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surface of lipid droplet as well as apolipoprotein All 7z
vitro [8,9]. Interaction of core with lipid droplet was
molecularly dissected using core mutants, and as a result
the responsive region as well as structure of core was
revealed [10,11°°,12°]. Moreover, it has been shown that
the core has a negative effect on the microsomal trigly-
ceride transfer protein (MTP) activity [13]. Besides the
HCV core, the presence of subgenomic replicon that lacks
core expression has also been found to disturb MTP
activity in the hepatocytes [14]. In this case, NS5A has
been observed to interfere with MTP function [14]. As
MTP is an essential chaperone for the assembly of very
low-density lipoproteins (VLDL), which transfers trigly-
ceride, phospholipids, and cholesterol from the hepato-
cytes, regulation of MTP is closely related to the
accumulation of lipids in the hepatocytes. In fact,
MTP deficiency results in large fat droplets in the hep-
atocytes and scattered accumulation of inflammatory cells
[15]. HCV type-3 infected patients show reduced MTP
activity and mRNA levels as well as high degree of
steatosis [16]. So far, it is not clear whether MTP activity
is directly regulated by HCV. Rather, MTP is likely to be
controlled by activators (HNF1a, LRH-1, and HNF4«)
and repressors (insulin and SREBP), some of which are
modulated by HCV [14,17]. Reduced activity of MTP
results in decreased secretion of VDL, which seemingly
leads to lipid accumulation. However, it is noteworthy
that MTP activity is not completely suppressed by HCV.
As will be described later, MTP activity is required for
virus egress from infected cells. Collectively, these results
suggest  that . HGV proteins alter lipid metabolism by
activating lipid synthesis and modulating secretion of
lipoprotein through interaction with cellular proteins,
which results in accumulation and storage of lipids in
cells expressing those viral proteins. However, the role of
these viral proteins in modulating lipid metabolism
related to HCV proliferation remains unknown until an
i vitro HCV infection system was established.

Association of HCV with lipoproteins in the
blood of HCV-infected individuals

HCYV particles present in circulating serum show proper-
ties of heterogenous and lower density than those
expected from its putative viral structure and can be
captured by antilipoprotein - antibody, which partly
reflects the binding of a fraction of the virions to VLDL
or low-density lipoproteins (LDLs) [18-22). These low-
density HCV-RNA-containing particles (called as lipo-
viro-particle: LVP) contain core and apolipoprotein B
(ApoB), and are rich in triglyceride with a diameter of
>100 nm [19].

Although the physiological meaning .of HCV-containing
LVP in the circulating blood is not clear, it seems that
HCV has either a high affinity to lipoproteins or is
assembled with lipoproteins through the mechanism of
lipoprotein synthesis. LVP-like structure may self-protect

from the host immunological surveillance and/or increase
interaction with lipoprotein receptor(s) which may actas a
HCV receptor [20].

Importance of the lipid droplet in establishing
a microenvironment for HCV assembly

The roles of modulation of lipid metabolism and associ-
ation of HCV proteins with host factors involved in lipid
metabolism for life cycle of HCV were not clear until an
infectious i# vitrro HCV replication system was estab-
lished [23-25].

Subcellular localization of HCV proteins in cells with
replication of the infectious HCV RNA revealed associ-
ation of core with ER membrane as well as lipid droplet.
This finding is consistent with the previous reports that

analyzed cells expressing on the core complex [11]. NS

proteins, such as NS5A and NS5B, were found to be
distributed around the core-coated lipid droplet as well as
ER membrane. HCV envelope protein, E2, was detect-
able in the lipid droplet-enriched fraction isolated by
density gradient centrifugation. Importantly, the lipid
droplet present in the cytoplasm; detected by BODIPY
493/503 staining, was observed to be enriched in HCV
genome replicating cells in a core-dependent manner.
Furthermore, it was noted that the cells harboring HCV
genome, which lacked core-coding region, did not
accumulate the lipid droplet, indicating ‘the importance
of core function to activate cellular lipid metabolism, as
suggested previously [17]. Moreover, the HCV genome
encoding a mutant core, unable to associate with the lipid
droplet, failed to produce virus: This suggests the import-
ance of the association of core with the lipid droplet for
virus assembly and release. The core-coated lipid droplet
is surrounded by membranous components that arerich in
nonstructural HCV proteins that constitute HCV replica-
tion complex. This spatial microenvironment seems to be
important not only for virus assembly, but also for infec-
tious virus production, because the HCV genomes carry-
ing NS5A point mutations, which are not associated with
the core-coated lipid droplet, reduce or inhibit the pro-
duction of infectious virus despite minimal interference
with the replication of the genome [11,26°]. Moreover,
other NS proteins do not associate with the lipid droplet
in cells bearing the NS5A-mutated HCV replicon. Thus,
NS5A may have a crucial role in recruiting other NS
proteins around the core-coated lipid droplet. However,
how the HCV assembly takes place from siich a micro-
environment is still unclear.

Recent data have shown the importance of NS2 for viral
morphogenesis. Molecular interactions between NS2 and
other HCV proteins, such as envelope proteins (E1/E2),
p7 and NS3 have been demonstrated, which suggest
bridging between structural and nonstructural viral
proteins and involvement in the assembly process [27-
29]. NS2 accumulates in the ER-derived membranous
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structures and co-localizes with the viral envelope glyco-
proteins and viral components of the replication complex
at close proximity to the HCV core protein and lipid
droplets.

Using: HCV subgenome. replicon cells, we have pre-
viously shown that very few HCV nonstructural protein
complexes embedded in: the membranous structure
(referred as ‘replication complex’; areas stained with dark
blue.color. (Figure. 2) are sufficient to synthesize. HCV
RNA present in the HCV replicon cells [30]. The level of
the HCV proteins in the ‘replication complex,’ estimated
by western blot analysis, has been found.to be lower than
one-tenth of the total viral protéins in the -cells. The
majority of the other HCV nonstructural proteins have
been observed to remain associated with the ER mem-
brane, possibly as a complex that.is not protected. by
membranous components. As NSZ. is dispensable for
HCV RNA synthesis, it is likely that NS2.is not necess-
arily associated with the ‘replication complex.” However,
NS2 that is associated with: envelopes: and. p7 has also
been found to be associated with INS3 in the nonstructural
protein complex thatis not protected by the membrane.
In this study; we refer to this complex as the ‘HCV protcm
complex

|nvolvement of hpoprotelns in HCV assembly
and its mfectwnty

Lipoprotein is a biochemical pamcle conswtmg of apoli-
poproteins; triglyceride; cholesterol; and phospholipids,
and transfers lipids through the bloodstream to the tis-
sues. Liver; an endogenous source of lipoproteins; syn-
thesizes VLDL. using. MTP. Lipoprotein lipase (LPL)
hydrolyzes VLDL. to supply. lipids to.the tissues, and
converts- VLLDL into intermediate ;density. lipoprotein
(IDL). Hepatic triglyceride lipase (HT'GL) hydrolyzes
IDL to LDL.

ApoB is a main component of VLDL produced in the
hepatocytes. ‘Several groups have asserted the require-
ment of ApoB.for HCV production [31°,32°,33°].-Huang
¢t-al. [317] demonstrated that ApoB reduction by MTP
inhibitor or.a siRNA against ApoB led to decreased
infectious HCV ~production. Gastaminza ¢ af. [32°]
reported similar results. Icard e a/. [33°] showed that
the release of HCV envelopes depended on the secretion
of ApoB. Another study. [34°] showed negative data for
the requirement of ApoB, in which the authors described
that apolipoprotein E (ApoE) rather than ApoB is import-
ant for HCV production and infectivity. Thus, ApoB
requirement for virus production is still unclear.

ApoE, a component of lipoproteins, has attracted much
attention as an important factor for HCV infectivity,
because it has been shown that knockdown of ApoE
could reduce HCV. infectivity at a higher degree than
the knockdown of ApoB, apolipoprotein Al (ApoAl), and

ApoCl ([35°°.36°°], and data not shown). ApoE has three
major isoforms (ApoE2, ApoE3, and ApoE4) differing by
amino acid substitution at one or two sites (residues 130
and 176), which have different effects on lipid and
neuronal homeostasis. ApoE3 is the most common iso-
form with no report of association with disease. ApoE2 has
lower affinity for the low-density lipoprotein receptor
(LDLR). and is a major risk factor for “type 11 hyperli-
poproteinemia, while ApoE4 is the major risk factor for
Alzheimer’s disease. Since ApoE not only functions as a
ligand for LDLR and scavenger receptor class B type 1
(SR-B1), but also is associated with HCV, the effect of
ApoE associated with. HCV on the interaction of these
lipoprotein receptors was examined by measuring the
infectivity in naive cells. Rescue:of ApoE with ApoE3
ectopic expression in ApoE-knockdown cells recovered
HCV infectivity, whereas ectopic ApoE2 expression did
not. This result strongly indicates that ApoE, in particular
some isoforms of ApoE, is necessary for HCV infectivity.
ApoAl, a component of chylomicron, LDL, and high-
density lipoprotein (HDL), is also important for HCV
production, but is found to be less effective than ApoE
([37].and-unpublished -data). Taken together, HCV 'is
seemingly produced as a hybrid of HCV and lipoproteins.
While VLDL. is:a main lipoprotein secreted from normal
hepatocytes, HCV may modulate the production of lipo-
proteins in the host.cells to make the original lipoproteins
more cffective/appropriate for viral replication and per-
sistence.

To further strengthen the involvement of lipoproteins in
HCV infectivity, we evaluated HCV as a substrate of LPL
[38°]. LPL. treatment significantly suppressed -HCV
infectivity and increased the buoyant density of HCV
(Figure 1a; modiﬁcd“from Ref. [38°]). This indicates that
LPL hydrolyzes lipoproteins fused with HCV to result in
decreased HCV infectivity. In accordance with the
change in the buoyant density, the amount of ApoE
associated with HCV decreased.  As the HCV-bearing
supernatant used in this-study contained endogenous
HTGL from the hepatocytes, these effects might result
from HTGL in addition to LPL. Thus, we consider that
detachment of ApoE from the HCV particle led o
reduced HCV entry.

Relatlon between HCV partlcle S|ze and
mfectlv:ty '

Ultracentrifugation of HCV in a gradlent of iodixanol has
revealed the discrepancy in buoyant density between the
major virus peak and the virus‘with infectivity; the latter
showed lower buoyant den31ty than the former, However,
the. underlymg physwochcmlcal differences ‘between
noninfectious and infectious viruses still remain elusive.
Thus, we tried to characterize the infectious virus froma
different pcrspectlvc To evaluate the relationship be-
tween virus size and infectivity, the virus was analyzed by
gel filtration chromatography (Shimizu ez 2/., unpublished
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Relationship between physicochemical properties and infectivity of
HCV. (a) LPL treatment shifts HCV to higher buoyant density and
reduces HCV infectivity. The HCV (JFH1)-bearing culture medium was
treated with PBS or LPL (500 wg/ml) for 1 hour at 37 °C and
ultracentrifuged through iodixanol gradients. Thirty fractions were
collected for analyzing the amount of core by ELISA. Culture medium
from HuH7.5 cells inoculated with aliquots of each fraction was
subjected to Core ELISA for infectivity. (b} Size distribution of HCV,
infectious HCV, and HCV associated with ApoE. The HCV (JFH1)-
bearing culture medium was subjected to gel filtration
chromatography. The sample was eluted with 0.05 mol/l Tris-buffered
acetate (pH 8.0) containing 0.3 mol/l sodium acetate, 0.05% sodium
azide, and 0.005% Brij-35. A total of 50 fractions collected were
analyzed for core, infectivity, and HCV RNA associated with ApoE.
The representative fractions from 1 to 35 (core and infectivity) and
from 7 to 30 (HCV RNA associated with ApoE) are shown. Elution of
VLDL, LDL, and HDL was found in fractions 7-14, 15-19, and 20-26,
respectively.

data). HCV released from infected HuH7.5 cells was
applied to in-tandem-connected columns (300 mm X
7.8 mm) of TSKgel LipopropakXL resin (Tosoh, Tokyo).
The eluent from the column was continuously separated
into a total of 50 fractions. Then, each fraction was
analyzed for core, HCV RNA, infectivity, ApoE, and
E2. The major peak of the core was in fraction (frac.)
11 (FFigurc 1b). The HCV RNA peak corresponded to the
core peak. E2 associated with the viral particle, analyzed
by immunoprecipitation (IP) using anti-E2 antibody fol-
lowed by RT-PCR for HCV RNA, was also in this
fraction. This suggests that HCV ecluted to frac. 11
retained the virus-like structure. However, importantly,
HCV in frac. 11 did not have infectivity. The HCV
fraction associated with infectivity showed multiple
peaks ranging from frac. 15 to 22. Furthermore, frac. 15
demonstrated highest infectivity among all the fractions,
and there was no linear correlation between the virus size
and infectivity.

To determine whether the lack of ApoE is implicated in
undetectable infectivity of HCV in frac. 11, we quantified
HCV RNA associated with ApoE in each fraction by IP
using anti-ApoE antibody, followed by RT-PCR. The
HCV RNA associated with ApoE was detected from
fractions irrespective of HCV infectivity (Figure 1b). This
indicates’ that the association with ApoE is-a necessary
factor, but not sufficient for HCV infectivity.

Model of HCV budding into ER lumen

By taking these observations on HCV assembly into
consideration, we drew the model of HCV assembly
process and virus egress to ER lumen (Figure 2). The
microenvironment of membranous structure of the core-
coated lipid droplet has been found to play important
roles in virus assembly [11°°]: However, there is no proof
to show a direct interaction of the core-coated lipid
droplet with other HCV proteins. We presume that the
core-coated lipid droplet may be localized at the vicinity
of the ‘HCV protein complex’ enriched ER membrane,
and that the triglyceride and cholesterol of the lipid
droplet are reversely transferred to the inside of the
bilayer of the ER membrane to where the core gets
accumulated (Figure 2, stage a) [11°°]. Core protein is
not only enriched on the lipid droplet, but also visible on
the ER by confocal microscopy [11°°]. The presence of
membranous web structure in the HCV genome replicat-
ing cells suggests dynamic alteration of the ER mem-
brane structure [39]. Formation of the membranous web
may include production of the ‘replication complex’ as
well as dynamic alteration of ER membranous structure
surrounding the core-coated lipid droplet, to make close
association of ‘replication complex’ with core-enriched
putative budding site of the viral particle (Figurc 2, stage
b). HCV protein complexes may gather each other to
establish a compartment to constitute the ‘replication
complex’ and putative virus precursor, so that the HCV
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Figure 2
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A model of virus egress to ER lumen. Stage (a): Accumulation of triglyceride and cholesterol in the inside of the ER bilayer membrane enhances core
association with the cytoplasmic monolayer membrane. These lipids may be reversely transferred from the core-coated lipid droplet or may be present
in the inside of the ER bilayer membrane ab origine. On the membrane of ER, ‘replication complex’ as well as ‘HCV protein complex’ exists. Stage (b):
Distortion of the ER membrane, which seems to be driven by HCV protein complexes, makes the “Replication complex’’ location in the vicinity of the
core-coated lipid-rich ER membrane, where HCV RNA secreted from the “‘replication complex’ is exported to the putative virus budding site to
establish a nascent HCV nucleocapsid. Simultaneously, ApoB and MTP function to synthesize lipoprotein-like structure surrounding the viral particle.
Stages (c) and (d): Progressing images of Stage B until egress of the virus/lipoprotein complex into ER lumen.

genome synthesized in the ‘replication complex’ is
exported to the putative precursor of the viral particle
to make a nascent HCV nucleocapsid. Simultaneously,
lipoprotein formation proceeds with the help of MTP and
ApoB, and buds into the ER lumen (Figurc 2, stages c and
d). It is still not clear at which stage of the virus assembly,
other apolipoproteins, such as ApoAl and ApoE, are
incorporated into the virus/lipoprotein complex. How-
ever, NS5A may play some roles in incorporating ApoE
into virus/lipoprotein complex during the process of virus
assembly, because ApoE associates with NS5A [40].

Both LDLR and SR-B1 are likely to be
recognized by HCV for adsorption into naive
cells for entry

Several cell-surface molecules, such as CD81, Claudin,
Occludin, SR-B1, LDLR, and glycosaminoglycan
heparan sulfate (HS) function as receptors for HCV in-
fection [41,42,43°,44°° 45]. Suppressed expression of any
of these molecules in naive HuH7.5 cells reduces or

inhibits HCV infection [44°° 46], indicating the necessity
of concerted action by these molecules for entry and full
establishment of HCV infection. However, hierarchical
order of actions by these molecules in the process of HCV
entry remains elusive.

SR-B1 is expressed in many cells, but is mainly expressed
in the liver and steroidogenic tissues. SR-B1 recognizes
various types of lipoproteins that include HDL, LDL,
and VLDL, as well as modified lipoproteins, such as
oxidized and acetylated LDL. In addition, SR-B1 is
shown to be associated with the soluble recombinant
HCV E2 glycoprotein [47]. LDLR, expressed in many
tissues including liver, is a cell-surface receptor that
recognizes ApoB in LDL and ApoE in IDL and VLDL.

It is still controversial whether LDLR or SR-B1 is used as
an entry receptor by HCV [42,44°°]. To address this
problem, infectivity was analyzed on HCV bearing a
different ApoE isoform [36°°]. As described earlier,

www.sciencedirect.com

Current Opinion in Virology 2011, 1:19-26



24 Virus Entry

Figure 3
(@)
3.5E+04 Infection
= 0O HCV/ApoE2
£ SuEm B HCV/ApoE3 I .
L 25E:04 LoLr SR D81 CLONT &y
8
£ 2.0E+04
>
8 15E+04
2 +
O 1.0E+04
0 //’“s
£ 5.0E+03 b |
0.0E+00
. ) . si-LDLR +
si-control si-LDLR si-SRB1 Si-SR-B1 LDLR SR-B1
Current Opinion in Virology

Both LDLR and SR-B1 are required for HCV entry. (a) HCV produced from cells bearing ApoE2 (white) or ApoE3 (black) expression was used to infect
HuH7.5 cells, whose LDLR and/or SR-B1 were knocked down. Forty-eight hours after inoculation, HCV infection was analyzed by fluorescence
microscopy after staining with anti-NS5A antibodies. Infectious HCV titer was quantified by focus-forming unit assay. HCV/ApoE2: HCV-bearing
ApoE2; HCV/ApoE3: HCV-bearing ApoE3. The data represent the means of three independent experiments. (b) A model for HCV entry. Both LDLR and
SR-B1 are required for HCV to gain high infectivity. On the other hand, HCV infectivity of cells is found to be reduced if only one of them is expressed.

HCV-bearing ApoE2 showed reduced infectivity in
HuH?7.5 cells, which indicates that LDLR is a necessary
receptor for HCV infection [36°°]. Further, infectivity of
HCV to LDLR or SR-B1 knockdown cells was examined.
Infectivity of HCV-bearing ApoE3 was reduced almost to
the same level in LDLR or SR-B1 knockdown cells. With
the expectation of additive reduction in infectivity in the
cells with double knockdown of LDLR and SR-B1, in-
fection in the double knockdown cells was analyzed
[36°°]. Unexpectedly, cells with suppressed expression
of both the receptors did not show additive reduction in
infectivity (Figurc 3a). The level of infection of HCV-
bearing ApoE2 to cells with suppressed expression of
LDLR, SR-B1, or LDLR/SR-B1 was almost the same as
that of the si-control transduced HuH7.5 cells (Figurce 3a).

With regard to LDLR knockdown cells, the result was as
expected, because ApoE2 has been found to have low
affinity to LDLR. However, with regard to SR-B1 knock-
down cells, we expected further reduction in HCV in-
fection than that observed in si-control cells, because
there was no significant difference in the association of
ApoEZ2 and ApoE3 with SR-B1 [48]. Infectivity analysis
using antibodies against LDLR/SR-B1 showed similar
result as that observed in infectivity to LDLR or SR-B1
knockdown cells. From these results, we presume that
HCV requires both LDLR and SR-B1 for infection and
lack of either of the proteins suppresses HCV infectivity,
as shown in Figure 3b. However, it is not known why the
interaction of HCV with these two molecules results in
high infectivity.

It is unlikely that in cells with suppressed expression of
LDLR or SR-B1, the presence of residual amount of
these proteins could establish infectivity of HCV-bear-
ing ApoE3, because >90% reduction of these proteins
in the knockdown cells has been confirmed [36]. How-
ever, this suggests the presence of another receptor
through which ApoE-associated HCV could interact.
To isolate a new candidate for HCV receptor(s), we
focused our attention on lipoprotein receptor(s) in
HuH7.5 cells. High expression of LRP1 and LRPS8
was observed in this cell line among the candidates.
However, knockdown of these genes in the cells did not
reduce their susceptibility to HCV infection. Thus, it is
likely that an unidentified protein in the HuH7.5 cells
could play a role.

Conclusion

Patients with chronic hepatitis G often develop steato-
hepatitis. However, the reason why HCV-infected indi-
viduals cause abnormal lipid metabolism remains elusive.
Recently it is suggested that HCV diverts lipid metab-
olism of host cells to establish its own proliferative
machinery. This includes accumulation of lipid droplets
to establish the microenvironment for virus assembly as
modeled in this paper, and modification of lipid transfer
for virus egress. Association of lipoprotein with HCV was
biochemically demonstrated. Moreover, lipoprotein com-
ponent(s) such as ApoE associated with virus is required
for viral entry and may determine cell tropism. Further
elucidation of the entire mechanism of HCV infection as
well as identification of the host factors involved in this
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process may contribute to more effective therapies for
liver diseases caused by HCV infection.
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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 (elF3). Our data indicate that Hsp90 binds indirectly
to elF3 subunit c by interacting with it through the HCV IRES RNA, and the functional consequence of
this Hsp90-elF3c-HCV-IRES RNA interaction is the prevention of ubiquitination and the proteasome-
dependent degradation of elF3c. Hsp90 activity interference by Hsp90 inhibitors appears to be the result
of the dissociation of e[F3c from Hsp90 in the presence of HCV IRES RNA and the resultant induction of the
degradation of the free forms of elF3c. Moreover, the interaction between Hsp90 and elF3c is dependent
on HCV IRES RNA binding. Furthermore, we demonstrate, by knockdown of elF3c, that the silencing of
elF3c 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 elF3c 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 elF3 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

* Corresponding author. Tel.: +81 47 478 0407; fax: +81 47 478 0407.
E-mail address: hiroshi.takaku@it-chiba.ac.jp (H. Takaku).

0168-1702/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.virusres.2011.10.003

et al., 2002; Fraser and Doudna, 2007; Julien et al., 2009). Consis-
tent with its diverse functions, elF3 is the largest and most complex
initiation factor. The mammalian version, for example, contains 13
nonidentical subunits designated elF3a to eIF3m. The elF3 core sub-
unit (elF3a-c, g, and i) is essential for translation (Kieft et al., 2002
Hinnebusch, 2006; Masutani et al., 2007; Zhou et al., 2008), and
elF3 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 elF3 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 (Neo'), 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 (1x 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 Sall. The IRES-firefly Luc fragments were inserted
into the BamHI-Xhol 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 Hsp70in cells treated with Hsp90 inhibitors (Doong et al., 2003).
Itis also well known that 17-AAG causes amodest 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 24h 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 50nM 17-
AAG, firefly luciferase activity was reduced by 55% with RL-HCV
IRES-FL, whereas Renilla Juciferase 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 elF3 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 elF3 subunit, we analyzed elF3a, elF3b, elF3c, elF3g and
elF3i 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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Fig. 2. Effect of 17-AAG treatment on elF3 expression. (A) Western blot analysis of eIF3 protein expression in Huh-7 or NNC#2 cells treated with 17-AAG (25 nM and 50 nM).
The cell lysates were analyzed by western blot 48 h after treatment. The primary antibodies used were monoclonal or polyclonal antibodies against elF3a, elF3b, elF3c, elF3g,
and elF3i (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit antibody (Sigma-Aldrich Chemical Co.) was used as the secondary antibody. (B) The
reduction of elF3c expression was prevented by proteasome inthibitor treatment. NNC#2 cells treated with 17-AAG (50 AM)or DMSO as a control. After 8 h treatment, the cells
were treated with the proteasome inhibitor MG-132 (5 pM) or DMSO as a control. The cell lysates were analyzed by western blot 40 h after treatment. The primary antibody
used was the elF3c or B-actin (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit a‘ﬁnbody (Sigma=Aldrich Chemical Co.) was used as the secondary

antibody. (C) elF3c degradation is mediated by the ubiquitin-dependent protease pathway. NNC#2 cells we

transfected with pCMV-Myc-Ubi using Lipofectamine 2000

(Invitrogen). At 24 h post-transfection, the cells were treated with 17-AAG (50 nM) or DMSO as a control for. 8 h and were then treated with the proteasome inhibitor MG-132
(5pM) for 16 h. The cell lysates were subjected to an immunoprecipitation assay using an-anti-aMyc antxbody (Cell Signaling) followed by an immunoblot analysis using

anti-elF3c antibody.

L-glutamine, penicillin/streptomycin, and 1mg/mL G418 (Invit-
rogen) at 37°C in 5% CO, (Ishii et al., 2006). For western blot
analysis, NNC#2 cells and Huh-7 cells were lysed in 1x chloram-
phenicol acetyltransferase (CAT) enzyme-linked immunosorbent
assay buffer (Roche, Basel, Switzerland). The cell lysates were
separated by 10% sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis, transferred to nitrocellulose membranes, and blocked

with 5% skimmed milk. The primary antibodies used were mono-
clonal or polyclonal antibodies against FLAG-M2' (Sigma-Aldrich
Chemical Co.), Hsp90 (Cell Signaling Tech., Beverly, MA), elF3a,
elF3b, elF3c, elF3g, and elF3i (Santa.Cruz Biotechnology, Santa
Cruz, CA). Horseradish peroxidase-conjugated anti-rabbit antibody
(Sigma=-Aldrich Chemical Co.) was'used as the secondary antibody.
When the HCV replicon cell line NNC#2 (NN/1b/FL) and Huh-7 cells
were treated with increasing doses of 17-AAG, the expression of
the elF3c subunit was markedly reduced in NNC#2 cells, but the
expression in Huh-7 cells was unaffected (Fig. 2A). These results
suggest that Hsp90 is involved in elF3c stability through a physical
interaction in the presence of HCV IRES RNA.

Protein degradation in cells is mediated by several protease sys-
tems; however, the stability of most proteins is regulated by Hsp90,
and they appear to be degraded by proteasomes. To investigate
whether the reduction; of elF3c was due to proteasomal degrada-
tion, we treated NNC#2 cells with a proteasome inhibitor, MG132,
to prevent the 17-AAG-induced degradation of elF3c. Our results
indicated that 17-AAG-induced elF3c degradation can be blocked
by proteasome inhibitors (Fig. 2B). Proteasome inhibitors substan-
tially prevented the degradation of elF3c.in cells treated: with
17-AAG. This is most likely because the disruption of Hsp90 by the
Hsp90 inhibitor treatment destabilized the elF3c protein. There-
fore, it is clear that proteasome-dependent degradation results in
the decreased level of elF3c protein. This indicates that the sta-
bility of elF3c was supported. by Hsp90, and unstable elF3c was
removed by proteasomes. Furthermore, we investigated whether
the ubiquitination of elF3c was affected by the Hsp90 inhibitor,
17-AAG. We transfected. pCMV-Myc-Ubi (provided by Dr. A. Ryo)
using Lipofectamine 2000 (Invitrogen) into NNC#2 cells, which

were then treat"ed‘ with 17-AAG (50 uM). After treatment, the cells
were then treated with 5 M MG132 and subjected to immuno-
precipitation'with an anti-aMyc antibody (Cell Signaling) followed
by an immunoblot analysis using an anti-elF3c antibody. Notably,
polyubiquitinated forms of eiF3¢ was detected in cells treated with
17-AAG (Fig. 2C). These results suggest that the destabilized elF3c
protein is degraded by proteasome-dependent proteolysis medi-
ated by ubiquitin conjugation, and Hsp90 plays an important role
in maintaining the stable form of the elF3c protein in vivo.

To. investigate the influence of elF3c silencing on HCV IRES-
mediated translation, Huh-7 cells were transfected with §iRNA
targeted to elF3c at.a-concentration of 50nM using Lipofectamine
2000 (Invitrogen), and they were then transfected with RL-HCV
IRES-FL. Control small interference RNA (siRNA) and elF3 p110
(eukaryotic translation initiation factor 3, subunit 8, 110kDa)
siRNA were purchased from Santa Cruz Biotechnology. The protein
levels of elF3¢c were examined by western blot analysis, and HCV
IRES-mediated translation was analyzed with a Dual-Luciferase
Assay. As demonstrated in Fig. 3A, when compared to Huh-7 cells
treated with control siRNA, the elF3c protein level was markedly
reduced in Huh-7 cells transfected with elF3 p110 siRNA targeting
elF3c. Furthermore, firefly luciferase activity in RL-HCV IRES-FL was
also reduced by approximately 63% in the cells treated with siRNA
targeted to elF3c, whereas Renilla luciferase activity was mostly
maintained (Fig. 3B). The inhibition of HCV IRES-mediated transla-
tion by siRNA against elF3c indicates that the suppression.of HCV
IRES-mediated translation by Hsp90 inhibition leads to a reduction
in elF3c. To further characterize the HCV.IRES: inhibitory effect
of siRNA targeting elF3c, we used additional bicistronic reporter
plasmids for transient transfection assays with Huh-7 cells. Since
we were mainly interested in viral IRESs, we chose to investigate
the effect of the luciferase activities on translation derived:from
the IRES of EMCV.in place of the HCV IRES (Fig. 1B). To - generate
pcDNA-EMCV IRES-firefly Luc, EMCV IRES fragments were created
by PCR using the following primers: 5'-GAC TGG ATC CCC CCC.CCC
CCT AAC-3' and 5’-CAG TGG GCC CTA TTA TCG TGT TTT TCA AAG
GAA AAC C-3'. The PCR products were inserted into the BamHI and
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(CLEIA) according to the manufacturer's instructions (Aoyagi et al., 1999). The relative chemiluminescence units were measured and used to determine the concentration of
the HCV core antigen according to a standard curve generated using recombinant HCV core antigen. The concentration was expressed in units of femtomole/L (fmol/L). The

data represent the mean = standard deviations (SDs) from the experiments performed in triplicate.

Apal sites of pcDNA3.1, and firefly Luc fragments were cloned into
the Apal site of the resulting plasmid. To construct pcDNA-Renilla-
EMCV IRES-firefly Luc (RL-EMCV IRES-FL), pcDNA-Renilla-EMCV
IRES-firefly Luc was digested with BamH]I, and the renilla Luc frag-
ments were inserted into BamHI site of pcDNA-EMCV IRES-firefly
Luc (Fig. 1B). Huh-7 cells were transfected with control small
interference RNA (siRNA) or elF3 p110 siRNA at a concentration of
50 nM using Lipofectamine 2000 (Invitrogen) and then transfected
with RL-EMCV IRES-FL. Following transient transfection in Huh-7
cells, firefly luciferase activity in RL-EMCV IRES-FL was also reduced
by approximately 43% in cells treated with siRNA targeting elF3c,
but Renilla luciferase activity was mostly maintained (Fig. 3B). The
knockdown of elF3c expression also resulted in inhibitory effects
on translation derived from HCV and EMCV (Fig. 3B) but did not
affect cap-dependent translation. These results indicate that elF3c
may play a more important initiation factor in IRES-mediated
translation than cap-dependent translation. However, it remains
the subject of future investigation to determine whether only
elF3c proteins are subject to the IRES-mediated translation.

We also examined the HCV IRES-mediated translational inhibi-
tion with elF3 p110 siRNA by HCV full-genome RNA ((NN/1b/FL)
(Ishii et al., 2006). Huh-7 cells were transfected with elF3 p110

SiRNA or control siRNA at a concentration of 50 nM using Lipo-
fectamine 2000 (Invitrogen). At 24h post-transfection, the cells
were transfected with HCV full-genome RNA (NN/1b/FL). After 24 h,
the intracellular HCV core-protein levels were measured using
a fully automated HCV core-protein antigen chemiluminescent
enzyme immunoassay (CLEIA) according to the manufacturer’s
instructions (Aoyagi et al., 1999). The core-protein expression in
cells treated with elF3 p110 siRNA was reduced by approximately
61% when compared to cells treated with control siRNA (Fig. 3C).
These findings further confirmed that HCV IRES-mediated trans-
lational inhibition occurs through a reduction of elF3c expression
caused by the Hsp90 inhibitor-mediated disruption of the interac-
tion between elF3c and Hsp90 with HCV IRES RNA.

To investigate the role of Hsp90 in HCV IRES-mediated transla-
tion further, we confirmed the interaction of elF3¢ and Hsp90 by
immunoprecipitation. The pFLAG-elF3c vector was constructed by
subcloning a DNA fragment encoding full-length human eiF3c¢ into
the EcoRI and Xbal sites of the pFLAG CMV™.2 expression vec-
tor (Sigma-Aldrich Chemical Co.) so that the amino-terminal FLAG
epitope was fused in-frame with elF3c. The pFLAG-elF3c expres-
sion vector or the control vector pFLAG-CMV2 was transfected into
NNC#2 cells or Huh-7 cells. After 48 h, the immunoprecipitates
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(A) Huh-7 NNC#2

FLAG-CMV2 + - + -
FLAG-elF3¢c - + -
IP: anti-FLAG
IB: anti-Hsp90

IP: anti-FLAG
IB: anti-FLAG

Huh-7

(B)
HCVIRES-FL - - + +
17-AAG - + - +

elF3c

(C) NNC#2

RNaseA - +

IP: anti-elF3¢ [ -
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(D)

Huh-7

HCVIRES-FL - +
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IB: anti-Hsp90
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IB: anti-elF3¢

IB: anti-Hsp90
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Fig- 4. An interaction between elF3c and Hsp90 was induced by HCV IRES. (A) The pFLAG-elF3c vector was constructed by subcloning a DNA fragment encoding full-length
human eiF3c into the EcoRl and Xbal sites of the:pFLAG CMV™-2 éxpression vector (Sigma-Aldrich Chemical Co.) such that the amino-terminal FLAG epitope was fused
in-frame with elF3c.-Huh-7 and NNC#2 cells were transfected with pFLAG-elF3c or pFLAG-CMV2 control plasmids using Lipofectamine 2000 (Invitrogen). Cell lysates were
immunoprecipitated by the anti-FLAG M2 antibody 48 h after transfection. The precipitates were analyzed by western blot using the anti-Hsp90 antibody. (B) The Huh-7
cells were transfected with or without pHCV IRES-firefly luciferase (HCV IRES-FL) (Fig. 1B) and then treated with or without 17-AAG (50 hM). Cell lysates were analyzed
by western blot 48 h post-treatment with an elF3c primary antibody (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit antibody (Sigma-Aldrich
Chemical Co.) was used as the secondary antibody. B-Actin was used as an internal control: (C) The interruption of Hsp90-elF3c interaction by RNase A treatment. NNC#2
celllysates were treated with RNase A (5U/uL) (Sigma-Aldrich Chemical Co.). After 4 h, the cell lysates were subjected to immunoprecipitation using an anti-elF3c.antibody,
followed by immunoblot analysis using an anti-Hsp90 antlbody (D) elF3cor Hsp90 co-immunoprecipitates with Hsp90 or elF3c from cells transfected or untransfected with
PHCV IRES-FL. Huh-7 cells were transfected with pHCV IRES- FL using Lipofectamine 2000 (Invitrogen) and subject to immunoprecipitation using the indicated antibodies at
24 h post-transfection. The precipitates were analyzed by western blot using the indicated antibodies. (E) The inhibitor 17-AAG dissociates Hsp90 and elF3c from the HCV
IRES complex. Huh-7 cells were transfected with pHCV IRES-FL using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection, cells were treated with 17-AAG (50nM)
or DMSO as a.control for 8 h and were then treated with MG132 (5:uM) for 16 h. Cell lysates were subjected to immunoprecipitation using an anti-elF3c antibody, and the

precipitates were analyzed by western blot using the anti-Hsp90 antibody.

(anti-FLAG antibody) were determined by western blot analysis
(Fig. 4A). The western blot analysis clearly indicated that elF3c
and Hsp90 coprecipitated in NNC#2 cells, whereas they did not
coprecipitate in Huh-7 cells, suggesting that elF3c was bound to
the chaperone complex that formed with Hsp90 in NNC#2 cells
(Fig. 4A). This interaction between Hsp90 and elF3¢ in NNC#2 cells
suggests that HCV translation is due to the interaction between
elF3c and Hsp90. Given the observed binding of elF3 with the
HCV IRES RNA, this Hsp90-elF3c interaction occurring in HCV
replicon cells was likely mediated by HCV IRES :RNA. To address
this question, Huh-7 cells were transfected with pHCV IRES-firefly
luciferase (HCV IRES-FL) (Fig. 1B) using Lipofectamine 2000 (Invit-
rogen) and then treated with 17-AAG (50 nM) or DMSO as a control.
After treatment, the cell lysates were analyzed by western blot
(Fig. 4B). The level of elF3c was reduced by the 17-AAG treat-
ment in cells transfected with pHCV IRES-FL compared to control
DMSO, but elF3c was not reduced in cells transfected with pHCV
IRES-FL: The disruption of Hsp90 activity by the Hsp90 inhibitor,
17-AAG, appears to dissociate eIF3c from the Hsp90-elF3c-HCV
IRES complex and induce the degradation of the free forms of
elF3c. To verify this result, NNC#2 cell lysates were further treated
with RNase A (5U/pL) (Sigma-Aldrich Chemical Co.). After treat-
ment, anti-elF3¢ antibody immunoprecipitates were determined
by western blot analysis (Fig. 4C). The analysis clearly indicated
that elF3c and Hsp90 coprecipitated in NNC#2 cell lysates, whereas

they did not coprecipitate in NNC#2 cells lysates treated with
RNase A. The interaction between Hsp90 and elF3c was inter-
rupted by RNase A treatment. These results suggest- that the
interaction of elF3c and Hsp90 is dependent on HCV IRES bind-
ing. Next, to further demonstrate whether HCV IRES is required
for the interaction between elF3c and Hsp90, we performed a co-
immunoprecipitation assay using the extracts of cells transfected
with pHCV IRES-FL. elF3c¢ co-immunoprecipitated with anti-Hsp90
(Fig. 4D). The interaction of elF3c and Hsp90 was further con-
firmed by reverse co-immunoprecipitation of Hsp90 and elF3c
(Fig. 4D). These results also indicated that the interaction of e[F3c
and Hsp90 was supported by the HCV IRES. Furthermore, we per-
formed an immunoprecipitation assay to confirm that-elF3c and
Hsp90 interaction was influenced by the treatment with 17-AAG in
cells transfected with pHCV IRES-FL. Huh-7 cells were transfected
with pHCV IRES-FL using Lipofectamine 2000 (Invitrogen). At 24 h
post-transfection, the cells were treated with 17-AAG (50nM) or
DMSO as a control for 8h and then MG132 (5 M) for 16h. An
immunoprecipitation assay with the cell lysates was performed
using the anti-elF3c antibody, and the precipitates were analyzed
by western blot using the anti-Hsp90 antibody. Although treat-
ment with both 17-AAG and MG132 in cells transfected with pHCV
IRES-FL resulted in a reduction in the interaction of Hsp90 and
elF3c, elF3c expression recovered upon treatment with the pro-
teasome inhibitor MG132 (Fig. 4E), but the interaction between
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Hsp90 and elF3c¢ was not restored (Fig. 4E). Furthermore, elF3c
was not detected in cells not treated with MG132 (Fig. 2B), which
indicates that elF3c is a client protein for active Hsp90 (Fig. 2C).
In contrast, an interaction between Hsp90 and elF3c was observed
in cells not treated with 17-AAG (Fig. 4E). These results suggest
that the interaction between Hsp90 and elF3c is specific to HCV
IRES-expressing cells. However, the interaction of Hsp90 and elF3c
in the presence of 17-AAG, which blocks the association of Hsp90
with elF3c, may dissociate Hsp90 and elF3c from the overall HCV
IRES complex (Figs. 2B and C, and 4B and E).

In conclusion, our results demonstrate that HCV IRES-mediated
translational inhibition occurs through a reduction of elF3c expres-
sion caused by the Hsp90 inhibitor-mediated disruption of the
interaction between elF3c¢ and Hsp90 with HCV IRES RNA. Fur-
thermore, the interaction between Hsp90 and elF3c requires HCV
IRES RNA. Taken together, our results suggest that the interac-
tion between Hsp90 and elF3c plays an important role in HCV
IRES-mediated translation. More experiments are needed to ver-
ify the relationship between eukaryotic initiation factor 3 (elF3)
and Hsp90.
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The cytidine deaminase APOBEC3G, which is incorporated
into nascent virus particles, possesses potent antiviral activity
and restricts Vif-deficient HIV-1 replication at the reverse tran-
scription step through deamination-dependent and -indepen-
dent effects. HIV-1 Vif counteracts the antiviral activity of
APOBEC3G by inducing APOBEC3G polyubiquitination and
its subsequent proteasomal degradation. In this study, we show
that overexpression of heat shock protein 70 (HSP70) blocked
the degradation of APOBEC3G in the ubiquitin-proteasome
pathway by HIV-1 Vif, rendering the viral particles non-infec-
tious. In addition, siRNA targeted knock-down of HSP70
expression enhanced the Vif-mediated degradation of
APOBEC3G. A co-immunoprecipitation study revealed that
overexpression of HSP70 inhibited APOBEC3G binding to
HIV-1 Vif. Thus, we provide evidence for a host protein-medi-
ated suppression of HIV-1replication in an APOBEC3G-depen-
dent manner.

Human immunodeficiency virus type-1 (HIV-1),? the retro-
virus that causes AIDS, efficiently replicates within human
CD4™" T cells. However, Vif-deficient virions produced by non-
permissive cells, including CD4™ T cells and immortalized
lines, such as Hut78 or CEM, are non-infections, whereas viri-
ons produced in permissive cells, such as SupT1 or CEM-SS,
are infectious (1, 2). Previous studies have demonstrated that
HIV-1 Vif counteracts the innate antiviral activity of
APOBEC3G, a member of the APOBEC family of cytidine
deaminase-editing enzymes (3). In the absence of Vif,
APOBEC3G induces the deamination of cytidine (C) and its
conversion to uridine (U) (4, 5), which can be packaged into
budding retroviruses through a direct interaction with the Gag
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polyprotein (6—-11). The C to U conversion in the HIV-1 minus
strand leads to a G to A hypermutation, preferentially at CCCA
sequences. This motif corresponds to TGGG in the plus-strand
sequence, thereby mutating the TGG tryptophan codon to a
TAG stop codon and affecting subsequent stages of the viral life
cycle (12). Vif predominant mechanism for overcoming the
antiviral activity of APOBEC3G is to form an E3 ubiquitin ligase
with cullin 5 (Cul5), elongin B (EloB), and elongin C (EloC) and
target these proteins for degradation by the ubiquitin-protea-
some pathway (13-16). Vif may also inhibit APOBEC3G activ-
ity through mechanisms independent of proteasomal degrada-
tion (17-19).

Heat shock proteins play critical roles in the life cycle of a
variety of RNA and DNA viruses (20-23). For example, heat
shock protein 70 (HSP70) is specifically incorporated into
HIV-1 virions (24). However, the formation of the P-TEFb/Tat/
TAR complex is required to stabilize the CDK9/cyclinT1 het-
erodimer by HSP70 and HSP90 (25).

To better develop potential novel therapeutic strategies to
exploit the APOBEC3G antiviral function, we investigated the
role of HSP70 in APOBEC3G function. We found that siRNA
against HSP70 significantly reduced the level of APOBEC3G in
the presence of HIV-1 Vif, but not in the absence of Vif. In
addition, overexpression of HSP70 in 293T cells reduced
the Vif-mediated degradation of APOBEC3G by inhibiting
APOBEC3G polyubiquitination. This effect is attributed to the
impairment of APOBEC3G-Vif binding. Furthermore, overex-
pression of HSP70 in the presence, but not in the absence, of
APOBEC3G clearly suppressed the infectivity of virions in a
dose-dependent manner. These results suggest that HSP70 acts
as a potential antiviral host factor through interaction with
APOBEC3G and may form the basis for new anti-HIV-1
therapies.

EXPERIMENTAL PROCEDURES

Immunoprecipitation—293T cells (5 X 10°) were transfected
with 1.0 ug of each Vif expression plasmid using Lipo-
fectamine2000 (Invitrogen). At 48 h post-transfection, cells
were suspended in a lysis buffer (50 mm Tris-HCI, pH 7.0, 150
mm NaCl, 1% Nonidet P-40, and 10% glycerol) and incubated
with 5 ul of anti-HSP70 antibody (Santa Cruz Biotechnology)
and 30 jul of Dynabeads-protein G (Invitrogen). The beads were
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washed with PBS containing 0.02% Tween 20. The immuno-
complex was eluted by boiling with 20 ul of 5X sample buffer
and analyzed by SDS-PAGE and Western blot.

Protein Stability Assay—293T cells (5 X 10”) were co-trans-
fected with 1.0 ug of pc-Hu-APOBEC3G-HA and 0.5 ug of a
GFP expression plasmid (CS-CDF-CG-PRE), or 1.0 pg of
pc-Hu-APOBEC3G-HA, 0.5 ug of CS-CDF-CG-PRE and 0.5

g of pcDNA-Vif along with either 2.0 j.g of pFLAG-HSP70 or
an empty plasmid. At 24 h post-transfection, cells were treated
with 100 pg/ml of cycloheximide. Cells were harvested, and cell
lysates were analyzed by Western blotting with horseradish
peroxidase-conjugated anti-HA antibody (Roche Diagnostics)
and anti-GFP antibody (Medical & Biological Laboratories).
The blots were semi-quantified using Image]J 1.43u software.

Polyubiquitination Assay—293T cells (3 X 10°% were
co-transfected with 2.0 pg of pc-Hu-APOBEC3G-HA, 2.0 g of
pVif-V5, 4.0 pg of pFLAG-HSP70, and 2.0 g of pPCMV-Myc-
Ubi (26). At 24 h post-transfection, cells were treated with 5 um
MG-132 for 24 h. Cells were suspended in a lysis buffer. Cell
lysates were immunoprecipitated using anti-Myc antibody
(Cell Signaling) followed by Western blotting with horseradish
peroxidase-conjugated anti-HA antibody.

MAGI Assay—MAGI cells were plated in 96-well plates at
1 X 10* cells per well in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum. The next day, cells were infected
with dilutions of the virus in a total volume of 50 pl in the
presence of 20 ug/ml DEAE-dextran for 2 h. At 2 days post-
infection, cells were fixed with 100 pul of fix solution (1% form-
aldehyde/0.2% glutaraldehyde in PBS) at room temperature for
5 min and then washed twice with PBS. Cells were incubated
with 100 pl of staining solution (4 mMm potassium ferrocyanide,
4 mm potassium ferricyanide, 2 mm MgCl,, and 0.4 mg/ml
X-Gal) for 50 min at 37 °C. The reaction was stopped by remov-
ing the staining solution, and blue cells were counted under a
microscope.

Construction of Plasmids—To generate pcDNA-Vif, HIV-1
Vif fragments were amplified from pNL4-3 by PCR with the
following primers: forward 5'-GAT ATC ATG GAA AAC AGA
TGG CAG GTG ATG-3" and reverse 5'-CTC GAG CTA GTG
TCC ATT CAT TGT ATG CT-3". The PCR products were
inserted into pcDNA3.1 (Invitrogen).

To construct pFLAG-HSP70, whole RNA was isolated from
293T cells with TRIzol (Invitrogen) and amplified by RT-PCR
with the following primers: forward 5'-GTT GAA TTC CGC
CAA AGC CGC GGC GAT-3" and reverse 5'-CGC GGA TCC
CTA ATC TAC CTC CTC AAT-3'. The products were
inserted into pFLAG-CMV2 (Sigma).

To generate pVif-V5, HIV-1 Vif fragments were amplified
from pNL4-3. The PCR products were inserted into pENTR
using TOPO Cloning kits (Invitrogen) and transferred into
pLenti6/V5-DEST (Invitrogen) by LR recombination. This
construct contains the 8-globin intron sequence of pMDL-g/p-
RRE downstream of the CMV promoter. A plasmid construct
encoding human APOBEC3G tagged with the influenza
hemagglutinin (HA) sequence was a kind gift from Darlene
Chen (The Salk Institute for Biological Studies). Vif-defective
variants of NL4-3 have been described previously (27).
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To generate pCS-U6, the U6 promoter was amplified by PCR.
The resulting products were inserted into pCS-CDF-CG-PRE.
pCS-U6-shControl or pCS-U6-shHSP70 was constructed by
ligating the annealed product of sense oligonucleotide 5'-GAT
CCT TCT CCG AAC GTG TCA CGT TTC AAG AGA ACG
TGA CAC GTT CGG AGA ATT T-3' and antisense oligonu-
cleotide 5'-CTA GAA ATT CTC CGA ACG TGT CAC GTT
CTCTTGAAACGT GACACGTTCGGA GAA G-3' or sense
oligonucleotide 5'-GAT CCC ACG GCA AGG TGG AGA
TCA TTC AAG AGA TGA TCT CCA CCT TGC CGT GTT
T-3" and antisense oligonucleotide 5'-CTA GAA ACA CGG
CAA GGT GGA GAT CAT CTC TTG AAT GAT CTC CAC
CTT GCC GTG G-3', respectively, with the BamHI-Xbal frag-
ment from pCS-U6. These plasmids contain a transcriptional
termination signal sequence downstream of the shControl and
shHSP70 sequences.

Transfection of siRNA—293T cells (3 X 10°) were transfected
with siRNAs (100 nm) using Lipofectamine2000. Control
siRNA (5'-UUC UCC GAA CGU GUC ACG UdTdT-3') and
HSP70-siRNA (5'-CAC GGC AAG GUG GAG AUC AdTdT-
3") were purchased from B-Bridge International.

Preparation of Lentiviral Vectors—293T cells (5 X 10°) were
cotransfected with the lentiviral vector (1.6 pg), vesicular sto-
matitis virus G expression vector pMD.G (0.4 ug), rev expres-
sion vector pRSV-Rev (0.8 ug), and gag-pol expression vector
pMDLg/pRRE (1.2 ng) using Lipofectamine2000. At 48 h after
transfection, culture supernatants were harvested and filtered
through 0.45-um filters. In all experiments, H9 cells (3 X 10°)
were transduced with equal amounts of the lentivirus vector.

Statistical Analysis—The results are shown as means = S.D.,
and statistical analysis was performed using the paired Stu-
dent’s ¢ test. A p value of <0.05 was considered significant. At
least three replicates were performed for each experiment.

RESULTS

HSP70 Leads to Stabilization of APOBEC3G—HSPs are
induced by a variety of stress-related stimuli, including heat,
UV radiation, and microbial/viral infections (28). HSPs are
involved in the folding and translocation of cellular proteins
under normal conditions, whereas under stressful conditions,
HSPs bind to proteins and inhibit their misfolding or irrevers-
ible aggregation (29). Recent studies revealed that the binding
of HSPs to HIV-1 proteins enhances antiviral immunity (30).
HSP70 is selectively expressed soon after HIV-1 infection, sug-
gesting that these proteins might be involved in the innate cel-
lular antiviral immune response (31). However, the specific tar-
gets of HSPs and their role in the response to HIV infection
remain unclear.

HIV-1 Vif targets APOBEC3G for ubiquitination by forming
an Skpl-cullin-F-box (SCF)-like complex, which subsequently
leads to the degradation of APOBEC3G. To evaluate how
HSP70 affects Vif-dependent ubiquitination and degradation,
we examined the steady-state level of APOBEC3G in 293T cells
co-transfected with FLAG-tagged HSP70 (FLAG-HSP70) and
pNL4-3. The expression of HSP70 in 293T cells significantly
increased the amount of APOBEC3G in a dose-dependent
manner but not the amount of the HIV-1 Gag p24 antigen (Fig.
1A, lanes 1- 4 and Fig. 1B). Importantly, HSP70 had no effect on
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FIGURE 1. Expression of FLAG-tagged HSP70 blocks APOBEC3G degrada-
tion in cells transfected with pNL4-3, but not those transfected with
pNL4-3-delta-Vif. 293T cells (5 X 10°) were co-transfected with 1.0 ug of
pc-Hu-APOBEC3G-HA and increasing amounts of pFLAG-HSP70 (0, 0.5, 1.0, or
2.0 ng), adjusted with an empty vector to 2.0 pg of total, along with either 0.1
1ug of pNL4-3 (A) or 0.1 11g of pNL4-3-delta-Vif (C). At 48 h post-transfection,
cell lysates were analyzed by Western blotting. The relative intensity of
APOBEC3G-HA bands was determined by densitometry (B and D). Results are
representative of three independent experiments, and error bars show the
standard deviations of the means.

the expression level of APOBEC3G in 293T cells transfected
with Vif-deleted HIV-1 proviral plasmid (Fig. 1, C, lanes 1-4
and D). Our results suggest that HSP70 may inhibit the degra-
dation of APOBEC3G by HIV-1 Vif.

HSP70 Blocks HIV-1 Vif-mediated Degradation of
APOBEC3G—Next, we investigated whether expression of
HSP70 directly blocks APOBEC3G degradation by HIV-1 Vif.
293T cells were co-transfected with pc-Hu-APOBEC3G-HA
and pFLAG-HSP70 in the absence or presence of pcDNA-Vif.
We found that the steady-state levels of APOBEC3G in the
presence of pcDNA-Vif were increased by the expression of
HSP70 in a dose-dependent manner (Fig. 2, A, lanes 6-10 and
B, right panel). By contrast, HSP70 did not significantly affect
the amount of APOBEC3G expression in the absence of
pcDNA-Vif (Fig. 2, A, lanes 1-5 and B, left panel). These data
indicate that the effects of HSP70 on APOBEC3G expression
depend on HIV-1 Vif.

Previous studies have reported that microbial HSP70 up-reg-
ulates APOBEC3G mRNA (32, 33). To rule out this possibility,
pulse-chase experiments were performed using 293T cells that
were co-transfected with pc-Hu-APOBEC3G-HA, pVif-V5,
pFLAG-HSP70, and a GFP expression plasmid (CS-CDF-CG-
PRE). Cycloheximide was used to block protein synthesis.
When 293T cells were transfected with pc-Hu-
APOBEC3G-HA alone, there was no change in the level of
APOBEC3G (Fig. 2, C, lanes 1-4 and D, left panel). Consistent
with previous reports, degradation of APOBEC3G-HA was
induced in the presence of HIV-1 Vif (Fig. 2, C, lanes 5— 8 and D,
middle panel). In contrast, HSP70 expression significantly sup-
pressed the degradation of APOBEC3G by HIV-1 Vif (Fig. 2, C,
lanes 9-12 and D, right panel). To further evaluate whether
HSP70 expression inhibits the ubiquitination of APOBEC3G by
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HIV-1 Vif, we performed ubiquitination assays. Lysates of cells
co-expressing pVif-V5, Myc-tagged ubiquitin (Myc-Ub),
pc-Hu-APOBEC3G-HA and either empty plasmid or pFLAG-
HSP70 were analyzed for the polyubiquitination of
APOBEC3G. We detected the ubiquitination of APOBEC3G as
a ladder band (Fig. 2E, lane 2). The expression of HSP70
resulted in a significant reduction in polyubiquitinated
APOBEC3G (Fig. 2E, lane I). Thus, the expression of HSP70
causes an increase in the steady-state levels of APOBEC3G by
blocking the Vif-mediated ubiquitination and degradation of
APOBEC3G.

HSP70 Interacts with Both APOBEC3G and HIV-1 Vif—We
performed an immunoprecipitation assay to evaluate the bind-
ing between HSP70 and APOBEC3G or HIV-1 Vif (Fig. 3). 293T
cells were transfected with pc-Hu-APOBEC3G-HA, pcDNA-
Vif, pNL4-3, or pNL4-3-delta-Vif. Cell lysates were precipi-
tated with anti-HSP70 antibody, followed by immunoblotting
with anti-ApoC17 or anti-Vif antibody. HSP70 interacted with
both APOBEC3G (Fig. 34) and HIV-1 Vif (Fig. 3B). These inter-
actions and the intracellular localization of HSP70 and HA-
tagged APOBEC3G were confirmed by immunostaining assays
(data not shown). To further investigate the role of HSP70 in
APOBEC3G-Vif interactions, 293T cells were co-transfected
with pc-Hu-APOBEC3G-HA and pVif-V5 along with either an
empty plasmid or pFLAG-HSP70 in the presence of a protea-
some inhibitor (MG-132). Consistent with previous studies,
HIV-1 Vif was bound to APOBEC3G (Fig. 3C, lane 2). Strik-
ingly, the expression of HSP70in 293T cells led to the inhibition
of APOBEC3G-Vif binding. (Fig. 3C, lane I). Because a previ-
ous study reported that APOBEC3G binds the N-terminal
region of HIV-1 Vif (34), we tested the hypothesis that HSP70
competes with APOBEC3G for binding to the N-terminal
region of HIV-1 Vif. We found that FLAG-HSP70 efficiently
co-immunoprecipitated with the N-terminal region of Vif
(amino acids 1-107) (Fig. 3D, lane 1). However, the C-terminal
region of Vif (amino acids 108-192) exhibited no detectable
interaction with FLAG-HSP70 (Fig. 3D, lane 2). These results
suggest that APOBEC3G-Vif binding is reduced by HSP70
through an interaction with the N-terminal region of Vif,
resulting in the inhibition of the Vif-mediated ubiquitination
and the degradation of APOBEC3G.

Knock-down of HSP70 in 293T Cells Enhances APOBEC3G
Degradation by HIV-1 Vif—To further investigate the effect of
endogenous HSP70 on the stability of APOBEC3G, we silenced
endogenous HSP70 expression by RNA interference. 293T cells
were transfected with control siRNA (siCtrl) or HSP70-specific
siRNA (siHSP70) for 4 h prior to transfection along with
pc-Hu-APOBEC3G-HA and either pNL4-3 or pNL4-3-delta-
Vif. At 48 h post-transfection, cells were harvested and sub-
jected to Western blotting. As expected, the level of
APOBEC3G in pNL4-3-transfected cells was less stable than
that in the pNL4-3-delta-Vif transfected cells (Fig. 44, compare
lane 1 to lane 3). Quantification of the relative intensities

revealed that transfection with pNL4-3 induced APOBEC3G .

degradation with a potency ~1.8 times higher than that of
pNL4-3-delta-Vif (Fig. 4B). Moreover, in the case of transfec-
tion with pNL4-3, the level of APOBEC3G, but not the level of
HIV-1 Gag, in the siHSP70-transduced cells were lower than in
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FIGURE 2. HSP70 expression inhibits Vif-mediated APOBEC3G ubiquitination and degradation. A, 293T cells (5 X 10°) were co-transfected with 1.0 j1g of
pc-Hu-APOBEC3G-HA and increasing amounts of pFLAG-HSP70 (0, 0.5, 1.0, or 2.0 p1g), adjusted to 2.0 g of total DNA with 0.5 g of an empty plasmid
(PcDNA3.1) or pcDNA-Vif. At 48 h post-transfection, cell lysates were subjected to Western blotting and were then analyzed with the indicated antibodly.
[B-Actin was used as a control for protein levels. B, relative intensity of APOBEC3G-HA bands in A was determined by densitometry. C, 293T cells (5 X 10°) were
transfected with 1.0 j1g of pc-Hu-APOBEC3G-HA alone (lanes 1-4); 0.5 j1g of pcDNA-Vifand 1.0 g of pc-Hu-APOBEC3G-HA (lanes 5-8); and 0.5 11g of pcDNA-Vif,
1.0 ug of pc-Hu-APOBEC3G-HA and 2.0 g of pFLAG-HSP70 (lanes 9-12). The transfected cells were treated with cycloheximide to block de novo protein
synthesis. The level of APOBEC3G was detected by immunoblotting after cycloheximide treatmentlasting 1, 3, or 5 h. CS-CDF-CG-PRE (0.5 11g), which expresses
the green fluorescent protein (GFP), was co-transfected with each plasmid into 293T cells as a control plasmid. D, relative intensity of APOBEC3G-HA bands in
C was determined by densitometry. £, 293T cells (3 X 10°) were co-transfected with 2.0 ug of pCMV-Myc-Ubi, 2.0 g of pVif-V5, and 2.0 g of pc-Hu-
APOBEC3G-HA along with 4.0 ug of an empty plasmid or pFLAG-HSP70. At 24 h post-transfection, cells were treated with 5 um MG132. After 24 h, cell lysates
were immunoprecipitated with anti-Myc antibody, followed by immunoblotting analysis with horseradish peroxidase-conjugated anti-HA antibody. Results

are representative of three independent experiments, and error bars show the standard deviations of the means.

the siCtrl-transduced cells (Fig. 44, compare lane I to lane 2).
The amount of APOBEC3G in HSP70 knock-down cells
decreased to half the amount in the control cells (Fig. 4B). How-
ever, in terms of transfection with pNL4-3-delta-Vif, treatment
with siHSP70 had no effect on the stability of APOBEC3G (Fig.
4A, compare lane 3 to lane 4). These data indicate that deple-
tion of HSP70 facilitates Vif-mediated degradation of
APOBEC3G.

HSP70 Suppresses HIV-1 Vif-mediated Degradation of

Endogenous APOBEC3G in Non-permissive Cells—Most exper-
iments in this study used permissive cells. To investigate
whether our findings have physiologic relevance in non-per-
missive cells, we used a lentiviral vector encoding FLAG-HSP70
or HIV-1 Vif-V5. In the absence of Vif-V5, there was no signif-
icant effect of FLAG-HSP70 on the level of endogenous
- APOBEC3G in H9 cells (Fig. 54, compare lane 1 to lane 2).
When Vif-V5 was expressed in H9 cells, expression of FLAG-
HSP70 increased the amount of endogenous APOBEC3G (Fig.
5A, compare lane 3 to lane 4). Next, we suppressed the expres-
sion of HSP70 using a lentiviral vector to express shHSP70
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under the control of the human U6 promoter in H9 cells.
APOBEC3G expression in shHSP70-transduced H9 cells was
similar to that in shControl-transduced H9 cells (Fig. 5B, com-
pare lane I to lane 2). The level of endogenous APOBEC3G was
lower in H9 cells transduced with shHSP70 than in H9 cells
transduced with shControl by expression of Vif-V5 (Fig. 5B,
compare lane 3 to lane 4). Therefore, HSP70 suppresses Vif-
mediated degradation of endogenous APOBEC3G in non-per-
missive cells.

Expression of HSP70 in the Presence of APOBEC3G Augments
APOBEC3G Restriction of HIV-1—To examine whether HSP70
expression influences the function of APOBEC3G, pNL4-3, or
pNL4-3-delta-Vif was transfected into 293T cells along with
either pFLAG-HSP70 alone or pFLAG-HSP70 and pc-Hu-
APOBEC3G-HA. The viral infectivity was measured by MAGI
assay. As shown in Fig. 64, expression of FLAG-HSP70 clearly
suppressed the infectivity of wild-type HIV-1 in the presence
of APOBEC3G in a dose-dependent manner. In the absence of
APOBEC3G, FLAG-HSP70 did not affect the infectivity of
the wild-type HIV-1. Unexpectedly, HSP70 expression in

ACEVEN

VOLUME 286+-NUMBER 12- MARCH 25, 2011

L1LOZ ‘0€ YoIBN U0 ‘HOIL 40 LSNI YEIHO ¥e Bioroglmmm wol} pepeojumoq



IP: Anti-HSP70

IP: Anti-HSP70 = =
——— < 73
. - L T
A3G-HA — 4 § g g :7;:'
IB: Anti-ApoC17 —— IB: Anti-Vif -
IB: Anti-HSPT0 i s 1B: Anti-HSP70
C  FLAG-HSP7O + - D pVif-Vs
ViEVs + o+ )
-~
AIG-HA +  + S 3
. s . >
“B".- :‘"l"‘:; — - IP: Anti-FLAG
B0 IB: Anti-V5
IB: Anti-Vs
ni-v= IB: Anti-V5 iy

Input

IB: Anti-FLAG e IB: Anti-FLAG st

1B: Anti-HA - 12

1 2

FIGURE 3. HSP70 interacts with APOBEC3G and HIV-1 Vif. A, 293T cells (5 X
10°) were transfected with 1.0 g of pc-Hu-APOBEC3G-HA. After 48 h, cell
lysates were immunoprecipitated with anti-HSP70 antibody, followed by
immunoblotting analysis with anti-ApoC17 antibody. B, 293T cells (5 X 10°)
were transfected with 1.0 g of the indicated plasmids. At 48 h post-transfec-
tion, cell lysates were subjected to immunoprecipitation using anti-HSP70
antibody, followed by immunoblotting analysis with anti-Vif antibody.
C, 293T cells (5 X 10° were co-transfected with 1.0 ng of pc-Hu-
APOBEC3G-HA and 1.0 1.g of pVif-V5 together with 2.0 j1g of either an empty
plasmid or pFLAG-HSP70. At 24 h post-transfection, cells were treated with 5
M MG132. At 24 h post-treatment, cell lysates were immunoprecipitated
with anti-V5 antibody, followed by immunoblotting analysis with horseradish
peroxidase-conjugated anti-HA antibody. D, 293T cells (5 X 10°) were co-
transfected with 1.0 pg of pFLAG-HSP70 and either 1.0 pg of pVif-1-
107-V5 or pVif-108-192-V5. At 48 h post-transfection, cell lysates were
immunoprecipitated with anti-FLAG antibody, followed by immunoblot-
ting analysis with anti-V5 antibody. Results are representative of three
independent experiments.
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FIGURE 4. Depletion of HSP70 in 293T cells impairs the stability of
APOBEC3G. A, 293T cells (3 X 10°) were treated with 100 nm HSP70-siRNA
(siHSP70) or 100 nm control-siRNA (siCtrl) for 4 h, prior to co-transfection with
1.0 g of pc-Hu-APOBEC3G-HA with either 1.0 j1g of pNL4-3 or pNL4-3-delta-
Vif. At 48 h post-transfection, cell lysates were analyzed by Western blotting
using the indicated antibodies. B, relative intensity of APOBEC3G bands in A
was determined by densitometry. Results are representative of three inde-
pendent experiments, and error bars show the standard deviations of the
means.

APOBEC3G-HA-transfected 293T cells led to a dose-depen-
dentinhibition of the infectivity of Vif-deficient HIV-1 particles
(Fig. 6A). Moreover, no effect of HSP70 expression on the infec-
tivity of the Vif-deficient HIV-1 particles produced by mock-
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FIGURE 5. HSP70 affects the level of endogenous APOBEC3G expression
in non-permissive T cells expressing HIV-1 Vif. A, H9 cells (3 X 10°) were
infected with a lentiviral vector encoding an artificial multiple cloning site
(MCS) or FLAG-HSP70 in the presence of 8 ug/ml of polybrene. At 48 h after
infection, cells were suspended with lysis buffer (left panel) or transduced
with HIV-1 Vif using a lentivirus vector system (right panel). At 48 h post-
transduction, cell lysates were ana!yzed by Western blotting using the indi-
cated antibodies. B, H9 cells (3 X 10°) were infected with lentivirus-based
vectors to express shControl or shHSP70 under the control of the human
U6 promoter in the presence of 8 ug/ml of polybrene. At 48 h post-infec-
tion, cells were treated as in A. Data are representative of three indepen-
dent experiments.
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FIGURE 6. HSP70 regulates HIV-1 infectivity in an APOBECBG-dependent
manner. 4, 2937 cells (5 X 10°) were co-transfected with 0.1 g of pNL4-3 or
pNL4-3-delta-Vif and 1.0 g of pc-Hu-APOBEC3G-HA alone, pFLAG-HSP70
(0.5,1.0, 0r 2.0 11g) alone or 1.0 ug of pc-HU-APOBEC3G-HA and pFLAG-HSP70
(0.5, 1.0 or 2.0 11g). At 48 h post-transfection, supernatants were harvested,
and the amount of each virus was normalized to the equivalent level of p24.
MAGI cells (1 X 10%) were infected with serially diluting supernatants of each
stock of virus, and infected cells were stained with X-Gal 2 days later. 50%
tissue culture infective doses (TCID50) is determined by the last virus dilu-
tion that is still capable of infecting the cells. B, each stock of cell lysate or
virus in A was subjected to Western blotting and was then analyzed with
the indicated antibody. All data are representative of three independent
experiments.
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transfected 293T cells was observed. To further demonstrate
whether expression of HSP70 affects virion packaging of
APOBEC3G, viral particles produced by 293T cells expressing
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HSP70 were analyzed for APOBEC3G expression by Western
blotting. We found that expression of HSP70 significantly
increased the amount of intracellular and wild type virion-as-
sociated APOBEC3G (Fig. 6, B and C). Interestingly, HSP70
expression enhanced the level of APOBEC3G packaging in Vif-
deficient virions, but had no effect on intracellular APOBEC3G
and viral release (Fig. 6, D and E). These results indicate that
HSP70 blocks Vif-mediated APOBEC3G degradation and
enhances the incorporation of APOBEC3G into both wild type
and Vif-deficient virions, which result from inhibition of HIV-1
replication through HSP70 interaction with APOBEC3G.

DISCUSSION

APOBEC3G, which is incorporated into progeny virus parti-
cles, restricts the replication of Vif-deficient HIV-1 through
cytidine deamination-dependent and independent mecha-
nisms (3-5, 17, 35—-41). This restriction can be overcome
by HIV-1 Vif, which induces the polyubiquitination of
APOBEC3G through recruitment of a ubiquitin E3 ligase com-
plex composed of cullin 5, elongin B, elongin C, and Ring box-1
and facilitates the proteasomal degradation of APOBEC3G (13,
14,16, 42-45). Thus, mechanistic insights into the quality con-
trol of APOBEC3G protein are important for understanding
the molecular basis of APOBEC3G-mediated HIV-1 restric-
tion. In this study, we showed that HSP70 suppressed Vif-me-
diated APOBEC3G degradation. In contrast to our results for
HSP70, Pinl suppresses the HIV restriction activity of
APOBEC3G (46). Overexpression of Pinl reduces the levels of
intracellular APOBEC3G. One possibility is that HSP70 regu-
lates Pinl function, which results in the stimulation of
APOBEC3G function, although further analysis is needed to
properly address this question.

Pido-Lopez et al. (32) have reported that microbial HSP70
up-regulates APOBEC3G mRNA and protein expression in
human CD4 * T cells. Our data indicate that in 293T cells, over-
expression of human HSP70 in the absence of HIV-1 Vif did not
affect the amount of APOBEC3G protein. The stabilization of
APOBEC3G is attributed to a reduction in the Vif-dependent
polyubiquitination of APOBEC3G (Fig. 2E). Whereas we have
focused on human HSP70 activity on APOBEC3G stability, it
would be interesting to investigate whether human HSP70 can
affect the level of endogenous APOBEC3G mRNA.

APOBEC3G associates with ribonucleoprotein (RNP) com-
plexes and is not only dispersed throughout the cytoplasm but
is also markedly concentrated in cytoplasmic foci that are iden-
tified as mRNA-processing bodies (P bodies) (47). Localization
of APOBEC3G in P bodies is not important for its LINE-1 sup-
pression activity (48). However, Y3 and 7SL RNAs, which com-
pose RNP complexes, are required for efficient APOBEC3G
packaging (49). Stimulation of cells at 44 °C induces the rapid
accumulation of APOBEC3G and many cellular RNA-binding
proteins (50). We examined whether HSP70 plays a role in
packaging APOBEC3G into virus particles and found that over-
expression of HSP70 enhanced APOBEC3G packaging in the
absence of Vif (Fig. 6E). It is possible that HSP70 interacts with
cytoplasmic APOBEC3G, but it remains unclear whether
HSP70 induces the accumulation of APOBEC3G in P bodies
and increases the association of APOBEC3G with RNP com-
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plexes. Further studies will be required to clarify the details of
how, where and when HSP70 and APOBEC3G co-localize
within cells.

Recently, Nathans et al. (51) have identified a small molecule,
termed RN-18, that degrades HIV-1 Vif only in the presence of
APOBEC3G, resulting in enhanced APOBEC3G abundance
and virion incorporation, similar to the function of HSP70. The
possibility has been raised that HSP70 may be the target of
RN-18. However, HSP70 has no significant effect on HIV-1 Vif
expression and leads to the increase of APOBEC3G packaging
into virions in a Vif-independent manner. Moreover, RN-18
exhibits a strong dependence on APOBEC3G, whereas HSP70
can interact directly with both HIV-1 Vif and APOBEC3G.
Thus, RN-18 probably does not target HSP70. Taken together,
the results of the present study suggest that stimulation of
innate immunity, such as that mediated by APOBEC3G, may
aid in the development of antiviral therapies.
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