
Suppression of Host Innate Immune Response by Hepatitis C Virus
via Induction of Autophagic Degradation of TRAF6

Stephanie T. Chan, Jiyoung Lee, Mansi Narula, J.-H. James Ou

Department of Molecular Microbiology and Immunology, University of Southern California Keck School of Medicine, Los Angeles, California, USA

ABSTRACT

Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6) is an important adaptor molecule that mediates the TNFR
family and interleukin-1 (IL-1)/Toll-like receptor (TLR) signaling cascades. These pathways are important for the host to control
viral infections. In this report, we demonstrated that hepatitis C virus (HCV) depleted TRAF6 from its host cells through a post-
translational mechanism. This depletion was independent of proteasomes, as it was not affected by the proteasome inhibitor
MG132, but it was suppressed by bafilomycin A1, which led to the association of TRAF6 with autophagosomes. As bafilomycin
A1 is a vacuolar ATPase inhibitor that inhibits autophagic protein degradation, these results suggested that HCV depleted
TRAF6 via autophagy. The degradation of TRAF6 was apparently mediated by the p62 sequestosome protein, which is a factor
important for selective autophagy, as it could bind to TRAF6 and its silencing stabilized TRAF6. The depletion of TRAF6 sup-
pressed activation of NF-�B and induction of proinflammatory cytokines and enhanced HCV replication. In contrast, the over-
expression of TRAF6 suppressed HCV replication. These results revealed a novel mechanism that was used by HCV to disrupt
the host innate immune responses for viral replication and persistence.

IMPORTANCE

HCV can cause severe liver diseases and is one of the most important human pathogens. It establishes chronic infections in the
great majority of patients that it infects, indicating that it has evolved sophisticated mechanisms to evade host immunity. TRAF6
is an important signaling molecule that mediates activation of NF-�B and expression of proinflammatory cytokines and interfer-
ons. In this study, we found that HCV infection suppressed the host innate immune response through the induction of au-
tophagic degradation of TRAF6. This finding provided important information for further understanding how HCV evades host
immunity to establish persistence.

Hepatitis C virus (HCV) chronically infects 170 million people
worldwide. It is a hepatotropic virus, and its chronic infection

can cause progressive inflammation-associated liver diseases to
result in liver failure and hepatocellular carcinoma (1, 2). HCV
infection of hepatocytes triggers various host cellular responses
and activates innate immunity signaling pathways, which are
known to assist the host to eradicate viral infections (3). In spite of
these host responses, HCV is able to evade them to establish
chronic infection in the great majority of patients.

Pattern recognition receptors (PRRs) that include retinoic ac-
id-inducible gene I product (RIG-I)-like receptors (RLRs) and
Toll-like receptors (TLRs) recognize pathogen-associated molec-
ular patterns (PAMPs) associated with microbial pathogens.
Upon activation by PAMPs, PRRs will trigger the downstream
signaling events, leading to the production of antiviral cytokines,
including interferons. PRRs can also recognize HCV RNAs or
proteins (4–9). HCV infection can activate RIG-I, which rec-
ognizes the poly(U) motif in the 3= untranslated region of the
HCV genome (10), melanoma differentiation-associated pro-
tein 5 (MDA5) (11), which is another member of the RLR
family, the double-stranded RNA-dependent kinase PKR (pro-
tein kinase R) (12), Toll-like receptor 3 (TLR3) (13), TLR7, and
TLR8 (9). However, HCV has also developed mechanisms to sup-
press the host innate immune responses. For example, the HCV
NS3/4A protease can cleave mitochondrial antiviral signaling protein
(MAVS), the downstream adaptor molecule of RIG-I, to suppress the
induction of interferons (14). It can also cleave TRIF (Toll–interleu-
kin-1 [IL-1] receptor domain containing adaptor-inducing inter-

feron beta), another signaling adaptor protein, to disrupt the signal-
ing of TLR3 (15), which senses double-stranded RNA.

Autophagy is another type of cellular innate immune responses
that can remove intracellular microbial pathogens. It begins with
the appearance of membrane crescents known as phagophores or
isolation membranes, which will grow to sequester part of the
cytoplasm to form enclosed double-membrane vesicles known as
autophagosomes. Autophagosomes mature by fusing with lyso-
somes to form autolysosomes, in which the cargoes of autophago-
somes are digested (16). HCV infection can induce the autophagic
response and temporally regulate the maturation of autophago-
somes in its host cells (17). Rather than suppressing HCV replica-
tion, autophagy induced by HCV enhances HCV replication (for
reviews, see references 18 and 19).

In this report, we studied the interplay between HCV and the
innate immune response of its host cells. We found that HCV
could deplete tumor necrosis factor receptor-associated factor 6
(TRAF6) via autophagy to suppress the induction of cytokines to
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enhance its replication. TRAF6 belongs to the tumor necrosis fac-
tor receptor-associated factor (TRAF) family and participates in
interleukin-1 receptor and TLR signaling. It is an important factor
that mediates the activation of NF-�B after TLR is activated. Our
studies thus revealed a novel mechanism used by HCV to disrupt
host innate immune responses for the enhancement of its replica-
tion.

MATERIALS AND METHODS
Cells and viruses. Huh7 cells, a human hepatoma cell line, was main-
tained in Dulbecco’s modified essential medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), penicillin (10,000 IU/ml), amphoter-
icin (25 �g/ml), streptomycin (10,000 �g/ml), and nonessential amino
acids (0.1 mM). Huh7N1b replicon cells harboring an HCV subgenomic
RNA replicon were maintained in the same medium containing 0.4
mg/ml G418 (20). Huh7 cells that stably expressed the green fluorescent
protein (GFP)–microtubule-associated protein light chain 3 (LC3) fusion
protein had been previously described (21).

Plasmid and siRNAs. The Flag-tagged TRAF6 expression plasmid
was constructed by inserting the Flag-tagged TRAF6 coding sequence
(NCBI accession number NM_004620) into the pEF-Myc/His version
C vector (Life Technologies). The small interfering RNA (siRNA) tar-
geting TRAF6 was purchased from Santa Cruz Biotech (catalog no.
SC-36717), and siRNA targeting p62 was purchased from Sigma (cat-
alog no. EHU027651). Lipofectamine RNAiMax from Invitrogen was
used to transfect the DNA plasmids and the siRNAs. For DNA trans-
fections, we could routinely obtain transfection efficiencies of �50%.

Confocal immunofluorescence microscopy. Huh7-GFP-LC3 cells
were plated on glass slides for 24 h and then infected with HCV. The cells
were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS)
for 10 min, permeabilized with 0.02% Triton X-100 in PBS for 10 min,
and blocked with PBS containing 5% bovine serum albumin (BSA) for 1
h. Immunofluorescence assays were performed using the rabbit anti-
TRAF6 (catalog no. SC-7221; Santa Cruz Biotech) and mouse anti-NS5A
(gift from C. M. Rice) primary antibodies in PBS containing 3% BSA for 1
h, followed by incubation with goat anti-mouse Alexa Fluor 405-conju-
gated and Immunopure goat anti-rabbit rhodamine-conjugated second-
ary antibodies from ThermoFisher Scientific (catalog no. A-31553 and
R-6394). The slides were mounted with 70% glycerol in PBS. All images
were taken with a Carl Zeiss LSM 510 confocal microscope system at the
Cell and Tissue Imaging Core of the University of Southern California
Research Center for Liver Diseases. All images were analyzed with Zen
Black Edition lite, version 2009.

Immunoblot analysis and antibodies. All cell samples were lysed in
modified radioimmunoprecipitation assay buffer (150 mM NaCl, 0.5%
sodium deoxycholate, 10 mM Tris [pH 7.5], 1% Triton X-100) supple-

mented with the complete protease inhibitor cocktail (Roche). After the
cells were lysed, protein samples were subjected to electrophoresis in
an SDS-polyacrylamide gel, transferred to a polyvinylidene difluoride
(PVDF) membrane, and blocked with PBS containing 5% nonfat milk for
1 h. The membranes were incubated overnight at 4°C or 1 h at room
temperature with the antibodies. The antibodies used in this study in-
cluded anti-TRAF6 from Santa Cruz Biotech (catalog no. SC-7221), anti-
TRAF2 and anti-SQSTM1 (sequestosome-1)/p62 from Cell Signaling
(catalog no. 4712 and 5114), antiactin from Abcam (ab8227), anti-LC3
from MBL (PM036), anti-Flag from Sigma-Aldrich (F3165), and anti-
HCV core (22).

Gene expression analysis, reporter assay, and ELISA. RNA was
extracted using Qiagen RNeasy kit. Real-time quantitative PCR was
conducted using the SYBR green-based one-step reverse transcription-
PCR (RT-PCR) method (catalog no. 4392653; Applied Biosciences). The
forward and reverse primers used for the different factors or proteins were
as follows: for TRAF6, 5=-TTTGCTCTTATGGATTGTCCCC-3= and 5=-
CATTGATGCAGCACAGTTGTC-3=, respectively; for tumor necrosis
factor alpha (TNF-�), 5=-ATCAATCGGCCCGACTATCTC-3= and 5=-
GCAATGATCCCAAAGTAGACCTG-3=, respectively; for IL-6, 5=-ACTC
ACCTCTTCAGAACGAATTG-3= and 5=-CCATCTTTGGAAGGTTCAG
GTTG-3=, respectively; and for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), 5=-ACAACTTTGGTATCGTGGAAGG-3= and 5=-GCCA
TCACGCCACAGTTTC-3=, respectively. Relative RNA levels were
determined after normalization against the GAPDH RNA. The analysis of
the NF-�B promoter was conducted using the firefly luciferase reporter in
the plasmid constructed from pGL3-basic vector purchased from Pro-
mega (catalog no. E1751) with a NF-�B binding motif, GGGAAGTTC.
The plasmid containing the renilla luciferase linked to the cytomegalovi-
rus (CMV) promoter was used for cotransfection to monitor the trans-
fection efficiency. The luciferase activities were measured using the Dual-
Luciferase reporter assay system (catalog no. E1910; Promega) according
to the manufacturer’s protocol. The firefly luciferase activities were nor-
malized against the renilla luciferase activities. The concentration of
TNF-� was measured using Human TNF-� ELISA (enzyme-linked im-
munosorbent assay) Ready-Set-Go kit (catalog no. 88734622; eBiosci-
ence) and FLUOstar Omega microplate reader.

RESULTS
Suppression of TRAF6 expression by HCV. To study how HCV
might interfere with the innate immune response of its host cells,
we examined the possible effect of HCV on TRAF6, an important
mediator of the TLR signaling pathway. We infected Huh7 cells, a
human hepatoma cell line, with a cell culture-adapted HCV JFH1
variant (23) and analyzed the protein level of TRAF6 at different
time points after infection. As shown in Fig. 1A, the TRAF6 pro-

FIG 1 Suppression of TRAF6 expression by HCV. Huh7 cells were infected with HCV at a multiplicity of infection (MOI) of 1. At 3 h postinfection (hpi), the
inoculum was removed, and cells were incubated in fresh medium. Cells were harvested at the time points indicated for immunoblot analysis (A) or for real-time
RT-PCR analysis for TRAF6 mRNA (B) or HCV RNA (C). In panel B, the TRAF6 mRNA level in mock-infected cells was arbitrarily set at 1. The values shown
in panels B and C are the means plus standard errors of the means (SEM) (error bars) from at least three independent experiments.
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tein level was not significantly affected by HCV at 24 h postinfec-
tion, but it was significantly reduced at 48 h and not detected at
72 h. In contrast, TRAF2, another member of the TRAF family,
was not affected by HCV at any time point. When the TRAF6
mRNA was analyzed by real-time RT-PCR, no significant differ-
ence of TRAF6 mRNA levels was detected at different time points
(Fig. 1B). For a positive control, we also measured the HCV RNA
levels, which increased and reached the peak at 36 h postinfection.
These results indicated that HCV likely suppressed the expression
of TRAF6 via a posttranslational mechanism.

Degradation of TRAF6 by HCV-induced autophagy. To de-
termine the mechanism that might be responsible for the deple-
tion of TRAF6 by HCV, we treated HCV-infected cells with
MG132, which inhibits the proteolytic activity of the 26S protea-
some. As shown in Fig. 2A, the treatment of cells with 5 or 10 �M
MG132 slightly increased the TRAF6 protein level in mock-in-
fected cells, but it did not restore the protein level of TRAF6 in
HCV-infected cells. These results indicated that it was unlikely
that HCV induced the degradation of TRAF6 via proteasomes. As
the peak time points of TRAF6 loss (i.e., 48 and 72 h postinfec-
tion) coincided with the peak activity of autophagic protein
degradation induced by HCV (17), we tested the possible role of
autophagy in the reduction of TRAF6 by treating cells with bafi-
lomycin A1, a vacuolar ATPase inhibitor that inhibits the au-
tophagic protein degradation (24). As shown in Fig. 2B, bafilomy-
cin A1 increased the levels of LC3-II (the lipidated form of LC3,
the microtubule-associated protein light chain 3) and p62 in both
mock-infected and HCV-infected cells. Its nonlipidated form (i.e.,
LC3-I) is localized to the cytosol, and its lipidated form (i.e., LC3-
II) is localized to autophagosomes. LC3-II is delipidated and re-
leased back into the cytosol for recycling after the maturation of

autophagosomes or digested in autolysosomes if it resides in the
inner membrane of autophagosomes (25). The p62 sequesto-
some-1 (p62/SQSTM1) protein is degraded by autophagy. The
increases in the protein levels of LC3-II and p62 were consistent
with the inhibitory effect of bafilomycin A1 on the maturation of
autophagosomes. Interestingly, as also shown in Fig. 2B, although
bafilomycin A1 had no effect on the TRAF6 protein level in mock-
infected cells, it partially restored the TRAF6 protein level in
HCV-infected cells at 48 h postinfection, supporting a role of au-
tophagy in the degradation of TRAF6. To determine whether this
effect of autophagy on TRAF6 was HCV specific, we treated Huh7
cells with rapamycin, which induced autophagy (26). As shown in
Fig. 2C, rapamycin increased the level of LC3-II at different time
points after the treatment, in agreement with its ability to induce
autophagy. However, this treatment had no effect on the TRAF6
levels, indicating that the effect of autophagy on TRAF6 was HCV
specific. We also analyzed the level of TRAF6 in stable Huh7 cells
that contained an HCV subgenomic RNA replicon. As shown in
Fig. 2D, the level of TRAF6 in HCV replicon cells was not different
from that in the control Huh7 cells. This result was not surprising,
as the HCV subgenomic RNA replicon inhibited the maturation
of autophagosomes and hence the autophagic protein degrada-
tion (17, 19). To further test the possibility that HCV induced
autophagy to degrade TRAF6, we conducted confocal microscopy
to examine the possible colocalization of TRAF6 with autophago-
somes. Huh7 cells stably expressing the GFP-LC3 fusion protein
were mock infected or infected with HCV. As shown in Fig. 3A,
TRAF6 in mock-infected cells displayed a diffused staining pat-
tern in the whole cell, in agreement with the previous reports (27,
28). Few autophagic vacuoles (i.e., GFP-LC3 puncta) could be
detected in mock-infected cells. The TRAF6 signal was largely not
detected in HCV-infected cells at 48 h postinfection, also in agree-
ment with its depletion by HCV at this time point as shown in Fig.
1A. In these HCV-infected cells, GFP-LC3 puncta became appar-
ent, confirming the previous reports that HCV could induce au-
tophagic vacuoles (17). Bafilomycin A1 did not significantly affect
the subcellular localization of TRAF6 in mock-infected cells, al-
though it did cause the accumulation of GFP-LC3 autophagic
puncta, which was expected due to its inhibitory effect on the
maturation of autophagosomes. Approximately 10% of TRAF6
was found to colocalize with GFP-LC3 puncta in these cells (Fig.
3B). In HCV-infected cells that were treated with bafilomycin A1,
the TRAF6 signals became bright and punctate, and approxi-
mately 50% of the signals colocalized with GFP-LC3 puncta. The
association of TRAF6 with autophagic puncta when the au-
tophagic protein degradation was suppressed by bafilomycin A1
lends further support to the degradation of TRAF6 by HCV-in-
duced autophagy.

Autophagic degradation of TRAF6 mediated by p62/SQSTM1.
To further investigate how TRAF6 was targeted to autophagic vac-
uoles for degradation, we performed the siRNA knockdown ex-
periment to analyze the role of p62, which could bind to TRAF6 to
mediate the activation of NF-�B and also interact with LC3 to
target ubiquitinated proteins to autophagosomes for degradation
(29–31). As shown in Fig. 4A, treating Huh7 cells with the control
siRNA had no effect on the depletion of TRAF6 by HCV at 48 h
after infection. However, the treatment of Huh7 cells with the p62
siRNA, which significantly inhibited expression of p62, prevented
HCV from depleting TRAF6 at 48 h postinfection. These results
indicated an important role of p62 in mediating the depletion of

FIG 2 Stabilization of TRAF6 in HCV-infected cells by bafilomycin A1 but
not by MG132. Huh7 cells were infected with HCV for 24 h and then treated
with 5 or 10 �M MG132 dissolved in dimethyl sulfoxide (DMSO) for 16 h (A)
or with 100 nM bafilomycin A1 (BafiloA1) for 24 h (B). Cells were then lysed
for immunoblot analysis. (C) Huh7 cells were treated with rapamycin (10 �M)
for the indicated lengths of time and lysed for immunoblot analysis. M, mock-
treated cells. (D) Huh7 cells and HCV subgenomic RNA replicon cells were
lysed for immunoblot analysis.
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TRAF6 induced by HCV. To determine whether p62 could also
bind to TRAF6 in HCV-infected cells, we conducted coimmuno-
precipitation experiments. Huh7 cells were infected with HCV
and immunoprecipitated with either the control antibody or the
anti-p62 antibody, followed by immunoblot analysis using the

anti-TRAF6 antibody. As shown in Fig. 4B, TRAF6 could be co-
immunoprecipitated with p62 in mock-infected cells, indicating
that these two proteins could bind to each other. This interaction
was enhanced by HCV at 24 h postinfection and was also detected
at 48 h postinfection, even though the levels of TRAF6 and p62
were significantly reduced at this time point, suggesting an en-
hanced interaction between these two proteins at this time point.
Note that the p62 protein level immunoprecipitated by the anti-
p62 antibody was not reduced at 48 h postinfection. This might be
due to the increased binding affinity of the antibody to p62 after its
binding to TRAF6. The results shown in Fig. 4 provided strong
support to the argument that TRAF6 was recruited by p62 to au-
tophagic vacuoles for their simultaneous degradation in HCV-
infected cells.

Negative regulation of HCV replication by TRAF6. The de-
pletion of TRAF6 by HCV prompted us to investigate the possible
effect of TRAF6 on HCV replication. We transfected a plasmid
that expressed the Flag-tagged TRAF6 into Huh7 cells and then
infected the cells with HCV for either 24 or 48 h. As for endoge-
nous TRAF6, the protein level of Flag-tagged TRAF6 was not af-
fected by HCV at 24 h postinfection, but it was significantly re-
duced by HCV at 48 h postinfection (Fig. 5A). As the expression of
Flag-tagged TRAF6 was driven by the EF1� promoter, this result
was consistent with the observation that the depletion of TRAF6
by HCV was mediated by autophagy and not by transcriptional
repression. This expression of Flag-tagged TRAF6 reduced the

FIG 3 Colocalization analysis of TRAF6 and autophagic vacuoles in mock- and HCV-infected cells. (A) Huh7-GFP-LC3 cells were mock infected or infected
with HCV for 24 h and then treated with either DMSO or bafilomycin A1 (BafoA1) for 24 h. TRAF6 (red) and the HCV NS5A protein (blue) were then
immunostained for confocal microscopy. Bars, 20 �m. (B) Percentage of TRAF6 colocalized with GFP-LC3 puncta. The results represent the means plus standard
errors of the means (SEM) (error bars) from �30 cells analyzed.

FIG 4 Analysis of the interaction between p62 and TRAF6 in HCV-infected
cells. (A) Huh7 cells were transfected with the control siRNA (siControl) or the
p62 siRNA (sip62) twice on consecutive days and then infected with HCV for
24 or 48 h using an MOI of 1. The cells were then lysed for immunoblot
analysis. (B) Huh7 cells were infected with HCV for 24 or 48 h. The cells were
then lysed and immunoprecipitated (IP) with either the control IgG or the
anti-p62 antibody followed by immunoblot analysis (IB) using the anti-
TRAF6 and anti-p62 antibodies (top two blots). The total cell lysates were also
used for immunoblotting to serve as the input control.
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HCV core protein level at both 24 and 48 h postinfection (Fig. 5A)
and significantly reduced the HCV RNA levels in cells (Fig. 5B),
indicating that TRAF6 suppressed the HCV replication. To con-
firm this finding, we also performed the siRNA knockdown exper-
iment. Huh7 cells were transfected with either the control siRNA
or the TRAF6 siRNA and then infected with HCV for 24 or 48 h.
This suppression of TRAF6 expression increased HCV core pro-
tein level (Fig. 5C) and RNA level (Fig. 5D) and the amount of
progeny virus released into the incubation medium (Fig. 5E), con-
firming that TRAF6 is a negative regulator of HCV replication.

TRAF6 supports cytokine response in HCV-infected cells.
HCV infection can activate NF-�B and induce the expression of
cytokines (9, 32, 33). TRAF6 is an important mediator for the
activation of NF-�B and expression of proinflammatory cytokines
(34–37). To determine whether TRAF6 is also important for the
activation of NF-�B and expression of proinflammatory cytokines
in HCV-infected cells, we first analyzed the effect of TRAF6 on the
NF-�B promoter by transfecting Huh7 cells with either a control
siRNA or the TRAF6 siRNA and a firefly luciferase reporter con-
struct linked to the NF-�B promoter. The cells were then infected
with HCV for 24 or 48 h. As shown in Fig. 6A, similar to our
previous report (9), HCV infection could activate the NF-�B pro-
moter, but this activation was abolished when expression of
TRAF6 was suppressed. We then analyzed the effect of TRAF6
knockdown on the expression of IL-6 and TNF-�, two proinflam-
matory cytokines, by analyzing their RNA levels using real-time
RT-PCR. As shown in Fig. 6B, HCV could induce expression of

IL-6 and TNF-�, but this induction was abolished and reduced
below the basal level when expression of TRAF6 was suppressed.
Similar results were obtained when IL-6 and TNF-� secreted into
the incubation medium were analyzed by ELISA (Fig. 6C). As our
previous studies indicated that TNF-� could suppress HCV rep-
lication (9), these results provided an explanation to how TRAF6
suppressed HCV replication.

DISCUSSION

HCV infection can induce inflammatory responses (38). In spite
of this, HCV establishes persistent infections in the great majority
of patients that it infects. The ability of HCV to suppress the host
innate immune responses likely plays an important role for HCV
to establish its persistence. In this report, we demonstrated that
TRAF6, an important molecule that mediates the signaling path-
ways of TLRs and the activation of NF-�B for the expression of
antiviral cytokines, is targeted by HCV for degradation. We found
that TRAF6 was depleted by HCV via a posttranslational mecha-
nism in a time-dependent manner (Fig. 1). This mechanism was
independent of proteasomes, as the depletion of TRAF6 by HCV
could not be abolished by the proteasome inhibitor MG132 (Fig.
2). However, it was dependent on autophagy, as it could be inhib-
ited by bafilomycin A1, which inhibits the maturation of autopha-
gosomes and the autophagic protein degradation (Fig. 2). The
argument that TRAF6 was degraded by autophagy was also sup-
ported by the observation that it colocalized with autophagic vac-
uoles when its degradation was suppressed by bafilomycin A1

FIG 5 Effects of TRAF6 on HCV replication. (A) Huh7 cells were transfected with the control vector or the plasmid that expressed the Flag-tagged TRAF6
(FLAG-TRAF6) for 24 h and then mock infected or infected with HCV for 24 h or 48 h. Cell lysates were then collected for immunoblot analysis. (B) Huh7 cells
infected by HCV as mentioned above for panel A were lysed for quantification of HCV RNA using real-time RT-PCR. The HCV RNA levels were normalized
against GAPDH RNA. (C to E) Huh7 cells were transfected twice with the control siRNA or the TRAF6 siRNA and then infected with HCV for 24 or 48 h with
an MOI of 1. The cells were then lysed for immunoblot analysis (C) or real-time RT-PCR analysis for quantification of HCV RNA (D and E). The incubation
medium was also harvested at 24 and 48 h for titration of infectious HCV particles using the focus formation assay as previously described (46). Values that are
significantly different are indicated by asterisks as follows: *, P � 0.05; **, P � 0.005.
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(Fig. 3). Our further analysis indicated that the depletion of
TRAF6 by HCV was dependent on p62 (Fig. 4A), which could
bind to TRAF6 (Fig. 4B). p62 contains an LC3-interacting region
(LIR). It also contains an ubiquitin-associated domain and can
bind to ubiquitinated proteins. Due to these dual activities, p62
can target ubiquitinated protein aggregates and organelles to au-
tophagic vacuoles for removal and plays a very important role in
mediating selective autophagy. It is conceivable that HCV used a
similar pathway and the ability of TRAF6 to bind to p62 to deplete
TRAF6, which led to suppression of the NF-�B promoter and the
expression of proinflammatory cytokines in the later stage of in-
fection and the enhancement of HCV replication (Fig. 5 and 6).

Note that it had previously been reported that p62 could bind
to TRAF6 after the stimulation of cells with IL-1, and this binding
was important for the activation of NF-�B (29). More recently, it
was also demonstrated that p62 could recruit TRAF6 to the mam-
malian target of rapamycin complex 1 (mTORC1) for its activa-
tion after the stimulation of nutrients to promote cell growth and
suppress autophagy (39). Our results shown in Fig. 4 also indi-
cated that HCV could stimulate the interaction between p62 and
TRAF6, although in this case, the outcome of this interaction was
the autophagic degradation of TRAF6. Thus, it is apparent that
different stimuli can promote the interactions between p62 and
TRAF6 to lead to drastically different outcomes.

The depletion of TRAF6 by HCV was delayed until the later
time points of HCV infection. This is likely due to temporal reg-
ulation of the autophagic flux by HCV (17). Autophagy is ongoing
at the basal level in cells, and it can be stimulated by the infection
of microbial pathogens and used by the host cells to remove intra-
cellular pathogens, including viruses (40). HCV could also induce
autophagy, although similar to a number of RNA viruses (41), this
induction of autophagy enhanced rather than suppressed HCV
replication (19). Our recent studies indicated that HCV induced
the autophagic response of its host cells but suppressed the matu-
ration of autophagosomes at the early time points of infection.
This suppression of autophagosomal maturation allowed au-
tophagosomes to accumulate in cells, which is beneficial to HCV
replication, as HCV could use autophagosomal membranes for its
RNA replication (42). HCV allowed the autophagosomes to ma-
ture and fuse with lysosomes in the later stage of infection, likely
because the importance of autophagosomes for its RNA replica-
tion diminished in the later stage of infection either due to the shift
of the stage of the life cycle from RNA replication to the assembly
of progeny viral particles or the extensive reorganization of cellu-
lar membranes, such as the appearance of smaller double-mem-
brane vesicles that were found to also support HCV RNA replica-
tion (19, 43). The results of our studies presented in this report
indicated that the maturation of autophagosomes in the later stage

FIG 6 Effects of TRAF6 on the NF-�B promoter and the expression of cytokines in HCV-infected cells. (A) Huh7 cells were transfected with the NF-�B-
luciferase reporter and either the control siRNA or the TRAF6 siRNA for 24 h. The CMV-renilla luciferase reporter was also used for cotransfection to monitor
transfection efficiencies. The cells were then infected with HCV for 24 h or 48 h and then lysed for measuring the luciferase activities using the Dual-Luciferase
assay kit (Promega). The results represent the means plus SEM from three independent experiments. Huh7 cells transfected with the control siRNA or the TRAF6
siRNA were infected with HCV for 24 or 48 h. (B) Cells were then lysed for quantification of IL-6 or TNF-� (TNFa) mRNAs using real-time RT-PCR. The levels
of IL-6 and TNF-� mRNAs of mock-infected cells transfected with the control siRNA were arbitrarily set at 1. (C) The incubation medium was collected and
filtered at 24 and 48 h postinfection for analysis of IL-6 and TNF-� by ELISA.
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of infection was also important for HCV, as it allowed HCV to
deplete TRAF6 to suppress the host innate immune response to
favor HCV persistence. This finding, plus the previous observa-
tions that autophagy induced by HCV could suppress the induc-
tion of type I interferons and interferon-stimulated genes via the
suppression of RIG-I (44, 45), clearly demonstrated that HCV had
developed sophisticated mechanisms to control the host au-
tophagic response to maximize its replication.
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