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Translation of picornavirus plus-strand RNA genomes occurs via internal ribosomal entry at highly struc-
tured 5� untranslated regions. In addition to canonical translation factors, translation rate is likely influenced
by supplementary host and viral trans-acting factors. We previously reported that insertion of a heterologous
human rhinovirus type 2 internal ribosomal entry site (IRES) into the poliovirus (PV) genome, generating the
chimeric virus PV-RIPO, selectively abrogates viral translation and propagation in neurons, which eliminate
poliovirus’s signature neuropathogenicity. While severely deficient in cells of neuronal lineage, the rhinovirus
IRES promotes efficient propagation of PV-RIPO in cancer cells. Tumor-specific IRES function can be
therapeutically exploited to direct viral cytotoxicity to cancer cells. Neuron-glioma heterokaryon analysis
implicates neuronal trans-dominant inhibition in this effect, suggesting that host trans-acting factors repress
IRES function in a cell-type-specific manner. We identified a set of proteins from neuronal cells with affinity
for the rhinovirus IRES, including double-stranded RNA-binding protein 76 (DRBP76). DRBP76 associates
with the IRES in neuronal but not in malignant glioma cells. Moreover, DRBP76 depletion in neuronal cells
enhances rhinovirus IRES-driven translation and virus propagation. Our observations suggest that cell-type-
specific association of DRBP76 with the rhinovirus IRES represses PV-RIPO translation and propagation in
neuronal cells.

Posttranscriptional regulation constitutes an important level
of control of gene expression. The global rate of protein syn-
thesis is influenced by modification of translation initiation
factors. In addition, the translation of many mRNAs is inde-
pendently regulated by processes targeting their untranslated
regions (UTRs). In many instances, specific UTRs bind ribo-
nucleoprotein complexes that alter conditions for translation
of individual messages.

The plus-strand RNA genomes of Picornaviridae feature
complex UTRs involved in the regulation of viral translation
and genome replication. Translation of viral RNA occurs in
competition with cellular mRNA in infected host cells (3).
Accordingly, picornavirus genomes have adopted unconven-
tional features enabling efficient viral translation while limiting
host cell protein synthesis. In contrast to cellular mRNAs,
picornaviral genomic RNAs are uncapped (34), and their un-
commonly large and highly structured 5�UTRs contain internal
ribosomal entry sites (IRESs) that mediate translation initia-
tion in a 5�-end, cap-independent manner (26, 39). IRES-
mediated translation is unimpeded by virus-induced cleavage
of canonical initiation factors eukaryotic initiation factor 4G
and poly(A)-binding protein (13, 27), indicating that their in-
volvement in initiation at the IRES deviates from capped
mRNAs. Moreover, divergent means of translation initiation
imply the involvement of noncanonical translation factors or
IRES trans-acting factors (ITAFs) (4). Such factors, by virtue
of their cell and organ-specific distribution, may determine
viral translation, propagation, and pathogenesis. For example,

neuropathogenicity of the picornavirus Theiler’s murine en-
cephalomyelitis virus was reported to be influenced by cell-
type-specific distribution of an ITAF in mouse brain (41).

Pathogenesis of poliovirus (PV), the archetypal picornavi-
rus, is characterized by flaccid paralysis resulting from spread
of the virus from the primary propagation site in the gastroin-
testinal tract to spinal cord motor neurons. Apart from host
determinants of viral tropism and pathogenicity such as the PV
receptor (21), specificity for motor neurons is encrypted within
the viral IRES element. This is evident from neuroattenuating
mutations mapping to the IRES in the live attenuated (Sabin)
vaccine strains of PV (20), as well as from genetically engi-
neered viruses with reduced neurovirulence (2). The most drastic
change in neuropathogenicity results from exchange of the
entire PV IRES. Insertion of the human rhinovirus type 2
(HRV2) IRES in place of its PV counterpart, generating the
chimera PV-RIPO, depresses viral translation and propagation
in neuron-like cell lines (e.g., Sk-N-Mc and HEK-293) (9, 17)
and attenuates neurovirulence in both mice transgenic for the
human PV receptor CD155 (17, 18) and nonhuman primates
(18). While the heterologous HRV2 IRES precludes virus
propagation in spinal cord motor neurons and prevents polio-
myelitis in PV-susceptible organisms, it has no effect on rapid
viral growth in nonneuronal malignant cell types, e.g., those
derived from malignant glioma cells (19, 33).

Cell-type-specific incompetence of the HRV2 IRES maps to
stem-loop domains V and VI (sldV/VI) (Fig. 2A) (9, 18) and is
codetermined by viral 3�UTR sequences (11). The observed
phenotype suggests involvement of ITAFs regulating viral growth
in a cell-type-specific manner. Based on in vitro studies, a
number of HRV2 ITAFs have been proposed. These include
the polypyrimidine tract-binding protein (PTB) (25), upstream
of N-ras (24), and poly(rC)-binding protein 2 (45). The influ-
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ence of these factors on cell- and organ-type-specific activity of
the HRV2 IRES is unknown.

Here, we report that the neuronal growth deficit of PV-
RIPO is dominant over the permissive glioma phenotype with
neuroblast-glioma heterokaryons. This implicates neuronal
trans-dominant inhibitors in the cell-type-specific growth phe-
notype of PV-RIPO. We identified five proteins binding to the
HRV2 IRES sldV/VI from a neuron-derived cell line by RNA
affinity chromatography. These proteins were identified as
double-stranded RNA-binding protein 76 (DRBP76), RNA
helicase A (RHA), nuclear factor 45 (NF45), insulin-like growth

factor II mRNA-binding protein 1 (IMP-1), and heterogeneous
ribonucleoprotein Q1 (hnRNP Q1).

The subcellular distribution of DRBP76 in neuronal and non-
neuronal malignant cells differs, and HRV2 IRES binding occurs
only with DRBP76 from neuronal cell extracts. DRBP76 specif-
ically associates with the HRV2 IRES in PV-RIPO-infected neu-
ronal cells but not with wild-type PV genomic material. RNA
interference-mediated DRBP76 depletion induces both PV-RIPO
propagation and HRV2 IRES-driven reporter translation in neu-
ronal cells, suggesting that DRBP76 inhibits PV-RIPO propaga-
tion at the level of translation.

MATERIALS AND METHODS

cDNA cloning and in vitro transcription. Vectors for in vitro synthesis of IRES
RNAs were constructed as follows: the HRV2 IRES fragment encompassing the
T7 promoter and sldV/VI (nucleotides 434 to 613) was PCR amplified with
primers 1 (5�-CCGGATCCTATAATACGACTCACTATAGGGATGATCCTC
CGGCCCCTGAATGTGG-3�) and 2 (5�-CCGAATTCTGTGCACCCATGGT
GCC-3�). The fragment was digested with BamHI and EcoRI for insertion into
pBluescript II SK(�). IRES Renilla luciferase (rLuc), and capped firefly (fLuc)
reporter constructs were generated as previously described (8). To synthesize
nonspecific multiple-cloning site RNA, pBluescript II SK(�) digested with XhoI
was used as a template for in vitro transcription with T3 RNA polymerase
(Promega, Madison, WI).

pDRBP76-flag (a gift from G. Sen, Cleveland Clinic) (35) was used to derive
pDRBP76(pTyb2), a rDRBP76 expression vector with a C-terminal intein tag. A
PCR product corresponding to the DRBP76 open reading frame (ORF) was
amplified from pDRBP76-flag using primers 3 (5�-GGATTCCATATGCGTCC
AATGCGAATTTTTGT-3�) and 4 (5�-TCCCCCGGGTGAAGACCAAAATC
ATGAT-3�), digested with NdeI and SmaI, and ligated into pTyb2 (New England
Biolabs). pshDRBP76, encoding a retroviral vector expressing short hairpin
RNA (shRNA) complementary to DRBP76 mRNA, was generated by annealing
primers 5 (5�-phos-GATGTGGATGGACAGGAGTTCCAAGGTGTTCAAG
AGTACCTTGGAACTTCTGTCCATCCACTTTTTG-3�) and 6 (5�-phos-AGC
TCAAAAAGTGGATGGACAGAAGTTCCAAGGTATCTCTTGAACACCT
TGGAACTCCTGTCCATCCACGGG-3�), followed by ligation with pSUPER
(7) digested with EcoRI and HindIII. The ligation product was digested with
XbaI and ClaI and ligated with pNL-SIN to generate shRNA-expressing lenti-
viruses (all materials used to generate retroviral vectors were kindly provided by
B. Cullen, Duke University) (28). pDRBP76mut, bearing silent mutations in the
region targeted by short hairpin DRBP76 (shDRBP76) RNA, was generated by
PCR amplification of contiguous fragments with primers 7 (5�-CCAGGATCC
ATGCGTCCAATGCGAATTTT-3�) and 8 (5�-GGTTTGTTCGAACCAGCA
CCTCGGAATTTCTGGCC-3�) and 9 (5�-GGTGCTGGTTCGAACAAGAAG
GTGGCG-3�) and 10 (5�-GCGAATTCGATGAACAGCAGCAGTAGG-3�).
Underlined sequences represent endonuclease cleavage sites. The resulting PCR
products were digested with BamHI and SfuI or with SfuI and EcoRI, respec-
tively, and ligated with pcDNA3.1� (Invitrogen, Carlsbad, CA).

Heterokaryon analysis. HEK-293 cells transfected with pdsRed-mito (BD
Biosciences), HTB-14 cells transfected with pEGFP-N1 (BD Biosciences), or a
50:50 combination of these transfected cell lines was plated overnight in 35-mm
dishes. The following day, the cells were washed with phosphate-buffered saline
(PBS) and fused for 10 min at room temperature with 50% polyethylene glycol
(Sigma), according to established procedures (42). Cells were infected 2 h post-
fusion with PV-RIPO at a multiplicity of infection of 10. Cell morphology and
fusion were monitored with an Olympus IX50 fluorescence microscope with a
40� dry objective. Cells were harvested at specified time points and processed
for one-step growth curve analysis by plaque assays of HeLa cell monolayers.

Cell extract preparation and Western blotting. Nuclear, S10, and ribosomal
salt wash (RSW) extracts of Sk-N-Mc, HEK-293, HTB-14, and DU54 cells were
prepared essentially as described previously (7). Cell extracts (each, 0.5 mg/ml)
were purified over 3-ml heparin-Sepharose columns (CL4B heparin Sepharose;
Roche) before use in RNA affinity chromatography. Western blots were per-
formed as described previously (11) with the following antibodies: primary
�-DRBP76 (BD Transduction Laboratories), �-RHA (a gift from J. Hurwitz,
Memorial Sloan Kettering Cancer Center), �-hnRNP Q (18E4, a gift from G.
Dreyfuss, University of Pennsylvania), �-IMP-1 (a gift from F. Nielsen, Copen-
hagen University Hospital), �-NF45 (a gift from S. Behrens, Fox Chase Cancer
Center), �-tubulin (Sigma), and �-2C (a gift from E. Wimmer, Stony Brook
University).

FIG. 1. HEK-293/HTB-14 heterokaryon analyses. (A) Fluores-
cence microscopy of fused HTB-14 cells, fused HEK-293 cells, and
HEK-293/HTB-14 heterokaryons at 2 h postfusion. HTB-14 and HEK-
293 cells express green fluorescent protein (GFP) throughout the cy-
toplasm or red fluorescent protein (RFP) targeted to mitochondria,
respectively; note overlapping fluorescent compartments in hetero-
karyons. (B) One-step growth curve analysis of PV-RIPO in fused
HTB-14 cells (}), fused HEK-293 cells (■ ), and HEK-293/HTB-14
heterokaryons (Œ). (C) Plaque assay of cell lysate diluents from fused
HTB-14, HEK-293, and HEK-293/HTB-14 heterokaryons at 0 hpi and
6 hpi with PV-RIPO on HeLa cell monolayers.
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RNA affinity chromatography, mass spectrophotometry, and peptide identifi-
cation. RNA affinity chromatography with HRV2 IRES sldV/VI on CNBr-
activated Sepharose (Pharmacia) was performed essentially as described previ-
ously (6). Fractionated column flowthrough and eluates were collected and
assayed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) with 4 to 12% Bis-Tris NuPAGE gels (Invitrogen) and silver staining.
Proteins from 400 to 600 mM KCl eluates were precipitated with trichloracetic
acid and analyzed by SDS-PAGE through a 10% SDS-PAGE gel, followed by
silver staining. Individual bands were excised and sent to the Mass Spectrometry
Core Facility, University of Massachusetts (Worcester) for identification by tryp-
tic digestion and peptide sequencing; peptides spanning approximately 25% of
each protein were sequenced (Table 1).

Immunoprecipitation–RT-PCR analysis. HEK-293 cells were either trans-
fected with subgenomic viral RNAs or infected with PV-RIPO at a multiplicity
of infection of 100. Subgenomic PV and PV-RIPO RNAs were generated from
cDNA clones by digestion with SfuI, thereby linearizing the plasmid in the VP0
coding region, followed by in vitro transcription with T7 RNA polymerase. At 2 h
posttransfection or 4 h postinfection (hpi), the cells were rinsed, detached by
being scraped in PBS, and collected by centrifugation. Immunoprecipitation was
carried out at 4°C; the cells were lysed in 200 �l radioimmunoprecipitation buffer
(50 mM Tris-HCl [pH 8.0], 150 mM KCl, 1 mM EGTA, 5 mM MgCl2, 0.25%
NP-40, 0.05% sodium deoxycholate, and 100-U/ml RNase OUT) with gentle
rocking for 15 min, followed by centrifugation for 10 min at 14,000 rpm. For
preclearing, the supernatant was treated with 100 �l of 50% protein A-Sepharose
beads (Amersham-Pharmacia) in PBS per ml of lysate for 10 min, followed by
pulse centrifugation. The supernatant was diluted to 1 mg/ml in PBS and incu-
bated overnight with �-DRBP76 antibody at 5 �g/ml. A total of 100 �l of 50%
protein A-Sepharose beads in PBS was added, followed by incubation for 1 h
with gentle rocking. The beads were collected by pulse centrifugation, followed
by two washes with ice-cold detergent-free radioimmunoprecipitation buffer and
two washes with ice-cold water. Total RNA was extracted from the beads with
TRIZOL LS reagent (Invitrogen) according to the manufacturer’s protocol.
RNA was analyzed by reverse transcription-PCR (RT-PCR) analysis as de-
scribed previously (19). RT-PCR amplification of both PV- and HRV2 IRES-
containing RNAs was performed with primers 11 (5�-CGCCTGTTTTATACTC
CCTTCCC-3�) (annealing to the cloverleaf) and 12 (5�-CATGTGCGCCCACT
TTCTGTG-3�) (annealing to the 5� proximal viral ORF). For RT-PCR
amplification of c-myc mRNA, we used primers 13 (5�-GCGGATCCTAATAC
GACTCACTATAGGGGAGGACCCCCGAGCTGTG-3�) and 14 (5�-GTTTT
CCACTACCCGAAAAAAATCC-3�).

Cell culture, virus infections, and reporter assays. Cell culture and propaga-
tion, virus infections, and growth assays were performed as described previously
(17–19). DNA and RNA transfections were performed with Lipofectamine 2000
and DMRIE-C reagent, respectively (Invitrogen). DNA was incubated with
Lipofectamine complexes in OPTI-MEM (Invitrogen) for 20 min and then added
to 90% confluent cells in a 10-cm dish containing 15 ml of growth medium with
10% fetal bovine serum. Transfection of reporter RNAs, luc reporter assays, and
RNA stability evaluations were performed as described previously (11).

RESULTS

Neuronal cell culture models of PV neurovirulence. Atten-
uated neurovirulence of the oral PV (Sabin) vaccines (1, 28)
and PV-RIPO (17) can be recapitulated with neuroblastoma
cells. We have frequently used Sk-N-Mc neuroblastoma cells in
our previous studies (17, 18), including the generation of RSW
used in affinity chromatography assays reported here. During
the course of our studies, HEK-293 cells, derived from primary
human embryonic kidney, were determined to be of neuronal
lineage (43). Empirical evidence suggests that mixed primary
embryonic kidney cultures contain cells of neuronal lineage,
which are selected for by transformation with adenoviral
genomic DNA (43). HEK-293 cells have certain advantages
over neuroblastoma cells as tissue culture models for neuronal
virus growth phenotypes. They faithfully recapitulate neuronal
tropism of PV observed in experimental animals and do not
spontaneously interconvert from neuron-like to fibroblast-like
phenotypes, a notorious property of neuroblastoma cell lines

(9). Therefore, during the course of this study, we switched to
exclusive use of HEK-293 cells (American Type Culture Col-
lection; passage 53).

Heterokaryon analyses. Despite unimpeded function in can-
cer cells, e.g., HeLa, breast cancer, or malignant glioma cells,
the HRV2 IRES is severely deficient in neuron-like cells (19,
35). This suggests that either cancer-specific inducers or neu-
ronal inhibitors modulate IRES activity in a cell-type-specific
manner. We performed heterokaryon analysis to distinguish
cancer- from neuron-specific causes for the selective PV-RIPO
growth phenotype. To this end, nonpermissive neuronal HEK-
293 cells (9, 43) and permissive glioma HTB-14 cells (19) were
fused either to themselves or to each other. Fusion was evident
by merging of HEK-293 and HTB-14 compartments containing
the fluorescent gene products red fluorescent protein and
green fluorescent protein, respectively: incorporation of HEK-
293 mitochondria into HTB-14 cytoplasm was detected at 2 h
postfusion (Fig. 1A). Approximately 80% of cocultured HEK-
293 and HTB-14 cells formed heterokaryons after fusion.
Fused HEK-293, HTB-14, or HEK-293/HTB-14 heterokaryons
were infected with PV-RIPO at 2 h postfusion; virus propaga-
tion was monitored by one-step growth curves (Fig. 1B and C).
Fused HTB-14 cells support robust PV-RIPO propagation re-
sembling growth in untreated glioma cells (19); as expected,
viral growth was negligible in fused HEK-293 cells, reflecting
the nonpermissive neuronal phenotype. Intriguingly, HEK-
293/HTB-14 heterokaryons exhibited severely reduced viral
propagation, yielding titers of �100 times below those of fused
HTB-14 cells and only slightly elevated over those of fused
HEK-293 cells. Residual growth in treated cocultures likely
occurred in HTB-14 cells that were not fused with HEK-293
cells. These findings indicate trans-dominant inhibition of PV-
RIPO growth in neuronal cells.

Isolation and identification of HRV2 IRES sldV/VI-binding
proteins. Since heterokaryon analyses implicated neuronal in-
hibitors in HRV2 IRES incompetence, we searched for HRV2
IRES-binding proteins from neuroblastoma cells. We em-
ployed IRES sldV/VI for our binding analysis, because genetic
experiments mapped neuronal dysfunction to this portion of
the IRES (9, 17, 18). To identify proteins present in neuroblas-
toma RSW interacting with HRV2 IRES sldV/VI (Fig. 2A), we
performed RNA affinity chromatography. RSW was loaded
onto a Sepharose column coupled to sldV/VI. After extensive
washes, bound proteins were eluted with a stepwise 300 to
1,000 mM KCl-buffer gradient, separated by SDS-PAGE, and
silver stained (Fig. 2B). Six proteins with approximate masses
of 130, 90, 65, 63, and 45 kDa were eluted from the column in
the 400 mM to 600 mM KCl range at levels permitting recovery
for identification by mass spectrophotometric analysis of tryp-
tic peptide fragments (Fig. 2C). The deduced peptide se-
quences (Table 1) and approximate molecular weights enabled
unequivocal identification of p130 (RHA), p90 (DRBP76), p65
(IMP-1), p63 (hnRNP Q1), and p45 (NF45). RHA, DRBP76,
IMP-1, and hnRNP Q1 contain RNA-binding motifs and have
known roles in mRNA stability, localization, and translation.

DRBP76 subcellular distribution is cell type specific. In-
volvement of an ITAF in the cell-type-specific deficit of the
HRV2 IRES implies differences in expression or availability of
this protein in neuronal versus glioma cells. Since all steps of
the picornaviral life cycle take place in the cytoplasm, the
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TABLE 1. HRV2 IRES binding proteins identified by mass spectrometry

Peptide Measured mass
(m/z, Da)

Computed mass
(MH�, Da) Residues Peptide sequence

DRBP76
1 707.4100 707.3629 215–219 (K)WFQAR(A)
2 878.4800 878.4327 6–12 (I)FVNDDR(H)
3 984.6500 984.5631 324–332 (R)LAAFGQLHK(V)
4 1,020.6100 1,020.5730 578–587 (K)AYAALAALEK(L)
5 1,056.7000 1,056.5763 333–342 (K)VLGMDPLPSK(M)
6 1,301.8300 1,301.7581 409–419 (R)LNQLKPGLQYK(L)
7 1,328.8200 1,328.6455 397–408 (K)AEPPQAMNALMR(L)
8 1,443.9400 1,443.7266 461–474 (K)VLQDMGLPTGAEGR(D)
9 1,780.9200 1,780.9054 309–323 (R)QQREDITQSAQHALR(L)
10 1,910.0900 1,909.9871 183–200 (K)VLAGETLSVNDPPDVLDR(Q)
11 2,671.2100 2,671.2422 18–40 (K)HSSVYPTQEELEAVQNMVSHTER(A)

NF45
1 886.5100 886.4899 320–327 (R)ILSHGGFR(K)
2 1,041.6800 1,041.6421 197–206 (K)VLQSALAAIR(H)
3 1,236.8700 1,236.7680 175–185 (K)ILITTVPPNLR(K)
4 1,888.1100 1,888.0180 44–60 (R)VKPAPDETSFSEALLKR(N)
5 2,099.1600 2,099.0984 61–80 (R)NQDLAPNSAEQAILALVTK(I)
6 2,582.2800 2,582.3830 81–103 (K)INNVIDNLIVAPGTFEVQIEEVR(Q)

RHA
1 758.4400 758.4273 25–311 (R)AVGNKNR(Q)
2 758.4400 758.4313 900–905 (R)LGYIHR(N)
3 777.3900 777.4115 1,131–1,136 (R)MLNMIR(Q)
4 986.5400 986.5060 1,155–1,163 (R)YGDGPRPPK(M)
5 1,003.5900 1,003.5940 810–819 (R)LGGIGQFLAK(A)
6 1,025.5600 1,025.5420 64–71 (R)DFVNYLVR(I)
7 1,075.6200 1,075.5536 315–323 (K)LAQFEPSQR(Q)
8 1,087.6600 1,087.6224 447–456 (R)RISAVSVAER(V)
9 1,186.6300 1,186.5857 142–151 (R)GANLKDYYSR(K)
10 1,186.6300 1,186.5605 200–209 (K)YTQVGPDHNR(S)
11 1,464.8500 1,464.8327 681–692 (R)YQILPLHSQIPR(E)
12 1,714.9000 1,714.9016 1,075–1,089 (K)VQSDGQIVLVDDWIK(L)
13 1,741.8900 1,741.8608 838–853 (R)ELDALDANDELTPLGR(I)
14 1,872.0000 1,872.1033 1,058–1,074 (K)GMTLVPPLQLLLFASKK(V)
15 1,872.0000 1,872.0125 1,137–1,154 (R)QISRPSAAGINLMIGSTR(Y)
16 1,971.0300 1,971.0551 820–837 (K)AIEPPPLDAVIEAEHTLR(E)
17 2,050.0000 1,050.0245 418–434 (K)TTQVPQFILDDFIQNDR(A)

hnRNP Q1
1 860.6100 860.5246 245–252 (R)LFVGSIPK(S)
2 860.6100 860.5722 337–343 (K)VKVLFVR(N)
3 927.5800 927.5052 185–192 (K)AGPIWDLR(L)
4 1,058.6200 1,058.5383 222–229 (K)LYNNHEIR(S)
5 1,182.7300 1,182.6271 357–366 (K)AFSQFGKLER(V)
6 1,260.7500 1,260.6444 193–203 (R)LMMDPLTGLNR(G)
7 1,311.7600 1,311.6654 131–142 (R)TGYTLDVTTGQR(K)
8 1,473.9100 1,473.7801 344–356 (R)NLANTVTEEILEK(A)
9 1,593.9500 1,593.8052 172–184 (R)DLFEDELVPLFEK(A)

IMP-1
1 736.4500 736.3854 168–174 (R)RGGFGSR(G)
2 772.4800 772.4681 291–297 (R)LIGKEGR(N)
3 837.5100 837.4947 87–93 (R)NIPPQLR(W)
4 1,096.6600 1,096.6115 191–199 (K)QQQVDIPLR(L)
5 1,140.7300 1,140.6278 281–290 (K)ILAHNNFVGR(L)
6 1,309.8000 1,309.7116 441–452 (K)IAPPETPDSKVR(M)
7 1,430.8500 1,430.7717 453–465 (R)MVHTGPPEAQFK(A)
8 1,521.8300 1,521.7636 539–551 (K)HGHFYASQMAQR(K)
9 1,853.0500 1,852.9961 21–36 (K)VFAEHKISYSGQFLVK(S)
10 1,853.0500 1,852.8356 331–345 (K)GAIENCCRAEQEIMK(K)
11 1,853.0500 1,853.0133 509–525 (K)TVNELQNLTAAEVVVPR(D)
12 2,029.0500 2,029.0103 151–168 (K)VSYIPDEQIAQGPENGRR(G)
13 2,131.2100 2,131.1624 179–199 (R)QGSPVAAGAPAKQQQVDIPLR(L)
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subcellular localization of IRES-binding proteins may have
profound influence on IRES function. Therefore, we per-
formed Western blot analyses of nuclear, cytoplasmic, and
RSW extracts from cells of either origin to probe the cell-type-
specific abundance of our candidate IRES-binding proteins.
To assure even loading, protein abundance was evaluated by
Bradford analysis (data not shown).

Distribution among cell types and subcellular compartments
was fairly even for RHA and hnRNP Q1 (Fig. 3). The hnRNP
Q2/3 isoforms are more abundant in neuronal cells (Fig. 3), but
they were not identified to bind to the IRES in our search.
IMP-1 distribution varied among neuronal and glioma subcel-
lular extracts, respectively, making it an unattractive neuron-
specific ITAF candidate (Fig. 3).

DRBP76 and NF45, while similarly abundant in nuclear
fractions of all cell lines, are significantly enriched in cytoplas-
mic and RSW fractions of neuronal cells (Fig. 3). DRBP76 is
capable of binding both single-stranded RNA and double-
stranded RNA (dsRNA) (31) and as such is a satisfactory
ITAF candidate. Interleukin enhancer-binding factor 3 (ILF3) is
a predominantly nuclear, larger isoform of DRBP76 (12), which

FIG. 2. sldV/VI RNA affinity chromatography. (A) Predicted secondary structure of the HRV2 IRES element. Numbers refer to the nucleotide
positions relative to the 5� end of the genomic RNA. IRES sld’s are marked by roman numerals, and the sldV/VI fragment used for our studies
is boxed. The initiation codon is indicated by an asterisk. (B) Neuroblastoma RSW (lane 1, CE) was applied to an sldV/VI RNA affinity column.
After collection of flowthrough (lane 2, FT), the column was washed with H200 (lanes 3 to 8) and eluted with a 300 to 1,000 mM KCl gradient
(lanes 9 to 15). Column fractions were resolved by electrophoresis through a 4 to 12% SDS-PAGE gel and silver stained. (C) Eluates corresponding
to H400 to H600 (panel B, lanes 10 to 12) were concentrated and resolved by electrophoresis through a 10% SDS-PAGE gel, and the protein bands
were silver stained and excised for tryptic digestion and peptide sequencing.

FIG. 3. Expression profile of IRES-binding proteins in cultured cell
lines. Sk-N-Mc neuroblastoma and HEK-293 neuronal cell extracts and
HTB-14 and DU54 glioma cell extracts (5 �g/lane) were resolved by
SDS-PAGE and analyzed by Western blotting with �-RHA, �-DRBP76,
�-IMP-1, �-hnRNP Q, and �-NF45 antibodies as indicated. N, nuclear
fraction; S10, crude cytoplasmic fraction.
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did not bind the HRV2 IRES in our assay. Since NF45 does
not contain RNA-binding motifs and has been shown to bind
DRBP76 (10, 31), its interaction with the HRV2 IRES is likely
to occur by virtue of association with DRBP76. Based on these
considerations, we investigated the possibility that DRBP76
may act as an inhibitory ITAF governing the non-neuronal-
growth phenotype of PV-RIPO.

Binding of DRBP76 to the HRV2 IRES is neuron specific.
DRBP76 is expressed in neuronal and glioma cells at different
levels and with distinct intracellular distribution. Therefore, we
investigated whether IRES binding of DRBP76 is cell type
specific by performing comparative affinity chromatography
analysis using cytoplasmic extracts from HEK-293 and HTB-14
cells (Fig. 4). S10 cytoplasmic lysates were loaded onto sldV/VI
RNA columns, and protein was eluted with a stepwise KCl
gradient. The protein elution profile was monitored by silver
staining of SDS-PAGE gels (Fig. 4). In accordance with pre-
vious observations of a neuroblastoma RSW (Fig. 2), DRBP76
from HEK-293 cells efficiently bound to sldV/VI (Fig. 4A).
Interestingly, however, we did not observe binding of DRBP76
from HTB-14 cells, although it was clearly present in the
flowthrough (Fig. 4B). This suggests that the IRES-binding
ability or availability of DRBP76 varies in a cell-type-specific
manner.

DRBP76 associates with the HRV2 IRES in vivo. DRBP76
specifically interacts with the HRV2 IRES in neuronal, but
not malignant, glioma cell extracts (Fig. 4). We investigated
whether this association occurs in vivo and whether it is specific
for the HRV2 IRES. This was accomplished through RT-PCR
analyses of viral RNA coimmunoprecipitated with DRBP76 in
HEK-293 cells (Fig. 5). To demonstrate specific binding of
DRBP76, we compared in vivo affinity for the HRV2 and PV
IRESs. Side-by-side analysis of nonpropagating PV-RIPO
with PV, which generates vast amounts of viral RNA in
infected HEK-293 cells (9), would introduce bias. There-
fore, we transfected nonreplicating subgenomic RNAs dif-
fering only with regard to IRES origin (Fig. 5A and B).
RT-PCR amplified a viral cDNA fragment from RNA co-
immunoprecipitating with DRBP76 in cells transfected with
PV-RIPO subgenomic RNA (Fig. 5A); no RT-PCR product
was obtained from the DRBP76 immunoprecipitate from
cells transfected with PV subgenomic RNA (Fig. 5B). Since
only the IRES region differed in both constructs, we can

deduce that DRBP76 does not interact with any part of the
viral subgenome other than the IRES and that the associa-
tion occurs with the HRV2 but not the PV IRES. Moreover,
amplification of IRES cDNA did not occur in the absence of
RT enzyme or after immunoprecipitation with nonspecific
immunoglobulin G (IgG) (Fig. 5A and B).

To examine the HRV2 IRES-DRBP76 interaction in the
context of the intact viral genome, we performed DRBP76
immunoprecipitation from PV-RIPO-infected HEK-293 cells.
As with subgenomic RNA, PV-RIPO cDNA was amplified
from DRBP76 immunoprecipitate (Fig. 5C). In a positive con-

FIG. 4. Comparative RNA affinity chromatography. HEK-293 (A) and HTB-14 (B) S10 cytoplasmic lysates were applied to sldV/VI RNA
affinity columns. After collection of flowthrough (lane 1, FT), the column was washed with H200 (lanes 2 to 3) and eluted with a 400 to 1,000 mM
KCl gradient (lanes 4 to 11). Column fractions were analyzed by SDS-PAGE and silver stain or Western blot analysis with �-DRBP76.

FIG. 5. Immunoprecipitation–RT-PCR of DRBP76 from HEK-293
cells transfected with PV-RIPO (A) and PV (B) subgenomic RNAs, as
well as cells infected with PV-RIPO (C and D). Total RNA or immuno-
precipitates generated with �-DRBP76, nonspecific IgG, or �-2C anti-
bodies as indicated were subjected to RT-PCR amplification of the HRV2
(A and C), PV (B), or a c-myc 5�UTR (D). �RT and �RT, reactions
carried out in the absence and presence of reverse transcriptase, respec-
tively. (E) Western blot detection of DRBP76 in the immunoprecipitates
generated with �-DRBP76 and nonspecific IgG antibodies as indicated.
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trol, IRES cDNA was amplified from RNA coimmunoprecipi-
tated with the nonstructural PV protein 2C (Fig. 5C), which
associates with viral RNA in infected cells (5). In contrast, the
endogenous cellular IRES-containing c-myc mRNA did not
coimmunoprecipitate with DRBP76, while c-myc cDNA was
readily amplified from total cellular RNA (Fig. 5D). Amplifi-
cation of c-myc cDNA from total RNA required RT enzyme
(Fig. 5D), indicating that cDNA amplification was due to the
presence of c-myc mRNA and not to contaminating genomic
DNA. We conclude that DRBP76 associates specifically with
PV-RIPO genomic RNA in infected HEK-293 cells.

DRBP76 knockdown induces PV-RIPO propagation. Spe-
cific association of DRBP76 from neuronal cells with the
HRV2 IRES suggests a potential role in trans-dominant re-
pression of PV-RIPO propagation (Fig. 1). To investigate such
a role for DRBP76, we analyzed the effect of its depletion on
viral growth in neuronal cells. shRNA was employed to knock
down DRBP76 expression by a previously established lentivi-
rus delivery strategy (Fig. 6A) (8, 30). Lentivirus infection and
ensuing blasticidin selection did not produce morphological
abnormalities or affect the viability of shDRBP76 cells (data
not shown), but DRBP76-ILF3 protein levels were dramati-
cally reduced in shDRBP76 cells relative to those of control
HEK-293 cells infected with empty retroviral vector (Fig. 6B).
shDRBP76 and control cells were subjected to synchronized
infection with PV-RIPO to establish the kinetics of viral prop-

agation and HRV2-IRES-driven translation (Fig. 6C and D).
DRBP76 depletion substantially elevated viral growth; progeny
at 7 hpi in shDRBP76 cells exceeded that in the controls by
�20 fold (Fig. 6C), accompanied by markedly increased viral
translation (Fig. 6D). In contrast, DRBP76 depletion had no
effect on virus replication or translation of PV (Fig. 6E and F).
To exclude nonspecific or off-target effects of shRNA-medi-
ated knockdown, we reconstituted the protein in shDRBP76
cells by transfecting a DRBP76 cDNA modified by silent mu-
tagenesis in the region targeted by the shRNA. DRBP76
complementation yielded wild-type levels of the protein (Fig.
6B) and reversed the enhancing effects of DRBP76 depletion
on PV-RIPO propagation (Fig. 6C) and translation (Fig. 6D).

DRBP76 knockdown induces HRV2 IRES activity. Transla-
tion and replication of picornavirus genomic RNAs are inter-
twined processes involving the same template. Hence, ITAFs
conceivably can influence virus propagation at multiple levels.
To assess a role for DRBP76 in translation control at the
HRV2 IRES, we analyzed the effect of DRBP76 knockdown
on translation of HRV2 IRES-driven rLuc reporters. To sep-
arately evaluate an influence of DRBP76 on PV translation, we
constructed analogous PV-IRES-containing reporters. The ex-
pression constructs contain the known determinants of picorna-
virus type 1 IRES-driven translation, including the 3�UTR,
poly(A) tail, cloverleaf, and a portion of the 5� proximal viral
ORF (Fig. 7A) (E. Y. Dobrikova et al., unpublished data).

FIG. 6. DRBP76 depletion enhances PV-RIPO propagation in HEK-293 cells. (A) Schematic depiction of shRNA targeting the DRBP76
mRNA. (B) Western blot analysis of control cells (lane 1), shDRBP76 cells (lane 2), and shDRBP76 cells transfected with DRBP76mut DNA (lane
3) using �-DRBP76 and �-tubulin antibodies as indicated. One-step growth curve analysis of PV-RIPO (C) and PV (E) propagation in control cells
(■ ), shDRBP76 cells (F), or shDRBP76 cells transfected with pDRBP76mut DNA (}) is shown. Western blot analysis of PV-RIPO (D) and PV
(F) proteins in infected cell lysates at specified hours postinfection using �-2C antibody is shown.
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shDRBP76 and control cells were cotransfected with IRES
reporter RNA and m7GTP-capped fLuc RNA (Fig. 7A). IRES
driven translation was analyzed relative to cap-dependent
translation by a dual rLuc/fLuc reporter assay at 6 h posttrans-
fection. While DRBP76 knockdown did not dramatically affect
PV IRES-mediated reporter expression, HRV2 IRES-driven
translation was induced 3.5 fold (Fig. 7B). DRBP76 depletion
did not alter reporter RNA stability in HEK-293 cells (Fig. 7C
and D), suggesting that induction of HRV2 IRES-driven trans-
lation after DRBP76 knockdown is not due to mRNA stabili-
zation.

DISCUSSION

Viruses have adapted to the intracellular milieu of specific
host cells to successfully complete their replication cycle. The
specific host cell environment determines the ability of viral
UTRs to control viral translation and genome replication. To
dissect virus-host interactions mediating these functions, host
factors have been identified which interact with viral 5� or
3�UTRs. Such searches have been conducted biochemically for
many plus- and minus-strand RNA viruses and yielded a rich
repertoire of potential candidates. Generally, there is scarce
evidence for a functional role of most such host factors in viral
cell type specificity or pathogenesis.

The first host factors determined to interact with type 1
picornavirus IRESs (PV and HRV) were the La autoantigen
(32) and PTB (23, 25). The IRES stimulatory activity of PTB
was demonstrated in vivo by transient overexpression (16) and

targeted depletion (14). In addition, variable IRES trans activ-
ity of PTB and its neural isoform nPTB have been implicated
in the neuroattenuation phenotype of the serotype 3 Sabin
strain (22). Cell-type-specific growth of the picornavirus hep-
atitis A virus is determined by the relative abundance of PTB,
a stimulatory ITAF, and glyceraldehyde 3-phosphate dehydro-
genase, an inhibitory ITAF (46), demonstrating that cell-type-
specific viral propagation can be regulated by IRES-binding
proteins with opposing effects on translation.

Efficient PV propagation in the human spinal cord and the
propensity to cause paralytic poliomyelitis are partly the result
of optimized IRES performance in motor neurons. Insertion of
a heterologous HRV2 IRES into the PV genome abrogates
viral translation and propagation in motor neurons (17) but
does not affect growth in malignant cell types, implicating
cell-type-specific host factors in the control of IRES activity.
trans-Dominant inhibition of PV-RIPO propagation in neuro-
blast-glioma heterokaryons suggests that a factor(s) in neuronal
cells may repress the HRV2 IRES. We report that DRBP76
bound to HRV2 IRES sldV/VI specifically in neuronal and not
glioma cell extracts. This association also occurred in vivo with the
intact HRV2 IRES but not with its PV counterpart or a cellular
IRES element.

DRBP76 contains two dsRNA-binding motifs and is almost
identical to M-phase phosphoprotein 4, NF90, translation con-
trol protein 80 (TCP80), and NF associated with dsRNA-1
(designated NFAR-1). It has been assigned several disparate
functions (36), but its effects on translation stand out. DRBP76
binds to acid 	-glucosidase mRNA and inhibits translation (46,

FIG. 7. DRBP76 represses HRV2 IRES-driven reporter translation. (A) Schematic depiction of the HRV2 IRES rLuc reporter expression
construct (top) and the capped fLuc reporter construct containing the 	-globin 5�UTR (bottom). (B) Effect of DRBP76 knockdown on HRV2
(black columns) or PV (gray columns) IRES-driven rLuc translation relative to capped fLuc translation in shDRBP76 and control HEK-293 cells.
The data are the average of three independent assays plus standard error and are expressed as the fold induction of rLuc activity relative to fLuc
activity. (C) DRBP76 depletion does not affect the stability of the HRV2 IRES reporter construct in vivo. 32P-labeled HRV2 IRES reporter RNAs
recovered from transfected or untransfected (�) shDRBP76 and control cells were analyzed on a denaturing polyacrylamide gel. (D) Kinetics of
labeled HRV2 IRES reporter RNA decay by phosphorimager quantification in control (■ ) and shDRBP76 (F) cells.
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47). Moreover, it is a regulator and substrate of the dsRNA-
dependent protein kinase PKR, whose capacity to inhibit
translation initiation is a key component of the innate antiviral
response (29, 36, 38).

Association of DRBP76 with the IRES specifically occurs in
cytoplasmic extracts of neuron- but not glioma-derived cells,
although the protein is present in both. The mechanisms reg-
ulating the RNA-binding capacity of DRBP76 have not been
characterized, but posttranslational modifications and the ex-
tent of engagement in RNPs may control the potential for
interaction with viral RNA in a cell-type-specific manner (37,
44, 48). Thus, the intracellular microenvironment may balance
the availability of RNA-binding proteins for interaction with
target messages and their association with the translation ma-
chinery. This balance may vary in a cell-type-specific manner,
affecting IRES performance according to cell type, which may
be difficult to mimic in crude in vitro translation extracts.

Previous investigations of translation initiation at IRESs have
focused on the identification of cellular RNA-binding proteins
that stimulate IRES function (40). However, like the overwhelm-
ing majority of translation modulators acting through binding to
capped mRNA UTRs (15), ITAFs may repress IRES activity.
DRBP76 depletion elevates translation at the HRV2 IRES and
significantly enhances PV-RIPO growth, suggesting that DRBP76
represses HRV2 IRES-mediated translation in neuronal cells.
The relative effect of DRBP76 depletion in HEK-293 cells on
HRV2 IRES-driven translation is less than on PV-RIPO propa-
gation. HRV2 IRES repression is likely to affect rate-limiting
steps early in the viral life cycle by inhibiting biosynthesis of viral
proteins after genome uncoating. Thus, even slightly reduced
translation may dramatically affect virus growth. Alternatively, the
interaction of DRBP76 with viral RNA may exert effects beyond
translation. Picornavirus genome replication and translation are
interlaced processes that are difficult to dissect experimentally.
Translation repression lowers the yield of nonstructural proteins
required for genome replication, and reduced RNA replication
hinders accumulation of translation templates. Thus, concomitant
effects of DRBP76 on translation and genome replication cannot
be categorically excluded. Wild-type PV readily propagates in
neuronal cells, reflecting its neuropathogenic properties, and
DRBP76 depletion has no effect on viral growth or translation via
its cognate IRES.

The ability of DRBP76 to thwart propagation of a geneti-
cally engineered PV demonstrates that the intracellular distri-
bution and RNA-binding capacity of translation factors can
determine translation, particle propagation, and hence the
pathogenic features of viruses. Manipulation of viral noncod-
ing sequences can be exploited to selectively abolish viral trans-
lation in certain cells or tissues for therapeutic purposes (19).
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