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a b s t r a c t

Heat-shock protein 90 (Hsp90) is a molecular chaperone that plays a key role in the conformational
maturation of various transcription factors and protein kinases in signal transduction. The hepatitis C virus
(HCV) internal ribosome entry site (IRES) RNA drives translation by directly recruiting the 40S ribosomal
subunits that bind to eukaryotic initiation factor 3 (eIF3). Our data indicate that Hsp90 binds indirectly
to eIF3 subunit c by interacting with it through the HCV IRES RNA, and the functional consequence of
this Hsp90–eIF3c–HCV-IRES RNA interaction is the prevention of ubiquitination and the proteasome-
dependent degradation of eIF3c. Hsp90 activity interference by Hsp90 inhibitors appears to be the result
of the dissociation of eIF3c from Hsp90 in the presence of HCV IRES RNA and the resultant induction of the
degradation of the free forms of eIF3c. Moreover, the interaction between Hsp90 and eIF3c is dependent
on HCV IRES RNA binding. Furthermore, we demonstrate, by knockdown of eIF3c, that the silencing of
eIF3c results in inhibitory effects on translation of HCV-derived RNA but does not affect cap-dependent
translation. These results indicate that the interaction between Hsp90 and eIF3c may play an important
role in HCV IRES-mediated translation.

© 2011 Elsevier B.V. All rights reserved.

The hepatitis C virus (HCV), a member of the Flaviviridae
family, has a positive-strand RNA genome (Taylor et al., 1999;
Bartenschlager and Lohmann, 2001) encoding a large precursor
polyprotein that is cleaved by host and viral proteases to gen-
erate at least 10 functional viral proteins: core, envelope 1 (E1),
E2, p7, nonstructural protein (NS2), NS3, NS4A, NS4B, NS5A, and
NS5B (Grakoui et al., 1993; Hijikata et al., 1993). Ishii et al. iden-
tified an HCV replicon system in which the full HCV genomic
RNA autonomously replicates in the Huh-7 human hepatoma cell
line (Fig. 1A) (Ishii et al., 2006). This HCV replicon system allows
researchers to study HCV genome replication in cell culture. HCV
protein synthesis is initiated by the HCV RNA genome. This genome
contains a conserved structure in its 5′-untranslated region (5′-
UTR) that acts as an internal ribosome entry site (IRES) (Lukavsky,
2008). Briefly, the small ribosomal subunit (40S) and the eukary-
otic initiation factor eIF3 bind specifically to the HCV IRES RNA,
allowing for direct recognition of the start codon present in the 5′-
UTR of the viral mRNA (Spahn et al., 2001; Collier et al., 2002; Kieft
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et al., 2002; Fraser and Doudna, 2007; Julien et al., 2009). Consis-
tent with its diverse functions, eIF3 is the largest and most complex
initiation factor. The mammalian version, for example, contains 13
nonidentical subunits designated eIF3a to eIF3m. The eIF3 core sub-
unit (eIF3a–c, g, and i) is essential for translation (Kieft et al., 2002;
Hinnebusch, 2006; Masutani et al., 2007; Zhou et al., 2008), and
eIF3 specifically associates with the apical half of domain III of the
HCV IRES (Kieft et al., 2001, 2002; Siridechadilok et al., 2005; Fraser
and Doudna, 2007).

Hsp90 is a heat-shock protein that is abundant in the cytosol
of eukaryotes and prokaryotes. In contrast to other chaperones, a
number of substrates are known to contain Hsp90 (Schulte et al.,
1995). Studies of eukaryotes have revealed that these Hsp90 client
proteins include a variety of transcription factors (Coumailleau
et al., 1995; Garcia-Cardena et al., 1998; Nagata et al., 1999; Sato
et al., 2000; Richter and Buchner, 2001; Xu et al., 2001; Waza et al.,
2005). Recently, many studies have reported that Hsp90 is involved
with not only HCV RNA replication and viral protein but also HCV
IRES-mediated translation (Waxman et al., 2001; Kim et al., 2006;
Okamoto et al., 2006; Nakagawa et al., 2007; Ujino et al., 2009). In
the present study, we demonstrate that eIF3 forms a complex with
Hsp90 that is critical for HCV IRES-mediated translation.
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Fig. 1. Inhibition of IRES-mediated translation by an Hsp90 inhibitor. (A) The structure of the HCV replicon RNA molecules comprising the HCV 5′-UTR, including the HCV
IRES, the neomycin phosphotransferase gene (Neor), and the coding region for the HCV proteins core to NS5B (in the HCV full-length replicon). (B) A schematic representation
of the bicistronic HCV IRES or EMCV IRES reporter construct pRenilla-HCV IRES-firefly luciferase (RL-HCV IRES-FL) or pRenilla-EMCV IRES-firefly luciferase (RL-EMCV IRES-FL)
driven by the CMV promoter to direct cap-dependent translation of renilla luciferase (RL) and HCV IRES or EMCV IRES-dependent translation of firefly luciferase (FL). The
vector construct for HCV IRES-mediated translation of firefly luciferase, pHCV IRES-firefly luciferase (HCV IRES-FL) (Ujino et al., 2010). (C) The structure of the Hsp90 inhibitor
17-AAG (17-allylamino-17-demethoxygeldanamycin, Sigma–Aldrich Chemical Co.). (D) Inhibition of IRES-mediated translation by 17-AAG. Huh-7 cells (1× 105 cells/well
on 12-well plates) treated with 17-AAG (25 and 50 nM) and DMSO as a control for 24 h, and were then transfected with pRenilla-HCV IRES-firefly luciferase (RL-HCV IRES-
FL) using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection, Renilla luciferase (cap-dependent translation) and firefly luciferase (HCV IRES-dependent translation)
activities were measured with a Dual-Luciferase Reporter Assay System (Promega). The data represent the mean ± standard deviations (SDs) from the experiments performed
in triplicate.

To investigate the effects of the Hsp90 inhibitor 17-AAG on HCV
IRES translation, a bicistronic reporter system was used that con-
sisted of an upstream reporter, Renilla luciferase (RL), expressed
by cap-dependent translation and a downstream reporter, fire-
fly luciferase (FL), which is under the translational control of the
HCV IRES. To construct pcDNA-HCV IRES-firefly Luc, pHCV IRES-
firefly Luc (HCV IRES-FL) (Ujino et al., 2010) (Fig. 1B) was digested
with BamHI and SalI. The IRES-firefly Luc fragments were inserted
into the BamHI-XhoI site of pcDNA3.1 (Invitrogen, Carlsbad, CA).
To construct pRenilla-HCV IRES-firefly luciferase (RL-HCV IRES-FL),
Renilla luciferase fragments were amplified by PCR from a pFN11A
Flexi vector (Promega, Madison, WI), and the PCR products were
inserted into the BamHI site of pcDNA-HCV IRES-firefly Luc. The
human hepatoma cell line Huh-7 was maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen) containing 10% fetal
bovine serum (FBS). The benzoquinone ansamycin, the antibiotic
geldanamycin (GA) and its less toxic analogue 17-allylamino-
17-demethoxygeldanamycin (17-AAG) (Fig. 1C) (Sigma–Aldrich
Chemical Co., St Louis, MO) directly bind to the ATP/ADP binding
pocket of Hsp90, thus preventing ATP binding and the completion
of client protein refolding (Neckers, 2003). The client proteins of
Hsp90 appear to shift the role of the primary chaperone from Hsp90
to Hsp70 in cells treated with Hsp90 inhibitors (Doong et al., 2003).
It is also well known that 17-AAG causes a modest increase in Hsp70
levels (Morimoto, 1998; Bagatell et al., 2000; Guo et al., 2005). In
our previous report, a significant induction of Hsp70 was detected
(Ujino et al., 2009).

For the reporter gene assay, Huh-7 cells were treated with dif-
ferent concentrations of the Hsp90 inhibitor, 17-AAG, or DMSO as

a control for 24 h. They were then transfected with the bicistronic
reporter construct RL-HCV IRES-FL using Lipofectamine 2000
(Invitrogen), which directs cap-dependent translation of the RL
gene and HCV IRES-dependent translation of FL genes (Invitrogen).
At 24 h post-transfection, the Renilla luciferase (cap-dependent
translation) and firefly luciferase (HCV IRES-dependent translation)
activities were measured with a Dual-Luciferase Reporter Assay
System (Promega, Madison, WI). In cells treated with 50 nM 17-
AAG, firefly luciferase activity was reduced by 55% with RL-HCV
IRES-FL, whereas Renilla luciferase activity was mostly maintained
(Fig. 1D). The inhibition of HCV IRES-mediated translation occurred
in a dose-dependent manner. Recently, Kim et al. (2006) demon-
strated that Hsp90 regulates ribosomal function by maintaining the
stability of 40S ribosomal proteins such as rpS3 and rpS6. The inter-
action between the 40S ribosomal proteins and Hsp90 has also been
associated with ribosomal activities such as protein synthesis. We
also found that the Hsp90 inhibitor 17-AAG influences HCV IRES-
mediated luciferase activity, suggesting that 17-AAG inhibited HCV
RNA replication and HCV IRES-mediated translation.

The HCV IRES is recognized specifically by the small ribosomal
subunit and eIF3 before the initiation of viral translation. Although
the degradation of rpS3, a component of the small ribosomal sub-
unit, has been shown to occur in the presence of the Hsp90 inhibitor
(Kim et al., 2006), the influence of Hsp90 inhibition on eIF3 is not
understood. To determine whether 17-AAG affects the expression
of the eIF3 subunit, we analyzed eIF3a, eIF3b, eIF3c, eIF3g and
eIF3i protein expression by western blot analysis. The HCV replicon
cell line NNC#2 (NN/1b/FL), which carries a full genome replicon,
was cultured in DMEM with 10% FBS, nonessential amino acids,
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