated by double underlining. Two
stretches of acidic amino acids are indicated by wavy underlining and boldface type. GenBank accession numbers: FV3 ORF 32R, AY548484 and human NFH, NP_066554.

within the context of a larger repeat structure (Fig. 8B). Inspection
of the 32R sequence shows six tandem AGRKSPSKSP repeats fol-
lowed by tandem VRKSPSKSP repeats. Furthermore, additional KSP
repeats and several less-conserved versions of the two above motifs
are found within the N-terminal portion of the protein. Based on the
presence of multiple KSP sequences, it is possible that, as with NFH,

serine residues within 32R are highly phosphorylated. At this time
itis not clear whether a host or virus-encoded enzyme is involved in
this process. However, FV3 and other iridoviruses encode a putative
serine-threonine protein kinase (FV3 ORF 57R) that may be respon-
sible for this activity (Tan et al., 2004). Aside from the putative high
level of phosphorylation, there are two runs of five acidic amino



946 D.S. Whitley et al. / Developmental and Comparative Immunology 35 (2011) 937-948

acids (DEDDD and EDEDD). These acidic patches, coupled with the
high degree of phosphorylation, could explain 32R’s anomalous
migration (>100 kDa vs. the expected 70 kDa) on SDS-PAGE gels.

Earlier work showed that the cytoskeletal framework of the host
cell is markedly rearranged following FV3 infection (Murti et al.,
1985). Electron microscopic analysis showed that intermediate fil-
aments surround viral assembly sites and may serve to anchor
them within the cell or exclude large cellular organelles. Moreover,
vimentin, another class of intermediate filament protein, is phos-
phorylated in FV3 infected cells (Chen et al., 1986) and FV3 proteins
appear to be synthesized on intermediate filament-bound polyri-
bosomes (Murti and Goorha, 1989). Perhaps, in addition to utilizing
host intermediate filaments, FV3 ORF 32R may also play a role in
these processes.

Lastly, although 32R is not required for assembly site formation
(Fig. 3C), it may play a role in the release of viral particles from
infected cells, or function in some unknown aspect of intracellular
trafficking. In view of the above, experiments are planned to deter-
mine if 32R contains phosphoserine residues, and to ascertain if
inhibition of phosphorylation, either using PD98059, an inhibitor
of MAP kinases that targets KSP motifs (Veeranna et al., 1998), or
an asMO targeted to the putative FV3 serine/threonine kinase (FV3
ORF 57R), adversely affects viral replication.

4.2. siRNA

The abovementioned results indicate that siRNAs are also suit-
able tools for silencing the expression of ranavirus genes and
determining whether a given viral gene is essential for virus repli-
cation. However, because siRNA silencing is only seen at low MOls,
it may be more difficult to infer gene function since at the time of
assay, generally 48 h p.i., the levels of all viral genes are reduced.
Clearly, we will need to improve the sensitivity of our qRT-PCR
assay by detecting viral gene expression in those few cells initially
infected at low MOIs if we wish to ascertain whether siRNA- medi-
ated KD plays a direct or indirect role in the expression of other
viral genes.

The results shown here indicate that the ability of a given siRNA
to silence FV3 gene expression is inversely related to the MOI. At
multiplicities of infection greater than 1 PFU/cell siRNA-mediated
inhibition was not seen, whereas at lower MOIs silencing was
detected. The inability to achieve silencing at high MOIs may be
due to several factors. In the first place, FV3, like several other plant
and animal viruses, may encode one or more proteins that block an
RNAI response (Lichner et al., 2003; Li et al., 2004; Soldan et al.,
2005; Sullivan and Ganem, 2005; Van Rij and Andino, 2008). For
example, the E3L protein of vaccinia virus (genus Orthopoxvirus,
family Poxviridae) has been shown to sequester double-stranded
RNA (dsRNA) and thereby prevent activation of protein kinase R and
thus maintain viral protein synthesis in infected cells (Chang and
Jacobs, 1993; Langland and Jacobs, 2002). In addition, by seques-
tering dsRNA, E3L may also prevent dsRNA'’s interaction with RIG-I,
MDA-5, or TLR-3 and block the induction of interferon (Hiscott,
2004; Levy and Marie, 2004). Moreover, by binding and/or seques-
tering viral dsRNA, E3L may also block the cleavage and processing
of large dsRNA molecules and thereby prevent the generation of
siRNAs. Lastly, E3L may bind exogenously introduced siRNA and
inhibit siRNA-mediated silencing.

Although FV3 does not contain a protein homologous to E3L, it
encodes a putative ribonuclease Ill-like protein (ORF 80R), and thus
shares limited homology to other proteins that bind and degrade
dsRNA. We speculate that 80R may possess a non-traditional dsSRNA
binding domain that allows it to bind and sequester dsRNA and
inhibit RNAi. If so, infection at high MOIs may result in either
increased synthesis of 80R or the release of elevated levels of
virion-associated 80R and resultin the inhibition of siRNA silencing.

Alternatively, FV3 infection may simply overwhelm the RNAi path-
way. The RNA-induced silencing complex is believed to be present
within the cell in tightly regulated, limited quantities (Vickers et al.,
2007). Therefore, the marked inhibition of host gene expression
observed following FV3 infection could result in reduced levels of
the RNA induced silencing complex at a time when demand for its
function are increasing (Schmitter et al., 2006; Peters and Meister,
2007). As a consequence, the remaining complexes cannot silence
the increasing levels of viral transcripts.

Taken together, the results obtained following targeting MCP,
vPol-Ila,, and DMT by siRNA are comparable to those seen ear-
lier following asMO-mediated knock down of MCP and vPol-Ila
expression, or inhibition of DMT function by 5-azacytidine (Sample
et al., 2007; Goorha et al, 1984). Moreover, the success of
siRNA-mediated KD demonstrates the utility of this approach for
determining whether a given viral gene product is essential for
replication in vitro.

The complementary asMO and siRNA approaches described
above will allow us to determine if individual FV3 genes are essen-
tial for replication in vitro, and, in some cases, to infer gene function
following changes in phenotype. Knock down mediated by asMOs is
suitable for proteins that can be readily visualized by 1D or 2D elec-
trophoresis (e.g., MCP) or for which antibodies suitable for Western
blot analysis are available (e.g., 53R). Alternatively, because siRNA-
mediated knock down can be monitored by RT-PCR, siRNAs are
useful for those genes whose cognate proteins are present in low
amounts, co-migrate with more abundant products, and for which
antibodies have not yet been generated. Moreover, because siR-
NAs can potentially target multiple sites within a message, whereas
asMOs are limited to regions upstream or immediately surround-
ing the initiation codon, RNAi can be employed against targets for
which effective asMOs cannot be designed. This is especially impor-
tant for ranaviruses where most 5 non-translated regions have
not yet been mapped and those that have tend to be very short
(e.g., as little at 8-15 nts) and AU-rich. Although asMOs and siRNAs
will allow us to determine whether a specific FV3 gene is essen-
tial for replication in a given cell type in vitro, extension of these
studies to whole animals, e.g., Xenopus (Gantress et al., 2003), will
require advances in in vivo delivery systems and/or development
of effective knock out strategies for iridoviruses. While progress
in the former is encouraging, recent work suggests that ranavirus
genes can be efficiently knocked out and deletion mutants isolated
by homologous recombination using a selectable marker flanked by
DNA surrounding the gene of interest (James Jancovich, PhD disser-
tation, Arizona State University). Taken together the combination
of knock down and knock out approaches will allow us to identify
viral virulence and immune evasion genes and to determine which
components of the amphibian immune response play critical roles
in anti-viral immunity.
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