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Internal ribosome entry site of Rhopalosiphum padi virus is functional
in mammalian cells and has cryptic promoter activity in baculovirus-in-
fected Sf21 cells’
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Abstract

Aim: To substantiate the in vitro translational studies of a cross-kingdom, inter-
nal ribosome entry site (IRES), the 5 ‘untranslated region of the Rhopalosiphum
padi virus (RhPV), can function in mammalian cells and act as a shuttle IRES
between insect cells and mammalian cells. Methods: Cytomegalovirus (CMV)
promoter-based bicistronic mammalian cell expression vectors, either in plasmids
or baculovirus vectors, were generated. Plasmid transient transfection and
baculovirus transduction assays were performed to test whether the RhPV IRES
can mediate translation activity in versatile mammalian cell lines. Results: Both
plasmids and recombinant baculoviruses containing the CMV promoter and the
RhPV IRES can mediate bicistronic gene expression in mammalian cells. However,
in the CMV promoter containing recombinant baculovirus-infected insect Sf21
cells, only the second cistron gene expression was observed. Northern blot analysis
and a promoterless assay demonstrated that the RhPV IRES exhibited cryptic
promoter activity in baculovirus-infected insect cells. Conclusion: RhPV IRES
can mediate gene expression in both insect cells and mammalian cells, and this
characteristic of the RhPV IRES will facilitate the development of a bicistronic
baculovirus gene therapy vectors.
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Introduction reported for cellular mRNA when their cap-dependent trans-

Translation initiation in eukaryotes is governed either
by a cap structure-dependent mechanism or a cap-indepen-
dent mechanism through an internal RNA element termed
the internal ribosomal entry site (IRES). IRES elements were
first discovered in the RNA of the virus family Picornaviridae,
and have a long, highly-structured 5 untranslated region
(5°UTR) that lacks a cap structure at the 5" end"?. In these
viruses, translation is driven by the complex RNA second-
ary structures in the IRES within their 5'UTR, which confer
cap-independent translation. Previous studies have shown
that IRES elements are not restricted to picornaviruses, but
are also found in retroviruses and DNA viruses; for example,
HIV and herpes simplex viruses were reported to contain an
IRES element in their genomes. Furthermore, IRES ele-
ments have also been found in the 5'UTR of several cellular
mRNA. Importantly, IRES-dependent translation has been
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lation is impaired (eg under conditions of apoptosis, heat
shock stress, and viral infection, and at the G,/M phase of
the cell cycle)™®. In addition, some studies have suggested
that the IRES may increase translation efficiency at postsyn-
aptic sites after synaptic activation".

In addition to disclosing the unusual translational
mechanism, IRES have been successfully introduced between
2 cistrons to construct bicistronic vectors. For example, it
was demonstrated that the simultaneous co-expression of 2
proteins, one being a selection marker or a reporter gene and
the other the gene of interest, by IRES-based bicistronic
expression vectors is important for biotechnological appli-
cations™. Thus identifying and developing useful IRES
elements for expression vectors have become an important
issue in biotechnology. Recently, many very unusual IRESs
have been found in the invertebrate viral family, Dicistroviridae.
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The family Dicistroviridae (genus Cripavirus) was formerly
known as cricket paralysis virus-like viruses!%.
Dicistroviruses have been detected in a range of insects,
from aphids and fire ants to Drosophila". The viruses in
this family share physicochemical properties with members
of the Picornaviridae'” and possess a large, single-stranded,
positive-sense RNA genome (approximately 9—10 kb) with 2
open reading frames (ORF) that encode 2 polyproteins sepa-
rated by an intergenic region (IGR). It has been shown that
the 5’UTR as well as the IGR of these dicistroviruses contain
IRES elements™ ', One of the recently described IRES in
the dicistroviruses, the 579 nucleotide (nt)-long 5'UTR of
Rhopalosiphum padi virus (RhPV), possesses cross-king-
dom IRES activity that functions efficiently in mammalian-,
plant-, and insect-derived in vitro translation systems'®'",
although RhPV infection is restricted to aphid species*.
This cross-kingdom RhPV IRES therefore has the potential
for utilization in eukaryotic cell expression vectors.

In this study, we showed that the RhPV IRES can medi-
ate bicistronic gene expression in mammalian cells either by
plasmid transfection or recombinant baculovirus
transduction. Unexpectedly, we found that the RhPV IRES
possesses cryptic promoter activity in baculovirus-infected
Sf21 cells, but not in mammalian cells. The cryptic promoter
activity may be explained by the presence of six TAAG mo-
tifs in the RhPV IRES, which could be recognized as
baculovirus late transcription initiation sequences'®.

Materials and methods

Cells The Spodoptera frugiperda IPBL-Sf21 (Sf21) cell
line was cultured in TNM-FH insect medium containing 8%
heat-inactivated fetal bovine serum. CHO-K1 (Chinese ham-
ster ovary cells), COS1 (an African green monkey kidney
fibroblast-like cell line), and HeLLa (a human cervix carcinoma
cell line) cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM,; Sigma, St Louis, MO, USA) containing 10%
fetal bovine serum. HepG2 (human hepatocytes) and MDCK
(a Canis familiaris synonymous kidney cell line) were main-
tained in minimum essential medium (MEM; Sigma, USA)
supplemented with 10% fetal bovine serum. U20S (a human
osteogenic sarcoma cell line) cells were grown in McCoy’s
medium supplemented with 10% fetal bovine serum.

Construction of plasmids DNA was prepared, and ma-
nipulations were performed using standard methods as de-
scribed by Sambrook et al'"”! or by the manufacturers of the
reagents used. To construct a vector with dual fluorescent
protein genes to monitor the RhPV IRES activity in mamma-
lian cells, we first digested the pBacDRhirE plasmid™® with
Nhel and Sall and subcloned the 2.6 kb DsRed-IRES-en-
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hanced green fluorescent protein gene (EGFP) DNA frag-
ment into a Nhel- and Sal I-digested pEGFP-C1 plasmid
(ClonTech, Mountain View, CA, USA). The resulting plas-
mid was named pCM V-DRhirE (Figure 1C). In addition, this
2.6 kb DsRed-IRES-EGFP DNA fragment was also subcloned
into a Spel- and Xhol-digested pIB vector (Invitrogen,
Carlsbad, CA, USA) to construct a baculovirus-independent,
insect cell transient expression vector, pIE2-DRhirE (Figure
1H). A positive control plasmid containing the DsRed-EGFP
fusion gene was generated through the digestion of the plas-
mid pDsRed1-N1 (ClonTech, USA) with Nhel and EcoRI to
release the DsRed gene fragment and then cloned into the
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Figure 1. Schematic presentation of bicistronic constructs of plas-
mids and the recombinant baculoviruses used to assay RhPV IRES
functionality in mammalian and insect cells. (A) positive control
plasmid pD-E, in which the DsRed and EGFP genes were fused in-
frame. (B) negative control plasmid pD-E/O, in which the DsRed and
EGFP genes were fused out of frame.(C) pCMV-DRhirE and the RhPV
5°’UTR IRES are located between the DsRed and EGFP genes. (D)
construction of the plasmid, pCMV-D-Rhir-SE, used to quantify the
RhPV IRES activity, and schematic presentation of the recombinant
baculovirus. (E) vAcCMV-DRhirE; (F) vAc-DRhirE; (G) vAcA-
DRhirE. (H) construction of the plasmid, pIE2-DRhirE, used to
analyze the RhPV IRES activity in insect cells without the baculovirus

LacZ ETLga pH,

infection. CMV, human cytomegalovirus immediately early promoter;
DsRed, red fluorescent protein gene; IRES, element of the RhPV
IRES; SEAP-EGFP, SEAP in-frame fused with the EGFP gene. ETL,
AcMNPV early to late promoter; LacZ, B-galactosidase reporter
gene; pH, polyhedrin promoter; IE2, early promoter derived from
the Orgyia pseudotsugata multiple nucleopolyhedrovirus. Stop indi-
cates the translational termination signal.
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Nhel and EcoRI sites of the pEGFP-C1 plasmid (ClonTech,
USA). For this ligation product, named pD-E/O (Figure 1B),
the DsRed gene was not fused with the EGFP gene; we first
digested pD-E/O with EcoRI and then treated it with mung
bean nuclease (New England Biolab, NEB) before the liga-
tion reaction. A construct in which DsRed and EGFP were
fused in frame was named pD-E (Figure 1A). In addition, the
polyhedrin promoter in the pBac-DRhirE plasmid was replaced
with a human cytomegalovirus (CMV) immediate early
promoter, and the resulting plasmid was named pCMV-DRhirE.
To construct pPCMV-DRhirE, the CMV promoter was first am-
plified from the pPEGFP-C1 plasmid by PCR with the forward
primer, 5“GCCGATATCTAGTTAATTAATAGTAATC-3"(the
EcoRV site is underlined), and the reverse primer, 5~
AGCGCTAGCGGATCTGACGGTTCACTAAA-3"(the Nhel
site is underlined). Then the PCR product, the CMV pro-
moter fragment, was cloned into the EcoRV- and Nhel-di-
gested pBacDRhirE plasmid, replacing the polyhedrin
promoter. A promoterless vector, named pBacADRhirE, was
generated from pCM V-DRhirE first digested with EcoRV and
Nhel and then treated with mung bean nuclease before the
blunt ligation reaction.

To facilitate the quantification of RhPV IRES translational
activity in mammalian cells, we fused the secretory alkaline
phosphatase (SEAP) with the EGFP gene in the pCMV-DRhirE
(Figure 1C) and generated the plasmid, pPCMV-DRhirSE (Figure
1D). Briefly, the SEAP gene fragment was first amplified from
the pGS-HCV plasmid®" by PCR with the forward primer, 5~
ATATAAGATCTCCACCATGCTGCTGCTGCTGCTGCTGCTGGG-
37 (the Bgl/II site is underlined), and the reverse primer, 5=
AATTCAGATCTGGTGTCTGCTCGAAGCGGCCGGC-3(the
Bglll site is underlined). Then the 1.6 kb, BgllI-digested
SEAP gene fragment was subcloned into the BamHI-digested
pBacDRAhirE plasmid and fused in-frame with the N-terminal
of the EGFP gene.

Transfection studies and SEAP activity measurements
Transfections of mammalian cells, including CHO-K1, COS1,
HeLa, HepG2, MDCK, and U20S cells, were performed us-
ing Lipofectine reagent (Invitrogen, USA). The cells (at
9x10*-9x10°/well) were plated onto 24-well plates. Before
transfection, the cells were repeatedly washed with serum-
free media to remove all traces of sera. One microgram of
pCMV-DRhirSE plasmid (Figure 1D) was diluted in 200 uL.
serum-free DMEM or MEM medium, and 1 uL of the
Lipofectine reagent was added. The DNA-Lipofectin mix
was incubated for 15 min for DNA-Lipofectin complex
formation. Then the DNA-Lipofectin complex solution was
transferred to the cells at a total volume of 0.5 mL by adding
serum-free medium. After 12 h, the medium was removed

and 1 mL fresh medium with 10% fetal bovine serum was
added. Two days post-transfection, supernatants were har-
vested and analyzed for SEAP activity. The SEAP activity
in the culture media was measured using BD Great EscApe
SEAP detection kits (ClonTech, USA). The chemilumines-
cent intensities reflecting relative SEAP activities were de-
tected with a chemical luminescence counter (Mithras LB
940; Berthold Technologies).

The pIE2-DRhirE plasmid (Figure 1H) was transfected
into Sf21 insect cells (2x 10°cells/well) by Cellfectin reagent
ata 1:1 ratio (ml reagent:mg DNA) on 24-well plates. After
transfection for 2 d, the transfected cells were observed un-
der fluorescent microscopy (Nikon).

Recombinant virus production and titer determination
Using Cellfectin (1 uL), the Sf21 cells (2x10°cells/well in a 24-
well plate) were cotransfected with the linearized viral DNA
Bac-N-Blue (0.25 pg; Invitrogen, USA) and 0.8 ug of one of
the transfer vectors, either pPCM V-DRhirE or pBacA-DRhirE.
The resulting viruses were respectively named vAcCMV-
DRbhirE (Figure 1E) and vAcA-DRhirE (Figure 1G). For the
Bac-N-Blue viral DNA containing the LacZ gene controlled
by the ETL promoter, the recombinant virus was identified
by X-gal staining according to the manufacturer’s protocol.
The recombinant viruses were selected and purified by a
series of 3 end-point dilutions. Sf21 monolayers were used
for virus propagation, and all viral stocks were prepared and
titers determined according to the end-point dilution as de-
scribed before. The recombinant viruses, vAc-DCrirE and
vAc-DRhirE (Figure 1F), were used in the Northern blot
analysis. vAc-DCrirE contains the DsRed and GFP ORF sepa-
rated by the cricket paralysis virus (CrPV) IGR IRES. In the
recombinant vAc-DRhirE, the RhPV IRES is present between
these ORF. These 2 recombinant baculoviruses were pre-
pared and processed as described before?”.

Northern blot analysis An EGFP gene fragment (366 bp)
was amplified by PCR from the pBac-DRhirE plasmid using the
primer set, EGFP forward (5'-ACGACTTCTTCAAGTCCGCC-
3)and EGFPreverse (5-TGCTCAGGTAGTGGTTGTCG-3").
The fragment was then cloned into a pPGEM-T easy vector
(Promega), which contains T7/SP6-opposed promoters. DIG—
RNA probes were prepared by in vitro transcription with a
commercial kit (DIG-RNA labeling kit; Roche) according to
the instructions provided by the manufacturer. Total RNA
transcripts were extracted from vAcCMV-DRhirE-, vAc-
DCrirE- and vAc-DRhirE-infected Sf21 cells at 4 d
postinfection (dpi) and also from uninfected Sf21 cells. Ex-
tracts were electrophoresed in a 1% agarose gel containing
formaldehyde, blotted onto a nylon membrane (Hybond-N;
Amersham), and probed with the EGFP probe according to
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the standard procedure of Sambrook et al'"”. Standard chemi-
luminescent detection was performed according to the
manufacturer’s instructions (Roche), and the blot was ex-
posed to X-ray film (Kodak XAR-5).

Western blot analysis Proteins were separated by SDS—
PAGE on a mini Protein III system (Bio-Rad, Hercules, CA,
USA). After SDS-PAGE fractionation, proteins were
electrotransferred onto a polyvinylidene difluoride membrane
(Millipore, Bedford, MA, USA). The resulting membrane
was blocked with Tris-buffered saline (TTBS; 100 mmol/L
Tris [pH 7.4], 100 mmol/L NaCl, and 0.1% Tween 20) contain-
ing 5% (v/v) non-fat, dry milk at room temperature for 1 h
with gentle shaking. Subsequently, the membrane was incu-
bated with 1:2000-diluted, anti-EGFP or anti-DsRed antibod-
ies (ClonTech, USA) in TBS with 0.5% (v/v) non-fat, dry milk
at 4 °C overnight. Unbound antibodies were removed by 3
washes each of 5 min in TTBS buffer at room temperature
with shaking. Then the membrane was incubated with 1:
2500-diluted horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Chemicon) for 1 h at room temperature.
The HRP on the membrane was detected by an enhanced
chemiluminescencekit (Pierce, Rockford, IL, USA) following
the protocol provided by the manufacturer.

Transduction of mammalian cells The cells were seeded
in 24-well plates at 5x10° cells/well. The culture medium was
removed and replaced with virus inoculate at a multiplicity
of infection of 150 plaque-forming units/cell, and centrifuged
at 2000 r/min for 1 h. Then the supernatant was removed,
and fresh medium containing 10 mmol/L sodium butyrate
was added and cultured at 37 °C.

Results

RhPV IRES is functional in mammalian cells The 579
nt-long 5°'UTR of RhPV is recognized as a cross-kingdom
IRES that functions efficiently in in vitro mammalian, insect,
and plant translation systems"®'7?!. To substantiate the
observation of mammalian rabbit reticulocyte lysate in in
vitro translation, we constructed the bicistronic reporter
plasmid, pCMV-DRhirE (Figure 1C), which contains the CMV
promoter to drive the transcription of DsRed-RhPV IRES—
EGFP bicistronic mRNA in mammalian cells. The cap-depen-
dent translation of the bicistronic mRNA was monitored by
measuring the red fluorescence and the activity of the IRES
was assessed from the green fluorescence. Meanwhile, we
also constructed a vector, pD-E (Figure 1A), which contains
the DsRed-EGFP fusion gene controlled by the CMV pro-
moter as a positive control. When CHO cells were tran-
siently transfected with pD-E, we found that both the red
and green fluorescence were revealed in the same cells un-
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der a fluorescent microscope (Figure 2A). Similarly, pPCMV-
DRhirE-transfected CHO cells also revealed both red and
green fluorescence (Figure 2B). However, CHO cells trans-
fected with the plasmid pD-E/O (Figure 1B), in which the
DsRed gene was not in-frame fused with the EGFP gene (see
Material and methods), only revealed the red fluorescence,
but without green fluorescence (data not shown). This re-
sult suggested that the RhPV IRES can mediate the cap-
independent translation in CHO cells, and confirmed the re-

sults of previous in vitro translation experiments"®'7,

Green

Red
’ --

Green

Red
’ --

Figure 2. Analysis of the RhPV IRES activity in mammalian cells.
CHO-k1 cells (9 x10*-9x10° cells/well seeded in a 24-well plate) were
transfected with pD-E (A) or pCMV-DRhirE (B) and observed at 2 d
after transfection under fluorescent microscopy. Pictures were taken
in the same field with a conventional rhodamine channel (red) with a
510/560 nm filter set and a fluorescein isothiocyanate (FITC) chan-
nel (green) with a 450/490 nm filter set. Both pictures were taken at
the same exposure time of 360 ms. Scale bar: 20 um.

To quantitatively assess the translational activity of the
RhPV IRES in different mammalian cells, the pPCMV-DRhirSE
plasmid (Figure 1D) was constructed. The pCMV-DRhirSE
plasmid contains a SEAP reporter gene fused in-frame with
an egfp fluorescent gene. Thus the activity of the RhPV
IRES can easily and sensitively be monitored from the me-
dium by the SEAP activity™. Six different cell lines were
transiently transfected with the pCMV-DRhirSE plasmid, and
all transfected cells could be identified by the cap-depen-
dent translation of the DsRed gene under a fluorescent mi-
croscope (data not shown). After being normalized with the
transfection rate by counting the number of red fluorescent-
emitted cells, the SEAP-EGFP activities in the culture me-
dium differed among these cell lines (Figure 3). The RhPV
IRES exhibited significantly higher translation efficiency in
the CHO and HeLa lines than that in HepG2, COS-1, and
MDCK cell lines. This result suggests the RbPV IRES may
be not functionally equal in these tested mammalian cells,
although it has been proven to be a cross-kingdom IRES"".
However, it can not be excluded that variations in the CMV
promoter activity in different cell lines are responsible for
these observations (Figure 3).
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Figure 3. Comparison of the efficiency of the RhPV IRES to drive
translation in 5 different cell lines. CHO, HeLa, HepG2, COS-1, and
MDCK cells were transfected with 1 pg pCMV-DRhirSE plasmid. At
48 h after transfection, SEAP activities in the medium were
determined. All data are normalized for transfection efficiency by
calibration through red fluorescent cells and presented as mean+SD
of 3 independent experiments.

RhPVIRES has cryptic promoter activity in baculovirus-
infected Sf21 cells Recombinant baculoviruses with mam-
malian cell-active promoter elements have successfully been
used for transient and stable gene delivery in a broad spec-
trum of primary and established mammalian cell lines and are
proving to be a valuable gene therapy vector™?®, For gene
therapy, the development of polycistronic vectors that al-
low cells to be genetically modified through the introduction
of several therapeutic genes in 1 step has become increas-
ingly important. Therefore, we incorporated the CMV-DsRed-
RhPV IRES-EGFP expression cassette into the baculovirus
genome to construct the mammalian cell gene-delivery
bicistronic recombinant baculovirus vector, vVAcCM V-
DRhirE (Figure 1E). Previous studies have shown that the
CMYV promoter is not functional in insect cells®”, so the
recombinant virus was isolated by X-gal staining for the
vAcCMV-DRhirE genome containing the LacZ gene driven
by the ETL promoter (Figure 4A, left). As expected, the
vAcCMV-DRhirE-transduced COS-1 cells revealed both red
and green fluorescence under a fluorescent microscope
(Figure 4B). Our previous studies showed that the bone-
derived cell lines are more accessible to baculoviruses than
COS-1 cells™!, so we also transduced the bone-derived cell
line U20S with vAcCMV-DRhirE. Figure 4C shows that both
red and green fluorescence were also expressed in the trans-
duced cells. These results indicate that the RhPV IRES is
functional in mammalian cells either in a plasmid vector or in
arecombinant viral genome. Interestingly, vAcCMV-DRhirE-
infected Sf21 cells revealed green fluorescence (Figure 4A,
right) in the absence of red fluorescence (data not shown).
These unexpected results imply that the RhPV IRES may
possess cryptic promoter activity or that DsRed-RhPV IRES—

Figure 4. Recombinant virus vVAcCMV-DRhirE-infected Sf21 cells
and transduced COS-1 cells and U20S cells. (A) vAcCMV-DRhirE-
infected Sf21 cells (MOI =5) were stained with X-Gal at 48 h after
infection (left panel) and observed under fluorescent microscopy at 5
dpi (right panel). Green fluorescent picture was taken with the FITC
channel (green) with a 450/490 nm filter set. Scale bar: 80 um. (B)
COS-1 and (C) U20S cells (5x10°* cells seeded in a 24-well plate) were
transduced with vAcCMV-DRhirE at a MOI of 150 in the presence of
10 mmol/L sodium butyrate and observed under fluorescent
microcopy. Pictures were taken in the same field with a conven-
tional rhodamine channel (red) with a 510/560 nm filter set and a
FITC channel (green) with a 450/490 nm filter set. Both pictures
were taken at the same exposure time of 360 ms. Scale bar: 20 um.

EGFP bicistronic mRNA undergoes RNA cleavage in
vAcCMV-DRhirE-infected Sf21 cells. To clarify these
questions, a Northern blot analysis and a promoterless as-
say were performed. Figure 5A indicates that a transcript of
around 0.8 kb, corresponding to the EGFP gene transcript,
was detected in vAcCMV-DRhirE-infected Sf21 cells.
However, the predicted size of the bicistronic RNA transcript
(approximately 2 kb) containing the DsRed gene (680 bp),
the RhPV IRES (579 bp), and the EGFP gene (798 bp) in
vAcCMV-DRhirE-infected Sf21 cells was not found. This
result implied that the CMV promoter did not mediate the
transcription of the bicistronic transcript in the baculovirus-
infected Sf21 cells, and that the expression of green fluores-
cent proteins may be driven by a promoter within the RhPV
IRES. Interestingly, we found that 6 TAAG motifs are present
in the DNA sequence, which corresponded to the RhPV IRES
(Figure 5B). TAAG sequences are relatively rare in the
AcMNPV genome and are found primarily in late or very late
promoter regions™'. Thus the 6 TAAG motifs in the DNA
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sequence of RhPV 5°UTR IRES may be responsible for the
promoter activity in baculovirus-infected Sf21 cells. These
results implied that vAc-DRhirE (Figure 1F)-infected insect
cells will generate 2 transcripts: one containing the bicistronic
transcript and the other containing only the EGFP transcript.
To test this hypothesis, a Northern blot analysis was per-
formed with a DIG-1abeled, GFP-specific probe and we found
that both a 2 and 0.8 kb transcript were detected in the vAc-
DRhirE infected Sf21 cells (Figure 5C, lane 2). In contrast, in
the cell lysates of the vAc-DCrirE-infected Sf21 cells con-
taining the CrPV IRES, a species of RNA with a size of ap-
proximately 2 kb was detected (Figure 5C, lane 1). These
Northern blot analyses suggested that a cryptic promoter
may occur in the RhPV IRES and could mediate the EGFP
gene transcription in the baculovirus-infected Sf21 cells. To
further confirm this suggestion, a promoterless bicistronic
vector, pBacA-DRhirE, formed by simply removing the CMV
promoter from pCMV-DRhirE, was constructed, and the re-
sulting recombinant baculovirus was named vAcA-DRhirE
(Figure 1G). This promoterless recombinant virus should
not generate bicistronic mRNA after infection of Sf21 cells
due to the lack of a CMV or a polyhedrin promoter. Thus the
activity of the RhPV IRES element in this promoterless re-
combinant baculovirus should not be detected, and any ex-
pression of the second cistron egfp gene from vAcA-DRhirE-
infected Sf21 cells will be due to the existence of a promoter
in the RhPV IRES sequence. Figure 6A shows that VAcA-
DRhirE-infected Sf21 cells, like vAcCM V-DRhirE-infected
Sf21 cells, revealed only green fluorescence and no red
fluorescence. In contrast, vAc-DRhirE-infected Sf21 cells,
in which the bicistronic construct was made from the
polyhedrin promoter, expressed both green and red fluores-

cence (Figure 6B). A Western blot analysis also confirmed
the expression of fluorescent proteins in these baculovirus-
infected Sf21 cells. As shown in Figure 6C, the DsRed pro-
tein was only expressed in the vAc-DRhirE-infected Sf21
cells, but the EGFP protein can be detected in vAc-DRhirE-,
vAcCMV-DRhirE-, and vAcA-DRhirE-infected Sf21 cells.
The combined Northern and Western blot analyses demon-
strated that the RhPV IRES can mediate gene expression in
baculovirus-infected Sf21 cells through a cryptic promoter.
However, neither green nor red fluorescence appeared in
CHO and U20S cells transiently transfected with the
promoterless pBacA-DRhirE bicistronic vector or transduced
with vAc-DRhirE (data not shown). These results implied
that this cryptic promoter, like the TAAG-containing
baculovirus late promoter, depends on baculovirus early
gene expression. Thus as we transfected Sf21 cells with
pCMV-DRhirE (Figure 1C), neither the red or green fluores-
cence was observed (data not show). To further confirm this
observation and rule out any experimental bias (eg failed
plasmid transfection can also get this result), we generated
another construct, pIE2-DRhirE (Figure 1H), to analyze the
RhPV IRES activity in insect cells without baculovirus
infection. In the pIE2-DRhirE-transfected Sf21 cells, the tran-
scription of the bicistronic transcripts, containing the DsRed
and EGFP OFP sequence flanking the RhPV IRES, is medi-
ated by the baculovirus-independent immediate early
promoter, ie2 promoter. We found that only the cap-depen-
dent translation of DsRed was observed; however, the green
fluorescence was barely detected under fluorescent micros-
copy (Figure 7). Thus the expression of the green fluores-
cent protein EGFP from the vAc-DRhirE-infected Sf21 cells
(Figure 6B,6C) may be mostly mediated by the cryptic pro-
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GATAAAAGAACCTATAATCCCTITCGCACACCGCGTCACACCGCG
CTATATGCTGCTCATTAGGAATTACGGCTCCTTITTITITGTGGATAC
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CGCAATCCTGCGTAAATGCTGGTATAGGGTIGTACTTICGGATTIC
CGAGCCTATATTGGTTTTGAAAGGACCTTIAAGTCCCTACTATAC
; %‘% ._2'37 TACATTGTACTAGCGTAGGCCACGTAGGCCCGIAAGATATTATA
AT ACTATTTTATTATATTTTATTCACCCCCCACATTAATCCCAGTTAA
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Figure 5. RhPV IRES containing 6 TAAG motifs and mediating transcription in baculovirus-infected Sf21 cells. (A) Northern blot analysis
of RNA transcripts derived from vAcCMV-DRhirE-infected Sf21 cells. Total RNA transcripts extracted from vAcCMV-DRhirE-infected Sf21
cells at 4 dpi (lane 1) and uninfected Sf21 cells (lane 2). A DIG-labeled probe specific for the EGFP sequence detected only a single species of
RNA of 0.8 kb in vAcCMV-DRhirE-infected Sf21 cell, as shown in lane 1 (arrow). RNA markers are indicated in the right of lane 2 (kb). (B)
579 nt of the RhPV IRES with the 6 TAAG motifs are in yellow. (C) Northern blotting of RNA transcripts extracted from vAcD-Crir-E (lane
1)- and vAcD-Rhir-E (lane 2)-infected Sf21 cells at 4 dpi. RNA was detected with a DIG-labeled probe specific for the EGFP sequence.
Predicted bicistronic transcript (approximately 2.2 kb) and monocistronic transcript (approximately 0.8 kb) are indicated (arrow).
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Figure 6. Promoterless assay of the RhPV IRES in recombinant
baculovirus-infected Sf21 cells. Sf21 cells (2x10° cells/well seeded in
a 24-well plate) were infected with (A) vAc-DRhirE or (B) VAcA-
DRhirE at a MOI of 2 and observed at 4 dpi under fluorescent
microscopy. (C) Western blot analysis of cell extracts of these virus
(MOI =5)-infected Sf21 cells probed with DsRed (left panel)- and
EGFP (right panel)-specific antibodies. Lane 1, vAc-DRhirE-in-
fected cells; lane 2, vVAcCMV-DRhirE-infected cells; lane 3, vAcA-
DRhirE-infected cells. Detected protein bands are DsRed (left panel)
and EGFP (right panel) as indicated by the arrow. Signal presented
below the DsRed proteins may be the degraded DsRed proteins (lane
1, left panel). Pictures were taken in the same field with a conven-
tional rhodamine channel (red) with a 510/560 nm filter set and a
FITC channel (green) with a 450/490 nm filter set. Both pictures
were taken at the same exposure time of 260 ms. Scale bar: 40 um

moter activity of the RhPV IRES rather than the cap-
independent, IRES-mediated translation activity. Taken
together, these results show that the DNA sequence of the
RhPV IRES exhibits a cryptic promoter in baculovirus-in-
fected Sf21 cells, but not in mammalian cells.

Discussion

IRES from different origins largely differ in factors of their
structural organization, sequence, length, and requirements for
translation initiation or auxiliary mRNA-binding proteins™.
Thus it is generally accepted that there are kingdom-specific
limitations on viral IRES activity. For example, the picornavi-
rus-derived IRES do not work in insect cells'®!
of the animal virus-derived IRES elements seem to be active

in yeast cells®™. However, a polypurine (A)-rich sequence

! and none

Red Green

Figure 7. Transient transfection assay of the RhPV IRES activity in
the absence of baculovirus infection. Sf21 cells were transfected with
1 ng pIE2-DRhirE plasmid and observed at 2 d after transfection
under fluorescent microscopy. plIE2-DRhirE-transfected cells did
not reveal green fluorescence, and only red fluorescence was observed.
Pictures were taken in the same field with a conventional rhodamine
channel (red) with a 510/560 nm filter set and a FITC channel (green)
with a 450/490 nm filter set. Both pictures were taken at the same
exposure time of 260 ms. Scale bar: 40 um.

found in the IRES of the crucifer-infecting tobamovirus can
promote cross-kingdom conservation of internal ribosome
entry and mediate translation initiation in yeast, plants, and
HeLa cells™.

In this work, we demonstrated that the IRES element de-
rived from the aphid infective virus RhPV has cap-indepen-
dent translational activity in mammalian cells according to a
bicistronic DNA transient transfection assay (Figures 2,3).
These results, combined with previous studies, show that
the RhPV IRES is functional in baculovirus-infected insect
cells®***1 We concluded that the RhPV IRES exhibits cross-
kingdom in vivo IRES activity for cap-independent translation,
although RhPV is an insect virus with a narrow host range,
infecting aphids of the Rhopalosiphum and Schizaphis fami-
lies!"*'6*41 To explore the application of the RhPV IRES in a
bicistronic vector, we constructed a bicistronic baculovirus
expression cassette containing the CMV promoter to drive
the expression of bicistronic mRNA containing the RhPV
IRES in mammalian cells. Although these recombinant
baculovirus (VAcCMV-DRhirE)-transduced COS-1 and U20S
cells revealed expected results, that is, the RhPV IRES can
function as an IRES element in mammalian cells (Figure 4B,
4C), the vAcCMV-DRhirE-infected Sf21 insect cells, however,
revealed that only the EGFP gene downstream of the RhPV
IRES was expressed (Figure 4A, right). Furthermore, the
Northern blot analysis (Figure 5A,5C) showed that a 0.8 kb
transcript was generated in the vAcCMV-DRhirE- and vAc-
DRhirE-infected Sf21 cells, respectively. These results im-
plied that the RhPV IRES may function as a cryptic promoter
and induce the transcription of the EGFP gene. However,
Pijman er al did not observe this phenomenon in their North-
ern blot analysis of transcripts from the RhPV IRES-EGFP-
containing recombinant baculovirus-infected Sf21 cells"?.
When we compared the methods to perform the Northern
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blot analysis, 2 major differences were found. First, Pijman
et al isolated the polyadenylated (poly[A]) mRNA instead of
total RNA in their study. Second, they isolated the poly(A)
mRNA at 48 h pi, but we isolated total RNA at 96 h pi. Thus
the transcript from the RhPV IRES may be deficient of the
polyadenylation, or RNA degradation in our isolation proto-
col may result in this conflict. If the RNA transcribed by this
cryptic promoter lacked a poly(A) tail would be very
interesting, as the transcripts of histone genes are the only
known cellular mRNA without the poly(A) tail. In addition, it
was reported that the polyhedrin gene mRNA of the
Spodoptera exigua nuclear polyhedrosis virus did not ap-
pear to be poly(A)™!. However, we did not have any evi-
dence to support this and more work is needed to clarify this
issue. To further confirm the cryptic promoter activity of the
RhPV IRES in baculovirus-infected Sf21 cells, a promoterless
assay (Figure 6) and a baculovirus-free, plasmid-based tran-
sient transfection assay (Figure 7) were performed and
showed that the DNA sequence of the RhPV IRES possesses
cryptic promoter activity that can be activated and can medi-
ate gene expression in baculovirus-infected insect cells.
Many studies have indicated that the IRES derived from
cellular mRNA; for example, p27**'*" and pim-1""!, contains
cryptic promoter activity. Furthermore, previous studies
have shown that promoter activity is present in the DNA
sequence corresponding to the hepatitis C virus IRES®®,
Interestingly, we found that 6 TAAG motifs are present in
the DNA sequence which corresponded to the RhPV IRES

(Figure 5B). TAAG sequences are relatively rare in the
AcMNPV genome and are found primarily in late or very late
promoter regions®!. Linker-scan mutational analyses re-
vealed that the TAAG motif is absolutely essential for tran-
scriptional initiation to occur and also appears to be the
primary determinant of transcriptional initiation from
baculovirus late promoters'®. For example, the vp39 late
promoter actually has 3 transcriptional initiation sites, each
starting within a TAAG site. So it has been proposed that if
TAAG sequences in an appropriate context are present within
a gene, transcription can be initiated within that gene. Thus
the 6 TAAG motifs in the DNA sequence of the RhPV IRES
may be responsible for the promoter activity in baculovirus-
infected Sf21 cells. Furthermore, we surveyed the IRES se-
quences in the Dicistroviridae family (which consists of 12
invertebrate members so far''!) and found that these IRES
sequences contain many of the TAAG motifs (Table 1). Al-
though the IGR IRES of CrPV contains 1 TAAG motif, it did
not exhibit cryptic promoter activity (Figure 5C). This
CrPV IRES also had no activity in baculovirus-infected Sf21
cells™. It would be interesting to know whether these IRES
sequences can also act as late promoters in the baculovirus-
infected insect cells, like the RhPV IRES. Recently, Ongus et
al found that an IRES element in the Varroa destructor virus
1 (genus Iflavirus) contained baculovirus early gene motifs:
a CAGT motif is preceded by 2 TATA boxes™'. They also
suggest that this CAGT motif may be active in insect cells
and gives rise to transcripts initiating within the IRES

Table 1. The number of TAAG motifs in the 5° UTR and IGR IRES of the family Dicistroviridae.

Length of IRES TAAG
Dicistrovirus Host Accession NO. (nt) (number)
5’UTR  IGR 5’UTR IGR
Acute bee paralysis virus (ABPV) Honeybee, bumblebees AF150629 604 213 3 1
Aphid lethal paralysis virus (ALPV)  Aphids NC_004365 539 175 9 1
Black queen cell virus (BQCV) Bees NC_003784 657 211 0 0
Cricket paralysis virus (CrPV) Wide range of insect cells AF218039 710 192 4 1
Drosophila C virus (DCV) Wide range of insect cells NC_001834 798 188 7 3
Himetobi P virus (HiPV) Laodelphax surauellus (plant hopper) NC_003782 963 175 10 2
Kashmir bee virus (KBV) Honeybees NC_004807 608 213 3 1
Plautia stali intestine virus (PSIV) Plautia stali (brown-winged green bug) NC_003779 570 186 4 1
Rhopalosiphum padi virus (RhPV) Aphids AF022937 579 533 6 0
Solenopsis invicta virus (SINV-1) Solenopsis invicta (fire ants) NC_006559 27 205 0 2
Triatoma virus (TrV) Triautma infestans (insect vector of AF178440 560 209 3 2
Trypanosoma cruzi, which is the causative
agent of Chagas disease in humans)
Taura syndrome virus (TSV) Penaeid shrimp NC_003005 416 209 3 1

This table is adapted from the Table 1 in the review article by Jan!'!l,
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element. Interestingly, we also found 3 TAAG motifs in the
IRES element of Iflavirus. These combined findings imply
that in order to evaluate the IRES activity in insect cells,
especially in baculovirus-infected insect cells, the cryptic
promoter activity should be considered and may be inacti-
vated by mutating the CAGT or TAAG motifs.

In addition to their application for the production of re-
combinant proteins, baculoviruses are also regarded as prom-
ising mammalian gene delivery vectors. In previous studies,
we identified a mammalian-insect shuttle promoter, the ETL
promoter®!. Recently, an iel promoter of white spot syn-
drome virus (WSSV, a pathogenic Whispovirus in shrimps)
had also been shown to act as an efficiently mammalian-
insect shuttle promoter™*”. Thus this novel RhPV IRES that
was functional in mammalian cells and worked as a
baculovirus late promoter will facilitate the development of
bicistronic baculovirus gene therapy vectors. In addition to
carrying the gene of interest, these novel bicistronic
baculovirus vectors can be selected through antibiotic se-
lection or traced by fluorescent markers in both insect
(through cryptic promoter transcriptional activity) and mam-
malian cells (through IRES translational activity) controlled
by this novel RhPV IRES sequence.
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