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Translational initiation of hepatitis C virus (HCV) mRNA occurs by internal entry of ribosomes into an
internal ribosomal entry site (IRES) at the 5’ nontranslated region. A region encoding the N-terminal part of
the HCV polyprotein has been shown to augment the translation of HCV mRNA. Here we show that a cellular
protein, NS1-associated protein 1 (NSAP1), augments HCV mRNA translation through a specific interaction
with an adenosine-rich protein-coding region within the HCV mRNA. The overexpression of NSAP1 specifically
enhanced HCV IRES-dependent translation, and knockdown of NSAP1 by use of a small interfering RNA
specifically inhibited the translation of HCV mRNA. An HCYV replicon RNA capable of mimicking the HCV
proliferation process in host cells was further used to confirm that NSAP1 enhances the translation of HCV
mRNA. These results suggest the existence of a novel mechanism of translational enhancement that acts
through the interaction of an RNA-binding protein with a protein coding sequence.

The translation of eukaryotic mRNAs occurs either by cap-
dependent scanning or by direct binding of a ribosome to a
specialized RNA element called an internal ribosomal entry
site (IRES) (12). Although the canonical translation initiation
factors function in translation through IRES elements, many
RNA-binding proteins have also been shown to play important
roles (12, 14). For instance, host cellular proteins such as
polypyrimidine tract-binding protein (PTB), the La autoanti-
gen, poly(rC)-binding proteins, and upstream of N-ras (Unr)
bind directly to IRESs and enhance the translation of picor-
naviral mRNAs (12, 14).

Hepatitis C virus (HCV), the major causative agent of virus-
related liver cirrhosis and hepatocellular carcinoma in humans,
is a positive-sense RNA virus. The HCV RNA contains a
341-nucleotide (nt) 5’ nontranslated region (5'NTR) and a
very long open reading frame encoding a polyprotein that is
proteolytically processed into 10 or more viral proteins (9, 15).
Translation of the HCV polyprotein is directed by an IRES
element spanning the 5S’NTR (29).

Curiously, while most IRESs require only the 5'"NTR for full
activity, the HCV IRES depends on the presence of a protein-
coding sequence downstream of the initiating AUG (19, 26).
An HCV RNA encoding the N-terminal part of the HCV
polyprotein was shown to be required for full HCV IRES
activity when heterologous reporter genes (influenza NS’ and
secreted alkaline phosphatase) were connected to the HCV
5'NTR (26). Moreover, the same region was absolutely re-
quired for the generation of a viable chimeric poliovirus that
used the HCV IRES element for translation (19). However,
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several other reports have suggested that the core-coding se-
quence is not strictly essential for HCV IRES activity (27, 29,
30). Thus, the true molecular basis of translational activation
by the HCV core-coding sequence is still a subject of some
debate.

Here we investigated the HCV IRES translational initiation
mechanism by analyzing proteins that were found to specifi-
cally interact with the IRES element. RNA affinity chromatog-
raphy and peptide mass fingerprinting through matrix-assisted
laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF) revealed that NSl-associated protein 1
(NSAP1) specifically interacts with a protein-coding region
downstream of the HCV polyprotein initiation codon.

NSAP1 was originally identified as a protein capable of
interacting with NS1, which is the major nonstructural protein
of the mouse minute virus (10). NSAP1 is highly homologous
(82.1% identity) to human heterogeneous nuclear ribonucleo-
protein R (hnRNP R) (11) and was shown to modulate c-fos
mRNA stabilization by forming a protein complex with Unr,
PABP, and PAIP1 (6). The protein also interacts with synap-
totagmin and with poly(A) RNA, which led to its independent
designation as synaptotagmin-binding, cytoplasmic RNA-in-
teracting protein (SYNCRIP) (21).

The role of NSAP1 in HCV IRES-dependent translation
was investigated by modifying the cis-acting element and the
amounts of NSAP1 in several translation assay systems. Mod-
ification of the NSAP1-binding site, which is composed of an
adenosine-rich region (hereafter referred to as the ACR), re-
duced the activity of the HCV IRES in the assay systems and
in an HCV replicon system designed to mimic the HCV pro-
liferation process. The expression of NSAP1 enhanced HCV
IRES-dependent translation, whereas a knockdown of NSAP1
levels by the use of targeted small interfering RNAs (siRNAs)
specifically hampered HCV IRES activity. These results
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strongly suggest that NSAP1 augments HCV IRES activity
through an interaction with the ACR and provide evidence for
a novel mode of translational activation occurring through the
interaction of an RNA-binding protein with coding sequences
downstream of the initiation codon.

MATERIALS AND METHODS

Plasmid construction. For the generation of pSK(—)/NSAPI, a plasmid con-
taining the full-length coding sequence of murine NSAP1 (pRSETC9-15; kindly
provided by C. Astell, University of British Columbia, Vancouver, Canada) was
digested with HindIII and Xbal, and the insert was cloned into the pBluescript
SK(—) [pSK(—)] vector (Clontech). The mouse and human NSAP1 amino acid
sequences differ by only one amino acid (alanine-357 to serine). For the con-
struction of pEGFP-c1/NSAP1, pSK(—)/NSAP1 was treated with EcoRI-Kle-
now-Asp718, and the DNA fragment was cloned into pEGFP-c1 (Clontech)
treated with Nhel-Klenow-Asp718. For the generation of pQE31-NSAP1 for
recombinant NSAP1 expression, pSK(—)/NSAP1 was treated with BamHI-Kle-
now-Kpnl, and the DNA fragment was cloned into Nhel-Klenow-KpnlI-treated
pQE31 (Qiagen). To obtain the human NSAP1 cDNA clone, we PCR amplified
a 1.7-kb fragment spanning the NSAP1 coding region from a Chang’s liver cDNA
library with the following oligomers: 5'-CCATCGATGCTAGCATGGCTACA
GAACATGTTAATGG-3" and 5'-GCTCTAGACTCGAGTCATTGTAACAG
GTCAGGACCG-3'. The amplified DNA was digested with Clal and Xbal and
then inserted into pSK(—). For the generation of pGL3-H(18-402), plasmid
pH(18-402)CAT was treated with Asp718-BamHI-Klenow, and the DNA frag-
ment containing the HCV IRES (18-402) was isolated and ligated into an Ncol-
Klenow-treated pGL3 control vector (Promega). For the generation of
pRH402F, pGL3-H(18-402) was treated with HindIII-Xbal-Klenow, and the
DNA fragment containing the HCV IRES and the firefly luciferase reporter was
isolated and ligated with Xbal-Klenow-treated pRL-CMV (Promega). For the
generation of pRPF, pCATA-PCAT (unpublished data), which contains the
poliovirus (PV) IRES and pRMS531F (17), was treated with Sall-Smal and then
ligated together. For the generation of pREF, the encephalomyocarditis virus
(EMCV) IRES fragment was PCR amplified from PMPS1-ECAT (2) by use of
the following primers: 5'-CCATCGATACCCCTCTCCCTCCCC-3" and 5'-TC
CCCCCGGGCATGGTTGTGGCCATATTATC-3'. The amplificd DNA was
treated with Accl-Xmal, and the DNA fragment was cloned into Clal-Xmal-
treated pRMS531F. The monocistronic constructs pH(342-402)CAT, pH(18-
402)CAT, and pH(18-374)CAT were described previously (8). For the construc-
tion of pH(18-374*)CAT, the oligomers 5'-AGACCGTGCATCATGAGCACG
AATCCTAAGCCTCAGAGGAAGACCG-3" and 5'-GATCCGGTCTTCCTC
TGAGGCTTAGGATTCGTGCTCATGATGCACGGT-3’ were annealed and
inserted into Accl-BamHI-treated pH(18-374)CAT. Construct pRH374F* con-
tains adenine-to-guanosine replacements in the firefly luciferase gene, as shown
in Fig. 4D, panel ii, and pRH374*F* contains mutations in both the ACR and the
firefly luciferase gene. For the introduction of these mutations, the HCV core-
coding region and the N-terminal portion of the firefly luciferase sequence were
PCR amplified by use of the following oligomers: 5'-CGGGATCCATGGAGG
ACGCCAAGAACATCAAGAAGGGCCCGGCG-3" and 5'-TCCAAAACCG
TGATGGAATGG-3'. The DNAs corresponding to the HCV 5'NTRs were
isolated from Asp718-BamHI-treated pH(18-374)CAT or pH(18-374*)CAT.
The DNA fragments generated by PCR and restriction enzyme digestion were
cloned into Asp718-Sphl-treated pRH402F by three fragment ligations. To
knockdown endogenous NSAP1, we designed a double-stranded RNA corre-
sponding to nt 209 to 231 downstream of the initiation codon of human NSAP1
(GenBank accession no. NM_006372) to generate a siRNA. For the generation
of pAVUG6+27/NSAPI, oligomers (sense, 5'-TCGACGACGGTGCATTGGCA
GTTCTTCAAGAGAGAACTGCCAATGCACCGTCTTTTT-3'; antisense, 5'-
CTAGAAAAAGACGGTGCATTGGCAGTTCTCTCTTGAAGAACTGCCA
ATGCACCGTCG-3'") were annealed and inserted into pAVUG6+27 (24) treated
with Sall and Xbal. Plasmid pEBV-no promoter was constructed by the self-
ligation of pEBV-HisA (Invitrogen) treated with Sall. Plasmids pEBV-U6+27
and pEBV-U6+27/NSAP1 were constructed by ligation of the Sall-Klenow-
treated pEBV-no promoter DNA fragment and of pAVU6+27 and pAVU6+27/
NSAPI, respectively, treated with BamHI-Klenow-SacII-T4 polymerase. For the
construction of plasmids repI374 and repl374*, pRH374F* and pRH374*F*
were treated with Ncol-Klenow-Nrul, and the resulting DNA fragments were
cloned into rep5.1 treated with Ascl-Klenow-Nrul. All constructs were verified
by DNA sequencing.

RNA affinity chromatography. Biotinylated RNAs used in affinity chromatog-
raphy experiments were produced from pH(18-402)CAT linearized with BamHI
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and T7 polymerase by use of an in vitro transcription kit according to the
manufacturer’s recommendations (Stratagene). The biotinylated RNAs (15 pg)
were conjugated with streptavidin-agarose resin (Pierce) in the presence of
incubation buffer (10 mM Tris-Cl [pH 7.5], 150 mM KCl, 1.5 mM MgCl,, 0.5 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 0.05% Nonidet P-40).
Samples were incubated at 4°C for 2 h, and unbound RNAs were removed by
washing two times with incubation buffer. After the washing step, S10 extracts
(500 pg) and yeast tRNA (30 ng; Roche) were applied to the resin, which was
incubated for 30 min at room temperature and then for 2 h at 4°C. The resin was
then washed five times with incubation buffer, and the resin-bound proteins were
resolved by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis
(SDS-10% PAGE). The biotinylated RNAs used for pull-down assays were
generated as previously described (17). Template DNAs were prepared by Accl
digestion of plasmid pH(18-402)CAT and by BamHI digestion of plasmids
pH(18-374)CAT, pH(18-374*)CAT, and pH(18-402)CAT.

Purification of recombinant NSAP1. Escherichia coli (M15) cells were used to
produce recombinant NSAP1 from plasmid pQE31-NSAP1. Isopropyl-B-p-thio-
galactopyranoside (final concentration, 0.5 mM) was added to induce NSAP1
protein expression at an optical density at 600 nm of 0.5. After incubation at 27°C
for 5 h, the cells were harvested, resuspended in lysis buffer (20 mM sodium
phosphate [pH 7.6], 300 mM NaCl, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 ng
of leupeptin/ml, 1 mM B-mercaptoethanol, and 10% glycerol), and sonicated.
The resulting cell extracts were loaded onto a Ni-nitrilotriacetic acid-agarose
column (Qiagen) equilibrated with lysis buffer containing 10 mM imidazole. The
columns were washed with lysis buffer containing 20 mM imidazole, and bound
NSAP1 was eluted with 100 mM imidazole.

Mammalian cell culture and HeLa cell lysate preparation. 293T and HeLa
cells were cultivated in Dulbecco’s modified Eagle’s medium (Invitrogen) sup-
plemented with 10% Fetalclone III (HyClone). S10 cytoplasmic extracts of HeLa
S3 cells were prepared as previously described (17).

mRNA purification and Northern blot analysis. Levels of NSAP1 mRNA and
replicon RNAs were analyzed by Northern blotting with 20 pg of total RNA as
described by Kim et al. (17). siRNA expression profiles were analyzed as de-
scribed by Miyagishi and Taira (20), with minor modifications, by the use of a
32p_end-labeled sense-strand probe (5'-GACGGTGCATTGGCAGTTC-3') and
15 ng of total RNA. For analyses of replicon RNAs, total RNAs were probed
with a 3?P-labeled negative-sense riboprobe that was complementary to the 3’
end of the HCV RNA. The probe was generated by in vitro transcription with T3
polymerase (Roche) and plasmid rep5.1 treated with BglII.

RESULTS

Identification of a cellular protein that interacts with HCV
RNA. To understand the molecular basis of IRES-dependent
translation of HCV mRNA, we used several methods to ana-
lyze the cellular factor(s) that interacts with the previously
defined HCV IRES element (8, 13, 26). First, a UV cross-
linking experiment was performed with micrococcal nuclease-
treated S10 cytoplasmic extracts of HeLa S3 cells (S10 ex-
tracts) and a **P-labeled RNA fragment spanning nt 18 to 402
of the genomic HCV RNA. The latter nucleotide (nt 402)
corresponds to the 62nd nt of the HCV core-coding sequence
(see Fig. 2A, panel i). Four prominent bands, with apparent
molecular masses of 45, 65, 100, and 110 kDa, were observed
after UV cross-linking (Fig. 1A, lane 1). When homopolymeric
ribonucleotides were used as competitors in the UV cross-
linking reactions, poly(A) strongly inhibited binding of the
65-kDa protein to the HCV RNA, but poly(C) and poly(U) did
not (Fig. 1A, lanes 2 to 4). The specificity of this RNA-binding
activity was further investigated by the addition of unlabeled
competitor HCV RNAs (nt 18 to 402). Binding of the 45-, 65-,
and 110-kDa proteins, but not the 100-kDa protein, was inhib-
ited by the unlabeled competitor RNAs (Fig. 1A, lanes 5 and
6). These results indicate that the 45-, 65-, and 110-kDa pro-
teins specifically interact with the HCV IRES.

To isolate the cellular proteins interacting with the HCV
RNA, we generated a biotinylated HCV RNA (nt 18 to 402) by
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FIG. 1. Identification of a cellular protein that interacts with HCV
RNA. (A) UV cross-linking experiments using **P-labeled HCV RNA.
S10 extracts of HeLa S3 cells (20 ug) were incubated with *?P-labeled
HCV RNA (nt 18 to 402) (3 X 10° cpm) without competitor RNAs
(lane 1). Competition experiments were performed with *?P-labeled
HCV RNA (nt 18 to 402) in the presence of 50 ng of homopolymeric
RNAs [poly(A), poly(C), and poly(U)] (lanes 2 to 4), or 2- and 20-fold
molar excesses of unlabeled HCV RNA (nt 18 to 402) (lanes 5 and 6).
(B) HCV RNA (nt 18 to 402) affinity chromatography. A biotinylated
probe (15 pg) was incubated with S10 extracts (500 wg) and nonspe-
cific tRNAs (30 pg), and then the resin-bound proteins were resolved
by SDS-10% PAGE. (C) Identification of the 65-kDa protein as
NSAPI1. (i) Peptide mass fingerprinting via MALDI-TOF was per-
formed as described previously (2). The peaks labeled with arrows
match the estimated tryptic peptide masses of NSAP1 with an error of
<50 ppm. (ii) Oligopeptides from mass fingerprinting analysis. (D) Im-
munoprecipitation of UV cross-linked proteins with a *?P-labeled
HCV RNA probe (nt 18 to 402). After RNase treatment, the samples
were precleared with protein G-agarose resin and then immunopre-
cipitated with 1.5 pg of rabbit polyclonal anti-NSAP1 (lane 2) or
anti-GFP (lane 1) antibody. Resin-bound proteins were resolved by
SDS-10% PAGE. Lane 3, **P-labeled proteins before immunoprecipi-
tation.
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in vitro transcription and performed RNA affinity chromatog-
raphy with S10 extracts and the biotinylated RNA. After pre-
cipitation and washing of the RNA-protein complex, RNA-
bound proteins were analyzed by SDS-PAGE (Fig. 1B), which
revealed proteins with apparent molecular masses of 35, 38, 40,
45, 57, 65, and 150 kDa. The 65-kDa band was the most

prominent among the purified proteins, and the binding of this
protein was specifically inhibited by competitor RNAs, so we
focused the following experiments on this protein.

The 65-kDa protein was excised from the gel and analyzed
by peptide mass fingerprinting via MALDI-TOF. Figure 1C,
panel I, shows the MALDI mass spectrum of the peptides
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generated by trypsinization of the 65-kDa protein. The ob-
tained masses were compared with those of proteins in the
Swiss-Prot database by use of MS-Fit peptide mass search
program. As shown in Fig. 1C, panel ii, the peptides exhibited
molecular masses that were in good agreement with the theo-
retically predicted tryptic peptides of NSAP1. The analyzed
peptides covered 32% of the human NSAP1 sequence. On the
basis of these results, we concluded that the 65-kDa protein is
NSAPI1. Taken together, these results strongly suggest that
NSAP1 interacts with HCV mRNA.

The identity of the 65-kDa protein was further confirmed by
immunoprecipitation of proteins that were UV cross-linked
with *?P-labeled HCV RNA (nt 18 to 402) by use of a poly-
clonal antibody against NSAP1 (anti-SYNCRIP-N; kindly pro-
vided by A. Mizutani, University of Tokyo, Tokyo, Japan) (Fig.
1D). No bands were detected when a polyclonal antibody
against green fluorescent protein (GFP) was used as a negative
control (Fig. 1D, lane 1). Immunoprecipitation of the UV
cross-linked proteins with the polyclonal anti-NSAP1 antibody
successfully detected the 65-kDa protein (Fig. 1D, lane 2).
Even though the polyclonal anti-NSAP1 antibody is known to
additionally interact with hnRNP R, only the 65-kDa band was
detected in the immunoprecipitation results (also see Fig. 3B,
panel ii), indicating that NSAP1, but not hnRNP R, interacts
with the HCV RNA.

NSAP1 specifically interacts with an adenosine-rich region
encoding the N-terminal part of the HCV polyprotein. To
determine the region of the HCV IRES that interacts with
NSAPI, we generated truncated RNAs containing different
parts of the HCV IRES (Fig. 2A, panel i) and then performed
UV cross-linking experiments. As shown in Fig. 2C, panel i,
purified recombinant NSAP1 strongly bound to probes II and
IV, which corresponded to nt 18 to 374 and 18 to 402, respec-
tively (Fig. 2C, panel i, lanes 2 and 1, respectively). In contrast,
recombinant NSAP1 bound only weakly to probe I (nt 18 to
331) (Fig. 2C, panel i, lane 3). We also found that a biotinyl-
ated HCV RNA corresponding to nt 342 to 402 was sufficient
for binding to NSAP1 (data not shown). These results were
further confirmed by competition assays. The interaction be-
tween recombinant NSAP1 and probe IV was strongly inhib-
ited by poly(A) and unlabeled RNA probes IV and V, mod-
erately inhibited by poly(U), and unaffected by poly(C) or
unlabeled RNA I (Fig. 2B). The competition patterns for pu-
rified recombinant NSAP1 were in good agreement with the
binding patterns of the 65-kDa protein to HCV RNA observed
by UV cross-linking with S10 extracts (compare Fig. 1A and
2B), suggesting that NSAP1 directly interacts with HCV RNA
and that a specific RNA-protein interaction can occur in cells
in which numerous proteins exist together with NSAP1.

The RNA-binding data demonstrate that the HCV RNA
fragment spanning nt 342 to 374 is necessary and sufficient for
the interaction with NSAP1. Moreover, homopolymeric RNA
competition data (Fig. 1A and 2B) and a previous report
showed that NSAP1 has a strong affinity for adenosine-rich
RNAs (21). Interestingly, the 5'-proximal region of the HCV
core-coding sequence contains an adenosine-rich region (Fig.
2A, panel ii) that was previously shown to be necessary for the
efficient translation of HCV mRNA (26). The ACR is con-
served among different HCV isolates and also among HCV-
related viruses such as pestiviruses and GB virus B (27). In
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order to examine whether the ACR participates in the inter-
action with NSAP1, we generated a mutant construct in which
the ACR adenosines were replaced with guanosines (Fig. 2A,
panel ii). These site-directed mutagenic changes did not alter
the amino acid sequence and were predicted to induce only
negligible changes (AG = —0.7 kcal/mol) in the secondary
RNA structure, since both the wild-type and mutant ACR are
predicted to exist in a single-stranded region (according to the
mfold RNA folding program). The effect of this ACR mutation
on NSAP1 binding was measured by UV cross-linking experi-
ments (Fig. 2C, panel i) and RNA pull-down assays (Fig. 2C,
panel ii). Direct binding between NSAP1 and the ACR was
assessed by the use of a purified recombinant NSAP1 protein
and *?P-labeled HCV RNAs. Purified recombinant NSAP1
interacted strongly with HCV RNAs containing the intact
ACR (Fig. 2C, panel i, lanes 1 and 2) but only weakly inter-
acted with mutant HCV RNA (Fig. 2C, panel i, lane 4) and
with RNA lacking the core-coding region (Fig. 2C, panel i, lane
3). The weak binding activity of NSAP1 to probes I and IIT may
be attributable to a putative weak binding site in the 5'NTR of
HCV mRNA, since the binding activity to probe III is the same
as that of probe I and both contain the 5'NTR sequence (nt 18
to 341) of HCV mRNA. The in vitro pull-down experiments
were also performed with S10 extracts and biotinylated HCV
RNAs. In these experiments, NSAP1 coprecipitated efficiently
with wild-type HCV RNAs containing the intact ACR, such as
probes II (nt 18 to 374) and IV (nt 18 to 402) (Fig. 2C, panel
ii, lanes 3 and 2, respectively), whereas the ACR-mutated
HCV RNA showed a dramatically reduced affinity to NSAP1
(Fig. 2C, panel ii, lane 5). The binding affinity of the mutated
RNA was the same as that of an HCV RNA entirely lacking
the coding region (compare lanes 4 and 5 in Fig. 2C, panel ii).
Taken together, these data indicate that some or all of the
adenosine residues in the ACR play a key role in the interac-
tion of the HCV RNA with NSAP1.

NSAP1 augments HCV IRES-dependent translation. To in-
vestigate the role of NSAP1 in HCV IRES-dependent trans-
lation, we cotransfected 293T cells with a plasmid expressing
GFP fused to NSAP1 and plasmid pRH402F, yielding a dicis-
tronic mRNA containing the HCV IRES (nt 18 to 402) in the
intercistronic region. Cap- and HCV IRES-dependent trans-
lation was monitored by measuring Renilla luciferase and fire-
fly luciferase activities, respectively (Fig. 3A). The cotransfec-
tion of full-length NSAP1 augmented HCV IRES-dependent
translation in a dose-dependent manner (Fig. 3B, panel i, lanes
1 to 4). In contrast, NSAP1 showed no or moderate effects on
translation through the IRES elements of PV, EMCV, and
c-myc (Fig. 3B, panel i, lanes 5 to 16). As shown in Fig. 3B,
panel ii, the expression profiles of GFP-NSAP1 correlated well
with the activity of the HCV IRES element. Immunoblot anal-
ysis with a polyclonal anti-NSAP1 antibody (Fig. 3B, panel ii)
revealed four bands, with apparent molecular masses of 65, 74,
82, and 90 kDa. As previously reported, the 65- and 74-kDa
proteins corresponded to two isoforms of NSAP1 produced
from alternatively spliced mRNAs (22). The 82- and 90-kDa
proteins corresponded to hnRNP R, homologous to NSAP1,
and the GFP-NSAP1 fusion protein expressed from the plas-
mid pEGFP-c1/NSAPI, respectively.

siRNA-directed knockdown of NSAP1 reduces HCV IRES
activity. To further analyze the role of NSAP1 in HCV IRES-
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FIG. 2. NSAP1 interacts specifically with the ACR in the N-terminal part of the polyprotein. (A) (i) Schematic diagrams of HCV RNA
transcripts used for RNA pull-down and UV cross-linking experiments. (ii) Five adenosine residues, at the third nucleotide position of each codon,
were replaced with guanosine residues; these changes maintained the same core amino acid sequence. The asterisk in construct 18-374* denotes
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was purified to near homogeneity and then used in UV cross-linking reactions. Recombinant NSAP1 (100 ng) was incubated with RNA probe IV
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a 20-fold molar excess of transcript I (lane 7), and 2-fold (lane 8) and 20-fold (lane 9) molar excesses of transcript V. (C) (i) UV cross-linking
experiments were performed with 100 ng of purified NSAP1 protein and with *?P-labeled RNA probes corresponding to HCV wild-type RNAs
(18-402, 18-374, 18-331, and 18-402 [lanes 1 to 3 and 5, respectively]) and the mutant RNA 18-374* (lane 4). (ii) In order to investigate whether
NSAPI1 can form a complex with the HCV IRES, we performed RNA pull-down experiments with S10 extracts and biotinylated RNAs
corresponding to various fragments of the wild-type HCV RNAs (18-402, 18-374, and 1-331 [lanes 2 to 4]) and a mutant HCV RNA (18-374* [lane
5]). Immunoblot analysis was performed with an anti-NSAP1 polyclonal antibody.

dependent translation, we employed mRNA knockdown by ing cells were selected by hygromycin treatment. As shown in
using RNA interference (3). A plasmid generating a siRNA Fig. 4B, endogenous NSAP1 levels were dramatically reduced
specific for NSAP1, containing the Epstein-Barr virus nuclear in siRNA-expressing cells (pEBV-U6+27/NSAP1) compared
antigen 1 coding sequence and the Epstein-Barr virus origin of ~ with control cells containing the vector plasmid (pEBV-
replication was constructed (Fig. 4A). The siRNA-expressing U6+27) (Fig. 4B). In contrast, the levels of other well-charac-
plasmid was transfected into HeLa cells, and plasmid-contain- terized IRES-interacting frans-acting factors (ITAFs; hnRNP
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FIG. 3. NSAP1 augments HCV IRES-dependent translation. (A) Schematic diagrams of dicistronic reporter plasmids used for monitoring
efficiency of cap- and IRES-dependent translation in vivo. The vectors contained the cytomegalovirus (CMV) immediate early enhancer-promoter
(CMV pro.) to direct transcription in vivo. The transcription start site in the CMV promoter is indicated by open arrows. (B) (i) Translation
activities of IRES-containing dicistronic mRNAs in 293T cells. Dicistronic reporter constructs (0.5 wg each of pRH402F [lanes 1 to 4], pRPF [lanes
5 to 8], pREF [lanes 9 to 12], and pRMS531F [lanes 13 to 16]) and variable amounts of effecter pEGFP-c1/NSAP1 (2.5 pg [lanes 2, 6, 10, and 14],
5 pg [lanes 3, 7, 11, and 15], and 10 wg [lanes 4, 8, 12, and 16]) and negative control effecter pEGFP-c1 (10 pg [lanes 1, 5, 9, and 13], 7.5 pg [lanes
2,6, 10, and 14], and 5 pg [lanes 3, 7, 11, and 15]) were cotransfected with the control plasmid pCMV - SPORT-Bgal (Invitrogen) to monitor the
effect of NSAP1 on IRES activities. Forty-eight hours after transfection by electroporation, the cells were harvested and their luciferase activities
were measured. For IRES-dependent translation, firefly luciferase activity, which was directed by pRH402F, was arbitrarily set to 1. For
cap-dependent translation, Renilla luciferase activity, which was directed by pRH402F, was arbitrarily set to 1. The transfection efficiency was also
determined for each luciferase value relative to that of the p-galactosidase activity of the transfection control. Error bars represent standard
deviation values. (ii) Expression profiles of GFP-NSAP1. Immunoblot analysis was performed with antibodies against GFP, NSAP1, and actin.
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FIG. 4. Knockdown of NSAP1 by siRNA reduces HCV IRES activity. (A) (i) Schematic diagram of the pEBV-U6+27 plasmid expressing a
tandem-type siRNA against NSAP1. (ii) Predicted siRNA structure generated by pEBV-U6+27/NSAP1. (B) Levels of NSAP1 protein in HeLa
cells stably expressing siRNAs against NSAP1 (lane pEBV-U6+27/NSAP1) and in control cells (lane pEBV-U6+27) were monitored by
immunoblot analysis. About 1 ng of the pEBV-U6+27 or pEBV-U6+27/NSAP1 plasmid was transfected into HeLa cells by electroporation. After
hygromycin (400 pg/ml) selection for 1 month, total cell lysates from pools of hygromycin-resistant colonies were immunoblotted with antibodies
against NSAP1, hnRNP L, PTB, La, and actin (ICN Biomedicals). (C) (i) Cellular expression patterns of siRNAs against NSAP1 were monitored
by Northern blot analysis. RNA size markers were generated by in vitro transcription. Arrowheads depict siRNAs generated by the transfection
of pEBV-U6+27/NSAP1. (ii) Levels of NSAP1 mRNAs in siRNA-expressing HeLa cells were monitored by Northern blot analysis. Arrowheads
depict isoforms of NSAP1 transcripts. (D) Schematic diagrams of dicistronic mRNAs used in RNA transfection experiments. (i) The dicistronic
plasmids and the B-galactosidase-encoding plasmid pCMV - SPORT-Bgal were treated with Hpal and Xbal, respectively. The linearized DNAs
were in vitro transcribed with the T7 (dicistronic mRNAs) or SP6 (B-galactosidase mRNA) RNA polymerase in the presence of m’G(5")pppG(5').
The intercistronic regions of the dicistronic mnRNAs RH374F*, RH374*F*, RPF, and REF contained the wild-type HCV IRES (nt 18 to 374), the
adenosine-to-guanosine mutant HCV IRES (nt 18 to 374), the PV IRES, and the EMCV IRES, respectively. (ii) Adenosine residues in the
adenosine-rich region in the N-terminal coding region of the firefly luciferase gene were mutated to guanosine or cytidine residues to eliminate
the adenosine-rich elements in firefly luciferase; the amino acid sequence of the firefly luciferase remained unchanged in both cases. The asterisk
denotes the nucleotide changes in the ACR of the firefly luciferase gene. (E) Translation activities of dicistronic mRNAs in siRNA-expressing cells.
Dicistronic mRNAs and control B-galactosidase mRNAs were cotransfected into control (pEBV-U6+27) and NSAP1 siRNA-expressing (pEBV-
U6+27/NSAP1) cells. At 3 h posttransfection, luciferase activities were measured and normalized against the B-galactosidase activity to control
for the transfection efficiency. For IRES-dependent translation, firefly luciferase activity, which was directed by mRNA RH374F*, was arbitrarily
set to 1. For cap-dependent translation, Renilla luciferase activity, which was directed by mRNA RH374F*, was arbitrarily set to 1. (=) and (+),
control cells and siRNA-expressing cells, respectively. Luciferase activities are shown with bars, and error bars indicate standard deviation values.

L, PTB, and La) and the internal control, actin, were not
affected by the siRNAs (Fig. 4B). The expression of the
NSAP1 siRNA was monitored on Northern blots probed with
a *?P-labeled sense-strand RNA-specific oligomer (Fig. 4C,
panel i). Four bands were detected; the smallest RNA (21 nt)
was expected to be the completely processed siRNA, whereas
the others were likely to be precursors of the siRNA. Similarly,
the levels of NSAP1 mRNA were monitored by Northern blot
analysis using a *?P-labeled probe corresponding to nt 526 to

1038 of the human NSAP1 mRNA. Multiple bands were de-
tected; these were thought to represent alternatively spliced
forms of the NSAP1 mRNA (Fig. 4C, panel ii). The levels of
two major NSAP1 mRNA species (~3.2 and 4.2 kb; indicated
by arrowheads) were dramatically reduced in NSAP1 siRNA-
expressing cells (Fig. 4C, panel ii), whereas the level of control
human ribosomal protein L32 (hRPL32) mRNA was not af-
fected by the presence or absence of the siRNAs (Fig. 4C,
panel ii).



VoL. 24, 2004

NSAP1 AUGMENTS TRANSLATION OF HCV mRNA 7885

()
RLuc. HCV IRES . FlLuc.”
| RH374F* mGppp
Core 342.374
) RLuc. HCV IRES® . Fluc.*
Il RH374*F* m'Gppp
Core 342-374
RLuc. PV IRES FLuc.
Il RPF m'Gppp
RLuc. EMCV IRES FLuc.
IV REF m'Gppp
(i)
F 1 AUG/GAA/GAC/GCC/AAA/AAC/ATA/AAG/AAA 27
A\ \j A\ A\
F* 1 AUG/GAG/GAC/GCC/AAG/AAC/ATC/AAG/AAG 27
RH374F*  RH374°F* RPF REF
I 1 T 1 1 T 1
16
14
3
:g 12
8 1}
b
@ 08 F
£
g 06 F
-
0.4 F
02 f O RLuc.
B FlLuc.
1 2 3 4 5 6 7 8
SIRNA (=) () (=) (+) (=) (+) (=) ()

FIG. 4—Continued.

The effect of NSAP1 on HCV IRES-dependent translation
was further analyzed by the use of dicistronic mRNAs contain-
ing wild-type and mutant HCV IRESs (RH374F* and
RH374*F*) and control dicistronic mRNAs (RPF and REF).
mRNAs were synthesized in vitro with T7 RNA polymerase,
and the IRES activities of the four mRNAs in cells were
analyzed by RNA transfection experiments.

Three hours after the transfection of these mRNAs into
HeLa cells, with or without siRNAs against NSAP1, the IRES
activities were monitored by the analysis of luciferase activities.
The translation of firefly luciferase by the wild-type HCV IRES
was reduced about 2.5-fold after the knockdown of NSAP1
(Fig. 4E, compare lane 2 with lane 1), and the ACR mutation
reduced HCV IRES activity 4-fold (Fig. 4E, compare lane 3
with lane 1). However, the activity of the mutant HCV IRES
was only marginally reduced by the knockdown of NSAP1 (Fig.
4E, compare lane 4 with lane 3). The activities of the PV and
EMCV IRESs were not affected by the reduction in the
NSAP1 level (compare lanes 6 and 8 with lanes 5 and 7,
respectively). Taken together, these results strongly suggest

that NSAP1 augments HCV IRES activity through an interac-
tion with the ACR in the HCV RNA core-coding sequence.
NSAP1 plays a key role in translation of HCV mRNA. HCV
is a positive-sense RNA virus; the genomic RNA in the virus
particle serves as an mRNA, and the HCV IRES element
directs the translation of a polyprotein that is proteolytically
processed into all of the viral proteins. Therefore, IRES activ-
ity is critical for efficient HCV proliferation. In order to inves-
tigate the effect of NSAP1 on HCV mRNA translation, we
constructed HCV replicons that are capable of supporting
HCV RNA replication inside cells. The tested replicons con-
tained wild-type HCV IRESs (rep5.1 and repI374) and a mu-
tant IRES (repI374*) in which the ACR adenosines were re-
placed with guanosines, as shown in Fig. 2A, panel ii (Fig. 5SA).
In vitro translation of the replicon RNAs in rabbit reticulocyte
lysates (RRLs) revealed two major bands. The larger band
corresponds to the NS3 protein, which is a proteolytically pro-
cessed form of the HCV polyprotein. The translation of NS3 is
directed by the EMCYV IRES. All three mRNAs yielded similar
levels of NS3 (Fig. 5B). Curiously, other nonstructural proteins
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FIG. 5. NSAP1 is required for translation of HCV mRNA during HCV proliferation. (A) Schematic diagrams of subgenomic replicons. The
NPTII proteins of rep5.1 and repl374 are fused with 16 and 11 amino acids of the N-terminal core-coding sequence, respectively. (B) In vitro
translation of replicon RNAs in RRLs. Replicon RNAs (1.0 pg) were in vitro translated for 80 min at 30°C with RRLs (Promega) according to
the manufacturer’s instructions, and samples were resolved by SDS-12% PAGE. Radioactivities of the core-NPTII fusion and NS3 protein bands
were quantified by use of a Fuji phosphorimager. The numbers below the lanes depict the translation levels of the core-NPTII fusion proteins
normalized to those of NS3. The translation efficiency obtained with the replicon carrying the HCV IRES (1-389) was set to 1. (C) (i)
Colony-forming efficiencies of replicon RNAs. Huh-7 cells containing HCV replicons (rep5.1, repl374, and repl374*) were generated as described
by Lohmann et al. (18). After about 2 weeks of G418 (600 pg/ml) selection, the colonies were fixed and stained with crystal violet. (ii) Graphical
presentation of the colony-forming efficiency of each replicon. The data shown are means, and error bars show standard deviation values for four
independent transfection experiments. (D) (i) Immunoblot analysis using total cell lysates from pooled G418-resistant colonies. Immu-
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FIG. 5—Continued.

noblot analyses were performed with antibodies against NPTII (anti-NPTII; Upstate), NSSA, NS5B, NSAP1, and actin. The levels of NPTII reflect
HCV IRES activities. (ii) Northern blot analysis of HCV RNAs in replicon-containing cells. Total RNAs (20 pg of each) were analyzed with a
32P_labeled riboprobe complementary to the 3’ end of the positive-sense HCV RNA and with a **P-labeled riboprobe specific for glyceraldehyde-
3-phosphate dehydrogenase mRNA. The radioactivities of the HCV and (GAPDH)/GAPDH bands were quantified by use of a phosphorimager.
(E) Effect of siRNA against NSAP1 on HCV IRES-dependent translation. The replicon-containing cells were cotransfected with pGL3-control
(Promega) and pAVU6+27 or pAVU6+27/NSAP1 by the use of Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection, an
immunoblot analysis was performed with antibodies against NSAP1, NPTII, NS5B, and actin. (F) (i) Schematic diagram of replicon FK containing
the full-length HCV polyprotein. The construction procedure for FK will be described elsewhere (S. H. Lee, Y. K. Kim, C. S. Kim, S. K. Seol, J.
Kim, S. Cho, Y. L. Song, and S. K. Jang, submitted for publication). Huh-7 cells containing replicon FK was generated as described by Lohmann
et al. (18). (ii) Immunoblot analyses were performed with total cell extracts from the pool of G418-resistant colonies and with antibodies against
core, NPTIIL, NS5A, NS5B, NSAP1, and actin. (iii) Effect of siRNA against NSAP1 on HCV IRES-dependent translation. The replicon-containing
cells were cotransfected with pGL3-control and pAVU6+27 or pAVU6+27/NSAP1 by the use of Lipofectamine 2000. Forty-eight hours after
transfection, an immunoblot analysis was performed with antibodies against NSAP1, core, NPTII, NS5B, and actin.
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(NS4A to NS5B) in the replicon RNAs were not clearly de-
tected from translation products of replicon RNAs in RRLs.
This may be attributed to an imperfect translation of a very
long open reading frame of HCV mRNA and to poor proteo-
lytic processing of the partially translated products. The same
translation patterns were observed by Friebe et al. (4). In
contrast, the translational efficiency of neomycin phospho-
transferase IT (NPTII) varied among the wild-type and mutant
HCV IRESs. Similar levels of NPTII protein were produced
from the wild-type mRNAs rep5.1 and repI374 (Fig. 5B), al-
though the repS.1 mRNA produced a slightly larger NPTII
protein, due to rep5.1 containing a coding sequence that is five
amino acids longer than that of repI374. In contrast, transla-
tion of the NPTII protein by repI374* was about threefold less
efficient than that by repI374 (Fig. 5B). The reduction level was
similar to that found in our in vivo experiments (Fig. 4E, lanes
1 and 3) and is likely due to an impairment of HCV IRES
activity by the ACR mutation, which blocks the binding of
NSAPI.

The importance of the ACR on HCV mRNA translation
was also tested by analyzing the colony-forming efficiencies of
Huh-7 hepatoma cells containing HCV replicon RNAs pro-
grammed to generate NPTII, providing resistance against
G418, and viral proteins NS3 to NS5B, which are required for
RNA replication. After transfection, RNA replicon-containing
cells were selected by the use of G418, which kills cells lacking
the replicon-encoded NPTII protein translated in response to
the HCV IRES. This allows indirect monitoring of the activi-
ties of wild-type and mutant IRESs by measurements of the
colony-forming efficiencies of cells containing the replicon
RNAs, as shown in Fig. 5C. Cells containing wild-type HCV
IRES replicons rep5.1 and repl374 showed similar colony-
forming efficiencies, whereas cells containing the mutated
ACR replicon showed reduced colony-forming efficiencies
(Fig. 5C).

The translational efficiencies of the wild-type and mutant
HCV IRESs were then analyzed by immunoblotting cell ex-
tracts from the surviving replicon-containing cells with an an-
tibody against NPTII. The translation of NPTII directed by the
mutant HCV IRES was significantly reduced compared to that
directed by the wild-type HCV IRES (Fig. 5D, panel i, com-
pare lane 4 with lanes 2 and 3 in the anti-NPTII panel). On the
other hand, two other viral proteins, NS5A and NS5B, directed
by the EMCV IRES were not affected by the mutation (Fig.
5D, panel i, compare lanes 2, 3, and 4 in the anti-NS5A and
anti-NS5B panels). The levels of NSAP1 and actin proteins
were similar in all tested cells (Fig. 5D, panel i, lanes 1 to 4 in
the anti-NSAP1 and anti-actin panels). The levels of replicon
RNAs in the cells were also monitored by Northern blotting
with a probe complementary to nt 7332 to 8001 of the positive-
sense replicon RNA, which revealed the presence of similar
levels of positive-sense HCV RNAs in all tested replicon-con-
taining cells (Fig. 5D, panel ii, lanes rep5.1, repI374, and
repI374*). This indicates that the observed differences in the
anti-NPTII levels may be attributed to differences in IRES
activities among the various replicons and also that the ACR
plays a key role in the activation of the HCV IRES during
HCYV proliferation (Fig. 5D, panel i).

The function of NSAP1 in HCV IRES-dependent transla-
tion was further analyzed by introducing a siRNA against
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NSAP1 into cells containing the various HCV replicons. Trans-
fection of the plasmid pAVU6+27/NSAP1 (which produces
siRNAs against NSAP1), but not of the control plasmid
pAVU6+27, led to reduced NSAP1 protein levels in replicon-
containing cells (Fig. SE, compare lanes 1, 3, and 5 with lanes
2, 4, and 6 in the anti-NSAP1 panel). Note that the levels of
hnRNP R, which is also recognized by the anti-NSAP1 anti-
body, were not changed by the siRNA against NSAP1 (Fig.
5E). The translation levels of NS5B were the same regardless
of the existence of the ACR and/or NSAP1 (Fig. SE). These
data suggest that HCV mRNA levels are similar regardless of
the existence of the ACR and NSAPI. This in turn indicates
that NSAP1 does not affect the stability of HCV mRNA. This
was also shown by a Northern blot analysis of replicon RNAs
with wild-type and mutant ACRs, with which NSAP1 interacts
(Fig. 5D, panel ii).

Wild-type HCV IRES-directed translation of NPTII was
greatly reduced by the introduction of the NSAPI1-specific
siRNA (Fig. 5E, compare lanes 2 and 4 with lanes 1 and 3,
respectively, in the anti-NPTII panel). Mutant HCV IRES-
directed translation of NPTII was much lower than that di-
rected by the wild-type HCV IRES (Fig. S5E, compare lane 5
with lanes 1 and 3 in the anti-NPTII panel). However, unlike
that directed by the wild-type HCV IRES, the translation of
NPTII directed from the mutant HCV IRES was not reduced
by the siRNA against NSAP1 (Fig. 5E, compare lane 5 with
lane 6 in the anti-NPTII panel). EMCV IRES-directed trans-
lation of NS5B and cap-dependent translation of actin from a
cellular mRNA were not affected by the introduction of the
siRNA against NSAP1 (Fig. 5E, anti-NS5B and anti-actin pan-
els).

The effect of NSAP1 on HCV mRNA translation was also
tested in the context of the full-length HCV polyprotein. A
replicon RNA containing the full-length HCV genome was
generated as shown in Fig. SF, panel i. This replicon is com-
posed of a tricistronic mRNA in which translations of the core
to NS2, NPTII, and NS3 to NS5B proteins are directed by the
HCV IRES, the PV IRES, and the EMCV IRES, respectively.
Viral proteins in the replicon-containing cells were monitored
by immunoblotting of cell extracts from the surviving replicon-
containing cells. Replicon FK, containing the full-length HCV
genome, but not replicon rep5.1, which lacked the structural
protein-coding region, produced the core protein (Fig. 5F,
panel ii). The NPTII produced from the control rep5.1 repli-
con was larger than that produced from FK, since NPTII in
repS.1 contains an additional 16 amino acids corresponding to
the N-terminal part of the core protein to the authentic NPTII
protein. The effect of NSAP1 was monitored by introducing
the siRNA against NSAP1 into Huh-7 cells containing the FK
replicon (Fig. 5F, panel iii). The siRNA reduced the level of
NSAP1 protein in the cells containing replicon FK (Fig. 5F,
panel iii, compare lane 1 with lane 2 in the anti-NSAP1 panel).
A reduction in core translation, which was directed by the
HCV IRES, was observed in the cells containing the siRNA
(Fig. 5F, panel iii, compare lane 1 with lane 2 in the anti-core
panel). On the other hand, the translation of NPTII, which was
directed by the PV IRES, and NS5B, which was directed by the
EMCYV IRES, was not affected by the siRNA (Fig. S5F, panel
iii). This strongly suggests that NSAP1 enhances HCV IRES-
dependent translation of the full-length HCV mRNA.
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Taken together, these in vitro and in vivo experimental data
strongly suggest that the NSAP1 protein augments HCV
IRES-dependent translation through an interaction with the
ACR at the core-coding region of the HCV mRNA. This also
indicates that enhancement of the HCV IRES by NSAP1 plays
an important role in the production of viral proteins during
HCYV infection.

DISCUSSION

To better understand the molecular mechanism of HCV
IRES-dependent translation, we analyzed the effects of a cel-
lular protein, NSAPI, on this translation, particularly in terms
of its ability to interact with the HCV RNA ACR within the
core-coding region. We found that NSAP1 augments HCV
IRES-dependent translation. The specificity of the interaction
between NSAP1 and the ACR was investigated by UV cross-
linking experiments in the presence of competitor RNAs, by
RNA affinity chromatography, and by artificial mutagenesis of
the ACR. The role of NSAP1 in HCV IRES-dependent trans-
lation was investigated by observing the effects of NSAP1 over-
expression and knockdown on HCV IRES activity. Moreover,
an ACR mutation that inhibits the interaction between NSAP1
and the ACR was examined for its effect on the activity of the
HCV IRES in conjunction with the knockdown of NSAP1. The
data strongly indicated that NSAP1 augments HCV IRES
function through an interaction with the ACR at the core-
coding region. This is the first report showing that NSAP1
functions as an ITAF and is the first report of an ITAF aug-
menting IRES-dependent translation through an interaction
with an mRNA coding region.

It may be difficult to envision the NSAP1 ITAF activity as
occurring through an interaction with the ACR downstream of
the initiation codon, since the ITAF should be removed from
the binding site at the elongation stage of translation. Never-
theless, several modes of action of NSAP1 can be speculated.
First, NSAP1 may assist the binding of ribosomes to the IRES
through a putative interaction. In this respect, it is noteworthy
that the 40S ribosomal subunit can bind to the HCV IRES
without the assistance of other initiation factors (25). NSAP1
may augment this ribosome-IRES interaction by guiding the
40S ribosomal subunit to the right place through a putative
NSAP1-ribosome interaction. It is also possible that NSAP1
shifts the IRES into a structure that makes the IRES more
competent to assemble binary IRES-40S complexes. In light of
the fact that NSAP1 target sequences need to be unfolded to
exert efficient IRES activity (27), NSAP1 might keep the target
sequence from exerting a dominant-negative interaction with
the IRES. Second, it is possible that NSAP1 recruits a canon-
ical translation factor(s) through a putative protein-protein
interaction. eIF-3 is a good candidate for the putative coun-
terpart of NSAP1 because it interacts with stem-loop III of the
HCV 5'NTR (28). Third, NSAP1 may activate IRES-depen-
dent translation through interactions with other ITAFs. In this
respect, it is noteworthy that many ITAFs are known to inter-
act with each other (7, 16). The RNA-binding protein hnRNP
L is known to interact with the HCV RNA N-terminal core-
coding sequence, including the ACR (8). Moreover, we ob-
served a protein-protein interaction between NSAP1 and
hnRNP L by coimmunoprecipitation (data not shown). How-
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ever, unlike the NSAP1 situation described here, the enhanc-
ing effect of hnRNP L on HCV IRES function was not ob-
served after ectopic expression of hnRNP L by the method
described in Fig. 3 (data not shown). Moreover, hnRNP L did
not enhance the ITAF activity of NSAP1 on HCV IRES when
it was coexpressed with NSAP1 (data not shown). Although
these experiments did not reveal an ITAF activity for hnRNP
L, the protein might function through protein-protein interac-
tions with both NSAP1, as described here, and PTB, as de-
scribed by Hahm et al. (8). Further mechanistic studies of the
function of NSAP1 within this proposed model are in progress.

Enhancements of biological activities by RNA-binding pro-
teins interacting downstream of active sites have been reported
in the cases of RNA transcription and replication. For in-
stance, Tat, a transcriptional activator of human immunodefi-
ciency virus type 1, enhances the transcription of mRNA
through an interaction with TAR in an RNA transcript (1).
Similarly, the polioviral 3CD protein and poly(rC)-binding
proteins activate the replication of positive-sense viral RNAs
through an interaction with the clover leaf structure of the
replicative intermediate of the positive-strand RNA (5, 23).
The difference between translational activation by NSAP1 and
transcription by other factors is that NSAP1 should be de-
tached from its binding site after the activation of translation,
since the 80S ribosome most likely needs to pass through the
binding site. Transcriptional factors, on the other hand, may
stay on the binding site after the activation of each round of
transcription.

There have been controversial reports on the role of the
core-coding region in HCV IRES function. Several reports of
experiments with heterologous reporter systems have sug-
gested that the core-coding sequence between nt 354 and 372
plays an important role in HCV IRES function (8, 13, 26).
Moreover, the same region was shown to be essential for the
proliferation of a chimeric poliovirus by use of a fragment of
the HCV IRES spanning the core-coding sequence instead of
the polioviral IRES (19). In contrast, several other studies
using heterologous reporters such as chloramphenicol acetyl-
transferase and firefly luciferase have suggested that the core-
coding region does not affect HCV IRES activity (27, 30). This
discrepancy may be attributed to differences in the employed
assay systems and reporters. Considering the NSAP1 function
shown in this report, one possible explanation for the success-
ful translation of reporters lacking the core-coding region is
that the adenosine-rich regions in the chloramphenicol acetyl-
transferase and firefly luciferase genes may have functionally
replaced the ACR of HCV in these studies. Note that in this
work, we intentionally mutated the adenosine-rich region in
the luciferase gene to rule out the potential replacement of
ACR activity with that by the adenosine-rich region in the
luciferase gene. However, further work will be required to fully
investigate whether this functional replacement hypothesis ac-
counts for the previous results.

Further investigations into the molecular basis of the role
played by NSAP1 in IRES activity will improve our under-
standing of the mechanisms of IRES-dependent translation.
Moreover, this improved understanding may suggest novel
therapeutic approaches for the treatment of life-threatening
HCV infections based on the inhibition of IRES-dependent
translation.
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