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The RNA genome of Seneca Valley virus (SVV), a recently identified picornavirus, contains an internal
ribosome entry site (IRES) element which has structural and functional similarity to that from classical swine
fever virus (CSFV) and hepatitis C virus, members of the Flaviviridae. The SVV IRES has an absolute
requirement for the presence of a short region of virus-coding sequence to allow it to function either in cells
or in rabbit reticulocyte lysate. The IRES activity does not require the translation initiation factor eIF4A or
intact eIF4G. The predicted secondary structure indicates that the SVV IRES is more closely related to the
CSFV IRES, including the presence of a bipartite IIId domain. Mutagenesis of the SVV IRES, coupled to
functional assays, support the core elements of the IRES structure model, but surprisingly, deletion of the
conserved IIId2 domain had no effect on IRES activity, including 40S and eIF3 binding. This is the first
example of a picornavirus IRES that is most closely related to the CSFV IRES and suggests the possibility of
multiple, independent recombination events between the genomes of the Picornaviridae and Flaviviridae to give
rise to similar IRES elements.

Seneca Valley virus (SVV) is a recently discovered member
of the picornavirus family. It was found as a contaminant in
PER.C6 cell cultures, and its natural host has not yet been
definitively identified, but a number of closely related viruses
have been isolated from pigs (16). The complete genome se-
quence of SVV-001 (16) and the crystal structure of the virus
capsid (52) have now been determined. The virus is most
closely related to the cardioviruses, but there are some signif-
icant differences (see below), and hence it has been recom-
mended that the virus is classified as a new species within a new
genus (Senecavirus) of the Picornaviridae.

SVV-001 and two of the related viruses (isolates 1278 and
66289) were inoculated into pigs; evidence of viral replication
was obtained for all three viruses and for transmission of iso-
late 66289. However, in none of the experiments was any sign
of illness observed (unpublished data and personal communi-
cation from J. Landgraf, USDA). An important feature of
SVV is its ability to replicate selectively within human tumor
cells. Owing to this novel activity and lack of observed patho-
genicity in animals and humans, there is interest in using SVV
as an oncolytic virus against neuroendocrine cancers (39), for
which it is currently in clinical trials.

All picornaviruses have a positive-sense, single-stranded
RNA genome that is infectious and has to act both as an
mRNA and as a template for RNA replication (32). Picorna-
virus RNA includes a single large open reading frame (ORF),

encoding a polyprotein, which is flanked by a long 5� untrans-
lated region (UTR) of approximately 600 to 1,300 nucleotides
(nt) (depending on the virus) plus a shorter 3� UTR (�100 nt)
with a poly(A) tail. The viral RNA lacks the 5� m7GpppN... cap
structure found on all eukaryotic cytoplasmic mRNAs. Instead,
a small virus-encoded peptide (VPg or 3B) is covalently at-
tached to the 5� terminus of the genomic RNA, although this
is lost from the RNA within the cell. Recognition of cellular
mRNAs by the cellular protein synthesis machinery is normally
achieved through the binding of the 5� cap by eIF4E. This
protein is one component of the cap-binding complex, eIF4F,
which also includes eIF4A (an RNA helicase) and eIF4G, a
scaffold protein which makes numerous contacts with other
cellular proteins [including eIF3 and the poly(A) binding pro-
tein (PABP)], and these interactions serve to bridge between
the mRNA and the small ribosomal subunit (49). Translation
initiation on picornavirus RNAs occurs by a different mecha-
nism. The 5� UTR of all picornavirus genomes contains an
internal ribosome entry site (IRES) that directs cap-indepen-
dent internal initiation of protein synthesis (reviewed in refer-
ence 11). To date, four distinct classes of picornavirus IRES
element have been described (3, 17). The enteroviruses and
rhinoviruses (e.g., poliovirus [PV]) share one type of element,
while the cardioviruses and aphthoviruses (e.g., encephalo-
myocarditis virus [EMCV] and foot-and-mouth disease virus
[FMDV], respectively) share a second type. Hepatitis A virus
(HAV) has a third distinct class of IRES which is unique in
requiring an intact form of eIF4F (1, 5). It has been found
recently that certain picornaviruses contain a fourth class of
IRES element which is closely related to the IRES found in
hepatitis C virus (HCV; a Hepacivirus within the Flaviviridae).
The pestiviruses (e.g., classical swine fever virus [CSFV]) are
also members of the Flaviviridae and have an IRES that is
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similar to the HCV IRES, but there are distinct differences
(12). For example, stem 1 of the pseudoknot is interrupted in
CSFV, whereas in HCV it forms a single fully base-paired
stem. Furthermore, the CSFV IRES has an extra subdomain
termed IIId2 which is absent from the HCV IRES. This addi-
tional domain is thought to lie within the ribosome-binding
interface formed by domains IIId, IIIe, and IIIf, which make
direct contact with the small ribosomal subunit (50).

Picornavirus IRES elements related to the HCV IRES were
initially identified in the porcine teschovirus-1 (PTV-1) ge-
nome (6, 22, 35) and subsequently have been demonstrated in
a variety of other porcine, avian, and simian picornaviruses
(namely porcine enterovirus-8 [PEV-8] [7], simian virus 2
[SV2] [7], avian encephalomyelitis virus [AEV] [2], and simian
picornavirus 9 [SPV9] [8]). Furthermore, on the basis of se-
quence information and RNA structure prediction, it has been
suggested that the duck hepatitis virus 1 (9), a seal picornavirus
(24), SVV (17), and porcine kobuvirus (40) also contain this
type of IRES.

The HCV-like IRES elements differ from those of the other
picornaviruses in that they have no requirement for any part of
the eIF4F complex; hence, they continue to function both
when eIF4G is cleaved (e.g., induced by the PV 2A protease)
and also in the presence of hippuristanol, a small molecule
inhibitor of eIF4A (4). Hippuristanol provides a useful tool for
identifying the HCV-like IRES elements since, by contrast, it
strongly inhibits the PV and EMCV IRES elements.

The HCV and CSFV IRES elements each contain two major
domains, termed domain II and domain III. The domain III
contains a number of different stem-loop structures and a
pseudoknot (domain IIIf) (10, 12, 29, 54). Domain II appears
to facilitate 80S complex assembly (27), while domain III is

required for direct interactions of the IRES with the 40S ribo-
somal subunit and eIF3 (reviewed in reference 14).

We now demonstrate that the SVV genome indeed contains
a functional HCV-like IRES element despite the general sim-
ilarity of SVV to the cardioviruses and furthermore show that
this picornavirus IRES is novel in being more closely related,
in terms of its secondary structure, to the CSFV IRES than to
the HCV IRES. For the first time, we have probed the sec-
ondary structure and function of the additional IIId2 domain
within CSFV-like IRES elements and suggest that it has no
role in IRES function.

MATERIALS AND METHODS

Reporter plasmids. DNA preparations and manipulations were performed
using standard methods as described previously (45) or as stated in manufactur-
er’s instructions. The reporter plasmids pGEM-CAT/EMCV/LUC containing
the EMCV IRES cDNA and pGEM-CAT/LUC (lacking any IRES) have been
described previously (44). These plasmids use a T7 promoter to express dicis-
tronic mRNAs encoding chloramphenicol acetyltransferase (CAT) and firefly
luciferase (fLUC).

SVV cDNA. The plasmid pNTX-01 consists of SVV-001 sequences from nt 1 to
1074 in pGEM-4Z. Reporter plasmids containing the SVV 5� UTR (nt 1 to 666;
pGEM-CAT/SVVs/LUC) or longer sequences including 31, 55, or 79 nucleotides
of coding sequence were prepared by PCR using pNTX-01 as the template with
the SVV forward primer and the appropriate reverse primer, all designed to add
a BamHI site to each end of the product (see Table 1). The PCR products were
digested with BamHI, gel purified, and ligated between the two open reading
frames of the similarly digested, dephosphorylated, dicistronic reporter plasmid
pGEM-CAT/LUC (Fig. 1A). The constructs were confirmed by restriction en-
zyme digestion and sequencing of the inserts.

Mutagenesis of the SVV cDNA. Mutated versions of the pGEM-CAT/
SVV�55/LUC construct were prepared using a site-directed mutagenesis kit
(QuikChange; Stratagene). Primary mutants (Mut1 to Mut6) were generated
using pGEM-CAT/SVV�55/LUC as a template and the appropriate primer
pairs (Table 1). Compensatory mutations (Mut1c and Mut4c) were prepared in

TABLE 1. Primers used to prepare SVV sequences

Primer Sequencea

SVV For2.......................................................................................................................ATATGGATCCTTTGAAATGGGGGGCTG
SVV utr Rev..................................................................................................................ATGGATCCATTTGTATGTGCTAC
SVV �30 Rev ...............................................................................................................ATGGATCCTGTATCGAAAGAAA
SVV �55 Rev ...............................................................................................................ATATGGATCCTTACATCTTCAAAGGTGCCAG
SVV �75 Rev ...............................................................................................................ATATGGATCCTTCAACGATCTTGACTTTTGTTC
Mut1 For........................................................................................................................CTGATAGGGCGACGGGGTAGTCGTGTCGGTTC
Mut1 Rev.......................................................................................................................GAACCGACACGACTACCCCGTCGCCCTATCAG
Mut1c For......................................................................................................................CGGGGTAGTCGTGTCGGTTCTATACCTAGCACATAC
Mut1c Rev .....................................................................................................................GTATGTGCTAGGTATAGAACCGACACGACTACCCCG
Mut2 For........................................................................................................................CGGGAACTGTAGCTACCCCTTAGCGTGCCTTG
Mut2 Rev.......................................................................................................................CAAGGCACGCTAAGGGGTAGCTACAGTTCCCG
Mut3 For........................................................................................................................CTAGCATAGCGAGCTGGAGCGGGAACTGTAGC
Mut3 Rev.......................................................................................................................GCTACAGTTCCCGCTCCAGCTCGCTATGCTAG
Mut4 For........................................................................................................................CTAGCATAGCGAGGGGGAGCGGGAACTGTAGCTAGGC
Mut4 Rev.......................................................................................................................GCCTAGCTACAGTTCCCGCTCCCCCTCGCTATGCTAG
Mut4c For......................................................................................................................GCGAGGGGGAGCGGGAACTCCCCCTAGGCCTTAGCG
Mut4c Rev .....................................................................................................................CGTAAGGCCTAGGGGGAGTTCCCGCTCCCCCTCGC
Mut5 For........................................................................................................................CTGTAGCTAGGCCT � GTGCCTTGGATACTGCCTG
Mut5 Rev.......................................................................................................................CAGGCAGTATCCAAGGCAC � AGGCCTAGCTACAG
Mut6 For........................................................................................................................GCGAGCTACAGCCCCAACTGTAGCTAGGCCTTAGC
Mut6 Rev.......................................................................................................................GCTAAGGCCTAGCTACAGTTGGGGCTGTAGCTCGC
Mut7 Overlap For ........................................................................................................ACTGTAGCTA � TTGGATACTGCCTGATAGGGCG
Mut7 Overlap Rev........................................................................................................CAGTATCCAA � TAGCTACAGTTCCCGCTGTAGC
Luc Rev..........................................................................................................................CATACTGTTGAGCAATTCAC
CAT For ........................................................................................................................TCACTGCATTCTAGTTGTGG

a BamHI site nucleotides are underlined, mutated nucleotides are in bold typeface, and � indicates that nucleotides have been deleted.
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the same way, except that the corresponding primary mutant was used as the
template for the generation of the compensatory mutant.

Mutant 7 (in which the IIId2 stem-loop was deleted) was prepared by overlap
PCR. The pGEM-CAT/SVV�55/LUC plasmid was used as the template for
PCRs to generate fragments of 589 and 117 bp, one with each primer pair (SVV
For and Mut7 Overlap Rev, and Mut7 Overlap For and SVV�55 Rev [Table 1]).
After purification, the products were mixed and a further PCR was carried out
using the SVV For and SVV�55 Rev primers. The resulting PCR product was
digested with BamHI, gel purified, and ligated into pGEM-CAT/LUC as de-
scribed before. The construct was verified by sequencing.

In vitro translation reactions. The dicistronic reporter plasmids (1 �g) were
assayed in the rabbit reticulocyte lysate (RRL) coupled transcription and trans-
lation (TNT) system (Promega) using [35S]methionine as described by the man-
ufacturer. Products were analyzed by SDS-PAGE and autoradiography.

Transient expression assays. The dicistronic reporter plasmids (2 �g) de-
scribed above were assayed in human 293T cells (or HeLa or BHK cells when
indicated) alone or with the pA�802 (0.2 �g) plasmid, which expresses the PV
2A protease as described previously (44). Briefly, the plasmids were transfected
into cells (35-mm dishes) previously infected with the recombinant vaccinia virus
vTF7-3 (15), which expresses T7 RNA polymerase, using Lipofectin (8 �l; In-
vitrogen) and Optimem (192 �l; Gibco BRL). Cell lysates were prepared 20 h
after transfection and were analyzed by SDS-PAGE and immunoblotting to
determine CAT and LUC expression. Detection was achieved with anti-CAT
(Sigma) or anti-fLUC (Promega) antibodies and peroxidase-labeled anti-rabbit
(Amersham) or anti-goat (Dako Cytomation) antibodies, respectively, using
chemiluminescence reagents (Pierce). The fLUC expression was also quantified
using a firefly luciferase assay kit (Promega) with a luminometer, while CAT
protein was measured by enzyme-linked immunosorbent assay (ELISA) (Boehr-
inger).

RNA secondary structure prediction. The SVV-001 5� UTR sequence (EMBL
accession number DQ641257) was aligned with those from HCV (EMBL acces-
sion number AB016785) and CSFV (EMBL accession number J04358) using
ClustalW and edited manually. Models of secondary structure elements (other
than the pseudoknot) were generated using Mfold (56).

Translation assays in the presence of hippuristanol. The requirement of the
SVV IRES element for eIF4A was investigated both in vitro and in vivo using
hippuristanol, a specific inhibitor of eIF4A (4). Dicistronic plasmid DNAs were
assayed in the TNT RRL system (as described above) with or without hippurista-
nol (10 �M; kind gift from Jerry Pelletier, McGill University, Canada). The
plasmids were also assayed in 293T cells, with or without the addition of 0.5 �M
hippuristanol; cell lysates were prepared 20 h after transfection, and the inhibitor
was added for the final 10 h.

Secondary structure probing. The secondary structure of the SVV IRES was
probed using dimethyl sulfate (DMS), N-cyclohexyl-N�-[N-methylmorpholino-
ethyl]-carbodiimid-4-toluenesulfonate (CMCT), and RNase V1 as described pre-
viously (55). RNA (2 pmol) was resuspended in 20 �l of 20 mM Tris, 100 mM K
acetate, 200 mM KCl, 2.5 mM MgCl2, and 1 mM dithiothreitol (DTT) (pH 7.5)
(DMS), 20 mM Tris, 5 mM MgCl2, and 100 mM KCl (pH 7.5) (V1), or 50 mM
borate-NaOH and 1 mM EDTA (pH 8.0) (CMCT), denatured for 1 min at 95°C
and cooled on ice. DMS (0.395 M), CMCT (2, 4, or 10 mg/ml), or RNase V1
(0.01, 0.02, or 0.05 U) was added, and the mixture was incubated for 1, 5, or 10
min (DMS), 20 min (CMCT), or 5 min (RNase V1). The modified RNA was then
immediately ethanol precipitated on dry ice in the presence of 0.3 M ammonium
acetate, washed with 70% ethanol, and resuspended in 8 �l of water. Modifica-
tions were revealed by reverse transcriptase using 32P-labeled primer and avian
myeloblastosis virus reverse transcriptase (Promega). To analyze the IIId2 do-
main, the primer 5�-TAGAACCGACACGACTAGGC-3� was used. The prod-
ucts were resolved on a 7 M urea 6% polyacrylamide gel and revealed using a
fluorescent screen and a Personal FX imager (Bio-Rad).

Binding of 40S subunits and eIF3 to the SVV IRES. RNA transcripts were
made in the presence of �-32P-UTP (3,000 mCi/mmol) using T7 RNA polymer-
ase from PCR products containing the T7 promoter sequence and purified by
size exclusion chromatography as previously described (46, 47). The initiation
factor eIF3 and 40S ribosomal subunits were prepared following previously
established procedures (37).

Radiolabeled RNA (50 fmol) in binding buffer (10 �l; 20 mM Tris [pH 7.6],
100 mM KCl, 2 mM DTT, 2 mM MgCl2) was denatured by heating to 85°C for
1 min and then slowly cooled to room temperature. Serial dilutions of eIF3 or
40S subunits were prepared, added to a 10-�l reaction, and incubated at 37°C for
15 min. Filter binding assays were accomplished essentially as previously de-
scribed using two filters (28). Bound RNA was quantified using a Personal FX
imager (Bio-Rad). To determine the apparent dissociation constant (Kd), the
data were fitted to a Langmuir isotherm described by the equation � � P/(P �
Kd), where � is the fraction of RNA bound and P is either the 40S subunit or eIF3
concentration. Reported values are the average of results from three repetitions
with standard errors. All calculations were performed with GraphPad Prism 5.

RESULTS

The SVV IRES extends into the viral coding sequence. The
dicistronic reporter plasmid pGEM-CAT/SVVs/LUC contain-
ing the complete SVV 5� UTR (nt 1 to 666) sequence inserted

FIG. 1. The SVV IRES extends into the viral coding sequence.
(A) Structures of the dicistronic plasmids used in this study. The SVV
5� UTR plus either 31, 55, or 79 nt of coding sequence were amplified
by PCR, including added BamHI sites. These products were digested
and inserted into a similarly digested plasmid containing the CAT and
LUC ORFs, between the two ORFs at a unique BamHI site. (B) In
vitro coupled transcription and translation reactions (RRL) containing
[35S]methionine were programmed with the dicistronic plasmids. Re-
actions were analyzed by SDS-PAGE and autoradiography. The CAT
and LUC protein products are indicated. (C) Transient expression
assay in 293T cells. The dicistronic plasmids were transfected into 293T
cells that had been previously infected with vTF7-3. After 20 h, cell
lysates were prepared and analyzed for CAT and LUC expression as
outlined in Materials and Methods. Extracts were also subjected to
SDS-PAGE and immunoblotting. The LUC expression data were ob-
tained from three separate transfections and the results standardized
to the LUC expression value from the EMCV IRES, which was set at
100%. LUC activities were normalized against CAT expression values.
Mean LUC values (plus standard errors of the means) are shown.
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between the CAT and fLUC open reading frames (Fig. 1A),
the negative-control plasmid lacking any IRES sequence
(pGEM-CAT/LUC), and the dicistronic plasmid, pGEM-
CAT/EMCV/LUC, containing the EMCV IRES as a positive
control, were first assayed in coupled transcription and trans-
lation reactions (TNT) in rabbit reticulocyte lysates (RRL)
reactions. SDS-PAGE and autoradiography for CAT and
fLUC expression showed that all plasmids efficiently expressed
CAT, as expected (Fig. 1B). Furthermore, the EMCV IRES
directed efficient fLUC expression; however, the SVV 5� UTR
(nt 1 to 666) did not display any IRES activity, as indicated by
lack of fLUC expression, in either the sense (s) or antisense
(as) orientation.

Since some HCV-like IRES elements have been found, in
some contexts, to require the presence of a viral coding se-
quence to display IRES activity (e.g., see references 41 and 13),
three additional constructs were prepared containing 31, 55,
and 79 nt of viral coding sequence, termed pGEM-CAT/
SVV�31/LUC, pGEM-CAT/SVV�55/LUC, and pGEM-
CAT/SVV�79/LUC. The inclusion of 31 nt of coding se-
quence resulted in the generation of a functional IRES.
However, the addition of 55 nt from the coding sequence (as in
pGEM-CAT/SVV�55/LUC) resulted in more efficient IRES
activity from the SVV sequence (Fig. 1B), but the addition of
79 nt did not result in any further increase in IRES activity.

The SVV�31 and SVV�55 constructs were also assayed in
a transient expression assay in human 293T cells infected with
the vaccinia virus vTF7-3 (15) which expresses the T7 RNA
polymerase. The plasmids were transfected into the cells,
which were then harvested 20 h later; cell lysates were assayed
for CAT and fLUC expression by SDS-PAGE and immuno-
blotting and in a quantitative manner by ELISA and enzymatic
assay, respectively. All plasmids efficiently expressed CAT, as
expected (Fig. 1C). Consistent with the data in Fig. 1B, fLUC
activity assays indicated that the SVV 5� UTR alone did not
display IRES activity, but the addition of 31 or 55 nt of coding
sequence resulted in efficient IRES activity, with the �55 con-
struct again showing higher activity. The SVV IRES was al-

most twice as efficient as the EMCV IRES in these cells.
Similar results were obtained when these plasmids were as-
sayed in HeLa and BHK-21 cells (data not shown). Taken
together, these results demonstrate that the SVV 5� UTR, in
conjunction with 55 nt of coding sequence, functions efficiently
as an IRES element.

The SVV IRES does not require the eIF4F factors for func-
tion. Having established that the SVV IRES element functions
both in cells and in the cell-free RRL system in vitro, we next
examined the requirement of this IRES for components of the
eIF4F initiation factor complex. Cleavage of eIF4G can be
induced by expression of the PV 2A protease or FMDV leader
(L) protease and results in the inhibition of cap-dependent
protein synthesis (44). However, most picornavirus IRES ele-
ments (with the exception of the HAV IRES) function effi-
ciently under these conditions. Similarly, the HCV and related
IRES elements from picornaviruses function efficiently in the
presence of these proteases (reviewed in reference 3). We
studied the effect of eIF4G cleavage on SVV IRES activity in
cells to determine the degree of similarity to its effect on other
viral IRES elements. The dicistronic reporter plasmids were
transfected into 293T cells alone or with a plasmid (pA�802)
(23) that expresses the PV 2A protease. After 20 h, cell lysates
were prepared and efficient cleavage of eIF4G in the presence
of PV 2Apro was confirmed by Western blot analysis as de-
scribed before (2) (data not shown). Expression of CAT and
fLUC was analyzed as above. All plasmids expressed CAT
efficiently when assayed alone, but CAT expression was signif-
icantly reduced in the presence of the PV 2Apro (Fig. 2A),
consistent with the loss of cap-dependent protein synthesis. As
expected, the assays for fLUC expression demonstrated that
EMCV IRES activity was unaffected by PV 2Apro-induced
cleavage of eIF4G. The SVV IRES was able to direct efficient
fLUC expression in the presence of 2Apro, although activity
was reduced by about 50%. This modest inhibition of SVV
IRES activity in the presence of cleaved eIF4G is comparable
to results for some other HCV-like picornavirus IRES ele-
ments that have recently been described (see Discussion).

FIG. 2. The SVV IRES functions in the presence of cleaved eIF4G and an eIF4A inhibitor. (A) Dicistronic plasmids (2 �g) of the form
CAT/IRES/LUC were transfected into 293T cells in the absence (	) or presence (�) of the plasmid pA�802 (0.5 �g), which expresses the PV 2A
protease. After 20 h, cell extracts were prepared and analyzed for CAT and LUC expression as described in Fig. 1. LUC and CAT assays were
also performed on extracts from three separate experiments, and the mean LUC values are shown, standardized to the LUC expression values from
the EMCV IRES-containing construct, which was set at 100%. LUC activities were normalized to CAT expression as described in the legend to
Fig. 1. (B) The same dicistronic plasmids were transfected into 293T cells in the absence (	) or presence (�) of the eIF4A inhibitor, hippuristanol
(Hipp.). Cells were harvested 20 h after transfection, and the hippuristanol (0.5 �M) was added for the last 10 h of the incubation. Cell extracts
were analyzed for CAT and LUC expression as described in the legend to Fig. 1. The data shown are representative of results from two
independent experiments.
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We next assayed the requirement of the SVV IRES for
another component of the eIF4F complex, the RNA helicase
eIF4A. While cap-dependent translation and many picornavi-
rus IRES elements (including those from PV and EMCV)
need eIF4A for activity, the HCV and the HCV-like picorna-
virus IRES elements do not (33, 34, 51). We analyzed the effect
of the eIF4A inhibitor, hippuristanol, on SVV IRES activity.
The HCV and HCV-like IRES elements within picornavirus
genomes have been shown to be resistant to this inhibitor (4,
7). The addition of hippuristanol to transfected 293T cells
severely inhibited cap-dependent expression of CAT and also
fLUC expression directed by the EMCV IRES, as expected
(Fig. 2B). However, the SVV IRES activity displayed marked
resistance to this inhibitor, as seen with the AEV and HCV
IRES elements (2, 4). This indicates that the SVV IRES does
not require eIF4A for function, emphasizing its similarity to
the other HCV-like IRES elements.

The SVV IRES bears a striking resemblance to the CSFV
IRES. As described above, the functional properties of the
SVV IRES resembled those of the recently discovered HCV-
like picornavirus IRES elements. We therefore performed a
sequence alignment of the SVV IRES to the HCV IRES se-
quence using ClustalW. We found that the SVV IRES closely
resembles the HCV IRES (52% identity) and the CSFV IRES
(47% identity). However, it should be noted that the high level
of sequence identity between all three IRES elements occurs
only within particular regions (see Fig. 3A), notably domain
IIIe, domain IIIa, domain IIIc, and short motifs within domain
II and domain IIId1 (including a GGG motif involved in 40S
ribosome interaction) (20, 21, 25, 29, 30, 35, 36, 38, 42, 48). In
between these stem-loop structures, the level of sequence iden-
tity between all three of them is rather low. We have derived a
secondary structure prediction for the SVV IRES (Fig. 3B)
which includes the 55 nt of the coding sequence. This structure
resembles that of the HCV IRES but also reveals the presence
of a bipartite stem 1 within the pseudoknot and an additional
stem-loop structure adjacent to the domain IIId, which has
been termed domain IIId2 in the CSFV IRES (12). This stem-
loop is absent from the HCV IRES (19). These features, along
with the requirement for about 55 nt of coding sequence for
optimal SVV IRES activity, indicate that the SVV IRES is
strikingly similar to the CSFV IRES. This is the first report of
a CSFV-like IRES (a Pestivirus within the Flaviviridae) within
a picornavirus genome and suggests the possibility of genetic
exchange between several different members of these virus
families.

Mutational analysis of the domain III region of the SVV
IRES. RNA structural elements within the domain III region

of all the HCV-like IRES elements have been shown to be
critical for function (3). We therefore tested our predicted
secondary structure model of the SVV IRES by performing
mutational analysis of this region. First, we tested the se-
quences involved in the putative pseudoknot. Modifications in
the stem 2 region of the pseudoknot changed nt 630 and 631
from CC to GG; these changes were predicted to disrupt the
base pair interaction with nt 651 and 652 (GG) (Fig. 4A). This
mutant (Mut1) was analyzed using the dicistronic reporter
construct in 293T cells as described above. SVV IRES activity
was severely inhibited (�0.3% of wild-type [wt] activity [Fig.
4B]). Introduction of compensatory mutations at nt 651 and
652 to change GG to CC (Mut1c) restored SVV IRES activity
to 
80% that of the wild type. The inability to restore wt
activity fully with these compensatory mutations has been ob-
served previously (2, 6) and suggests that the primary se-
quences may be involved in other interactions (for example,
with trans-acting factors) as well as forming part of the pseu-
doknot structure.

As the predicted secondary structure indicated the presence
of a IIId2 stem-loop, as seen in the CSFV IRES structure,
further mutational analysis focused on the IIId1 and IIId2

stem-loop regions. Mutation of nt 571 and 572 from AC to GG
in stem IIId1 (Mut3) had only a modest effect on IRES activity
(Fig. 4B), reducing activity to about 80% that of the wt IRES.
However, mutation of four nucleotides in this region (nt 569 to
572) from CUAC to GGGG (Mut4), which would be expected
to disrupt the stem, severely inhibited IRES activity. Further-
more, introduction of compensatory mutations at nt 583 to 586
that should restore base pairing in this stem (GUAG to CCCC;
Mut4c) effectively restored IRES activity to over 80% of wt
activity. The importance of the IIId1 stem-loop was also high-
lighted by mutational analysis of the loop region. Modification
of the GGG motif (nt 576 to 578) to CCC as in Mut6 had a
severe effect on IRES activity. These data support the pre-
dicted structure of the IIId1 loop of the SVV IRES and indi-
cate that this structure is important for IRES activity as ob-
served for the HCV and CSFV elements previously (12).

To assess the role of the predicted IIId2 stem-loop structure,
we changed nt 590 and 591 (GG) to CC (Mut2) and assayed
this modified IRES in 293T cells. This mutant retained about
70% of wt activity, suggesting that this stem structure is not
critical for IRES activity. We also deleted nucleotides in the
loop region of IIId2 (UAGC) (Mut5), and this also had little
effect on IRES activity (this mutant retained about 80% of wt
IRES activity). Finally, deletion of the entire IIId2 stem-loop
(Mut7) had no significant effect on IRES activity; this mutant
retained 90% of wt IRES activity. These data suggest that this

FIG. 3. The SVV IRES is an HCV-like picornavirus IRES. (A) Alignment of the SVV, CSFV, and HCV 5� UTR sequences that comprise
domain II and domain III. Sequences were aligned with ClustalW and edited manually; the nucleotides which are shared by all three IRES
elements are marked with an asterisk. Gaps introduced to maximize alignment are indicated by dashes. Shaded areas highlight specific stem-loop
structures. The individual SVV IRES domains are indicated above the sequence. The overall sequence identity between SVV and HCV IRES
sequences is 52.4%, but some regions, e.g., domains IIIa and IIIe, are highly conserved among all three viruses. (B) Proposed secondary structure
of the SVV 5� UTR. Domains are labeled by analogy to the domains in the HCV IRES. The structure was derived from comparative sequence
analyses and using Mfold (50) to predict the most thermodynamically favorable structures. Outlines of the HCV and CSFV IRES element
structures are also shown for comparison. Note that in the SVV IRES (as in the CSFV IRES) there is an additional IIId2 stem-loop structure. In
addition, a model of the 55-nt sequence from the coding sequence is included. Secondary structure probing of the IIId2 domain is also indicated.
Nucleotides affected by RNase V1, CMCT, or DMS are noted by arrows, circles, and squares, respectively.
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predicted stem-loop structure is not important for IRES func-
tion.

These results are intriguing, as this additional domain lies
between domains IIId1 and IIIe, which are both important

for ribosome binding. Therefore, we investigated further
whether the predicted IIId2 stem-loop structure was actually
formed in solution as proposed by the secondary structure
model we and others have predicted (Fig. 3) (17) and its role
in factor recruitment. Thus, we performed enzymatic and
chemical probing of the SVV IRES. Our results showed that
domain IIId2 is indeed formed as predicted (Fig. 3B). This
is the first time that the structure of this region has been
defined for a CSFV-like IRES element and confirms its
existence. Next we investigated the impact of domain IIId2

in the recruitment of 40S subunits and eIF3, the key factors
mediating initiation of translation on HCV-like IRES. We
performed filter binding assays of eIF3 and the 40S subunit
to the SVV IRES in the presence or absence of domain
IIId2. Both IRES elements were able to bind eIF3 and 40S
subunits directly, as previously reported for the HCV IRES
(25), and no significant differences were seen between the wt
and mutant IRES lacking the IIId2 domain (Fig. 5). This
confirmed that the IIId2 stem-loop has no role in assembly
of initiation complexes on the SVV IRES and may suggest a
role at another stage of the SVV replication cycle.

FIG. 4. Mutational analysis of the domain III region of the SVV IRES.
(A) Predicted secondary structure of the domain IIId, IIIe, and IIIf regions of
the SVV IRES. The stems that form the pseudoknot (stem 1 and stem 2) and
the IIId1 and IIId2 stem-loops are shown. The nucleotides that were modified
in the mutational analysis experiments are shown in bold type. Suffix “c”
indicates compensatory mutations. Areas indicated with dashed lines (as in
Mut7) indicate that the whole IIId2 region was deleted. (B) Dicistronic
plasmids of the form CAT/IRES/LUC, containing the indicated mutations
within the domain III region of the SVV�55 construct, were transfected into
293T cells as described in the legend to Fig. 1. Cell extracts were analyzed for
CAT and LUC expression as described in the legend to Fig. 1. The results are
derived from three independent experiments, and the mean values plus stan-
dard errors are shown. LUC activities from the mutant IRES elements are
expressed relative to the activity from the wt SVV�55 IRES, which was set at
100%. LUC activities were normalized against CAT expression as described
in the legend to Fig. 1.

FIG. 5. The SVV IRES directly binds to 40S subunits and eIF3.
(A) Binding curves of 32P-labeled wild-type and IIId2 deletion mutant
RNAs to purified 40S subunits. Labeled RNAs were incubated with
40S subunits and binding assessed by filter binding assay. (B) Binding
curves of 32P-labeled wild-type and IIId2 deletion mutant RNAs to
purified eIF3. Labeled RNAs were incubated with eIF3, and binding
was assessed by filter binding assay. Reported values are the average of
results from three repetitions with standard errors. All calculations
were performed with GraphPad Prism 5.
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DISCUSSION

The results presented here show that the 5� UTR of the SVV
genome, together with 31 to 55 nt of viral coding sequence,
contains a functional IRES element. Based on its predicted
structure and functional properties, the SVV IRES should be
placed within the recently described HCV-like class of picor-
navirus IRES elements (see reference 3). Optimal IRES activ-
ity from the HCV IRES has been shown to require some 10
codons (30 nt) of the viral coding sequence (41), while the
CSFV IRES requires between 12 and 17 codons of the coding
sequence (36 to 51 nt) for optimal activity (13). However, it
should be noted that under certain conditions, and with some
reporter gene sequences, no absolute requirement for any cod-
ing sequence has been observed for the HCV and CSFV IRES
elements (see reference 43). It therefore seems likely that the
accessibility of the initiation codon in the different RNAs in
some way determines this requirement. The picornavirus
HCV-like IRES elements from PTV-1, PEV-8, and AEV do
not require any coding sequence (2, 7, 22); however, the SV2
IRES is considerably more active when about 50 nt of coding
sequence is present in the RNA (7). Thus, the SVV IRES is
distinct from the other picornavirus IRES elements in that it
showed an absolute requirement for the presence of over 30 nt
of coding sequence, and in this respect it is most similar to the
CSFV IRES. Our secondary structure prediction for the 55 nt
downstream of the AUG codon suggests the presence of a
stem-loop structure which is preceded by a pyrimidine-rich
sequence. However, since the SVV�31 construct lacks the
intact stem-loop structure and still functions efficiently, it is
unlikely that this structure is critical to IRES function. It may
be that the presence of the pyrimidine-rich sequence is impor-
tant for maintaining this region as unstructured, as suggested
for this region of the CSFV IRES (12).

The predicted secondary structure of the SVV IRES was
also more similar to the CSFV structure than to the HCV
IRES structure (Fig. 3B). The key distinguishing features are
the presence of a bipartite stem 1 within the pseudoknot in
CSFV and SVV, while a single stem is present in HCV (and
PTV-1), and the CSFV and SVV IRES elements are each
predicted to contain a IIId2 stem-loop structure (26). We sus-
pected that this additional domain might have a functional role
in translation initiation. Indeed, this domain lies between do-
mains IIId1 and IIIe, both of which make direct contact with
the ribosome, as seen in the structure of binary HCV IRES-
40S subunit complexes (50), and significantly contribute to the
high affinity of the IRES RNA for the ribosome (25, 31). While
we confirmed that the IIId2 domain folds in solution into the
predicted stem-loop structure, extensive modification of
the IIId2 element in SVV did not have any significant effect on
the activity of the IRES (Fig. 4) or on the ability of the IRES
to bind eIF3 or 40S subunits (Fig. 5). These results, and the
conservation of this motif in other HCV-like IRES elements
(BDV, CSFV), suggest that this structure may have some other
function in replication other than translation initiation; thus,
our current studies are focusing on the role of this domain in
virus replication.

The pseudoknot structure within domain III of the SVV
IRES is critical for activity. Modification of stem 2 greatly
reduced IRES activity, but restoration of the structure,

through compensatory mutations, restored activity. These re-
sults are analogous to those obtained with the HCV, CSFV,
PTV, and AEV IRES elements (2, 7, 51). The GGG motif in
the loop of domain IIId is conserved across all the HCV-like
IRES elements (20), and this sequence in the HCV IRES is
protected from chemical modification by interaction with the
40S ribosomal subunit (25). Thus, it was not surprising that
modification of this motif also had a significant effect on the
activity of the SVV IRES. The domain IIIe region is known to
interact with 40S ribosomal subunits (25, 30, 31), and this
region is highly conserved between SVV and CSFV; 10 of 12
nucleotides are identical, and the two nucleotide differences
still retain the base pairing required to maintain the conserved
secondary structure.

The HCV-like IRES elements do not need any of the com-
ponents of eIF4F for activity; however, there is some evidence
that their activity can be enhanced in the presence of the fully
functional factors. For example, the AEV IRES was shown to
be inhibited by about 50% in the presence of cleaved eIF4G
(2). Similarly, initiation complex formation on the related
SPV9 IRES was enhanced by the addition of eIF4F (8). The
results presented here with the SVV IRES also indicate that
the activity is optimal when eIF4G is intact (Fig. 2A) and when
eIF4A activity is not inhibited by hippuristanol (Fig. 2B). This
differs slightly from the HCV IRES itself, which is apparently
unaffected by the lack of eIF4G (34, 35). It seems therefore
that the picornavirus HCV-like IRES elements may be stimu-
lated in the presence of eIF4F through an unknown mecha-
nism. As the SVV IRES functions very efficiently in RRL, it is
clear that it does not need additional factors beyond those
already present within the RRL, in contrast to the poliovirus or
rhinovirus IRES elements that require supplementation with
cell lysates (10).

The mechanisms by which SVV selectively infects and rep-
licates in animals and human tumor cells is currently unknown,
although interaction with specific cell membrane proteins ap-
pears to be at least one determinant (39). The HCV-like IRES
elements are found in diverse picornaviruses from multiple
genera with differing species and cellular tropisms (3, 17).
However, SVV is the first example of a picornavirus having an
IRES which is more closely related, at the level of the second-
ary structure, to the CSFV IRES rather than the HCV IRES.
The fact that the likely host of SVV is the pig is consistent with
this possibility, since CSFV can establish a relatively long-term
persistent infection in these animals, offering ample opportu-
nity for coinfection. It is of interest that another porcine pi-
cornavirus, the porcine kobuvirus (40), has recently been
shown to contain an HCV-like IRES within its 5� UTR; in this
case, the IRES is most similar to the duck hepatitis virus and
porcine teschovirus-1 HCV-like IRES elements. This suggests
that not only may there have been multiple occasions when
genetic exchange has occurred between members of the Picor-
naviridae and the Flaviviridae, but also there may have been
exchange of HCV-like IRES elements within the Picornaviri-
dae family.

Although SVV is not considered an important pathogen of
animals, its importance lies in the fact that it has a unique
potential for targeted cancer cell therapy. The virus exhibits
oncolytic activity in certain tumor cells of neuroendocrine or-
igin and is currently in a phase I/II clinical trial to test for safety
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and efficacy against small-cell lung carcinoma, with a view to
developing an alternative treatment for this form of lung can-
cer. Cell lines derived from small-cell lung cancer, neuroblas-
toma, and neuroendocrine pediatric cancer have all been
shown to be sensitive to SVV-001-mediated killing, while nor-
mal primary human cells have been shown to be resistant.
Wadhwa et al. (53) have demonstrated a reduction in invasive
disease and metastasis with oncolytic SVV-001 in a retinoblas-
toma xenograft mouse model. Therefore, a full understanding
of what underlies this specific cell tropism is of medical impor-
tance, and the IRES could influence the ability of the virus to
replicate in certain cell types.
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