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ABSTRACT Hepatitis C virus (HCV) infection is closely associated with type 2 diabetes.
We reported that HCV infection induces the lysosomal degradation of hepatocyte nu-
clear factor 1 alpha (HNF-1�) via interaction with HCV nonstructural protein 5A (NS5A)
protein, thereby suppressing GLUT2 gene expression. The molecular mechanisms of
selective degradation of HNF-1� caused by NS5A are largely unknown. Chaperone-
mediated autophagy (CMA) is a selective lysosomal degradation pathway. Here, we in-
vestigated whether CMA is involved in the selective degradation of HNF-1� in HCV-
infected cells and observed that the pentapeptide spanning from amino acid (aa) 130 to
aa 134 of HNF-1� matches the rule for the CMA-targeting motif, also known as KFERQ
motif. A cytosolic chaperone protein, heat shock cognate protein of 70 kDa (HSC70), and
a lysosomal membrane protein, lysosome-associated membrane protein type 2A (LAMP-
2A), are key components of CMA. Immunoprecipitation analysis revealed that HNF-1�

was coimmunoprecipitated with HSC70, whereas the Q130A mutation (mutation of Q to
A at position 130) of HNF-1� disrupted the interaction with HSC70, indicating that the
CMA-targeting motif of HNF-1� is important for the association with HSC70. Immuno-
precipitation analysis revealed that increasing amounts of NS5A enhanced the associa-
tion of HNF-1� with HSC70. To determine whether LAMP-2A plays a role in the degrada-
tion of HNF-1� protein, we knocked down LAMP-2A mRNA by RNA interference; this
knockdown by small interfering RNA (siRNA) recovered the level of HNF-1� protein in
HCV J6/JFH1-infected cells. This result suggests that LAMP-2A is required for the degra-
dation of HNF-1�. Immunofluorescence study revealed colocalization of NS5A and
HNF-1� in the lysosome. Based on our findings, we propose that HCV NS5A interacts
with HSC70 and recruits HSC70 to HNF-1�, thereby promoting the lysosomal degrada-
tion of HNF-1� via CMA.

IMPORTANCE Many viruses use a protein degradation system, such as the ubiquitin-
proteasome pathway or the autophagy pathway, for facilitating viral propagation and vi-
ral pathogenesis. We investigated the mechanistic details of the selective lysosomal deg-
radation of hepatocyte nuclear factor 1 alpha (HNF-1�) induced by hepatitis C virus
(HCV) NS5A protein. Using site-directed mutagenesis, we demonstrated that HNF-1�

contains a pentapeptide chaperone-mediated autophagy (CMA)-targeting motif within
the POU-specific domain of HNF-1�. The CMA-targeting motif is important for the asso-
ciation with HSC70. LAMP-2A is required for degradation of HNF-1� caused by NS5A.
We propose that HCV NS5A interacts with HSC70, a key component of the CMA machin-
ery, and recruits HSC70 to HNF-1� to target HNF-1� for CMA-mediated lysosomal degra-
dation, thereby facilitating HCV pathogenesis. We discovered a role of HCV NS5A in
CMA-dependent degradation of HNF-1�. Our results may lead to a better understanding
of the role of CMA in the pathogenesis of HCV.
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Hepatitis C virus (HCV) infection often causes chronic hepatitis, liver cirrhosis, and
hepatocellular carcinoma. HCV is a positive-sense single-stranded RNA virus be-

longing to the Flaviviridae family, Hepacivirus genus. The HCV genome consists of a
9.6-kb RNA encoding a polyprotein of 3,010 amino acids (aa). The polyprotein is cleaved
co- and posttranslationally into at least 10 proteins by viral proteases and cellular
signalases. The viral proteins required for RNA replication include nonstructural protein
NS3 (NS3), NS4A, NS4B, NS5A, and NS5B (1). The development of HCV RNA replicon
systems and HCV cell culture systems has enabled the investigation of HCV replication
and the HCV life cycle (2–5). The discovery of direct-acting antiviral drugs for HCV has
greatly improved the treatment of chronic hepatitis C, but the emergence of drug
resistance raises new concerns (6).

HCV infection often causes not only intrahepatic diseases but also extrahepatic
manifestations, such as type 2 diabetes. Clinical and experimental studies suggested
that HCV infection is an additional risk factor for the development of diabetes (7–9). We
reported that in a human hepatoma cell line, HCV suppressed hepatocytic glucose
uptake through downregulation of the cell surface expression of glucose transporter 2
(GLUT2) (10). We further reported that HCV infection induces the lysosomal degrada-
tion of hepatocyte nuclear factor 1alpha (HNF-1�) protein via interaction with domain
I of NS5A protein, thereby downregulating the GLUT2 promoter (11). The POU-specific
(POUs) domain of HNF-1� is responsible for the interaction with NS5A protein (12). The
molecular mechanisms underlying the selective lysosomal degradation of HNF-1�

caused by HCV NS5A are largely unknown.
Autophagy regulates the recycling process that involves the degradation of cellular

constituents in the lysosome. There are at least three types of autophagy: macroau-
tophagy, microautophagy, and chaperone-mediated autophagy (CMA) (13). Macroau-
tophagy, the best-characterized autophagy pathway, starts with the formation of the
limiting membrane of the autophagosome, a double-membrane vesicle, through the
assembly of proteins and lipids from different cellular organelles, such as the endo-
plasmic reticulum (ER), Golgi apparatus, mitochondria, and plasma membrane. Mac-
roautophagy is a nonselective bulk degradation process. In contrast, CMA is a selective
degradation pathway that targets only proteins containing a pentapeptide CMA-
targeting motif (also known as a KFERQ motif) for lysosomal degradation (14, 15). CMA
promotes the degradation of a specific substrate protein that enters into the lysosome
through lysosome-associated membrane protein type 2A (LAMP-2A). LAMP-2A func-
tions as a receptor for the selective uptake and degradation of proteins by lysosomes
via the CMA-dependent pathway (16).

Substrate proteins of CMA contain the CMA-targeting motif, which is selectively
recognized by the cytosolic heat shock cognate protein of 70 kDa (HSC70). The
CMA-targeting motif consists of an invariant amino acid, one or two of the positively
charged residues lysine (K) or arginine (R), one or two of the hydrophobic residues
isoleucine (I), leucine (L), valine (V), or phenylalanine (F), one of the negatively charged
residues aspartic acid (D) or glutamic acid (E), and one glutamine (Q) residue on either
side of the pentapeptide (17). Although microautophagy involves the selection of a
protein cargo by HSC70 using the same pentapeptide motif, microautophagy is inde-
pendent of LAMP-2A, but it is dependent on endosomal sorting complex required for
transport I (ESCRT-I) and ESCRT-III (13, 18).

In this study, we sought to clarify the molecular mechanisms underlying the
selective lysosomal degradation of HNF-1� protein induced by HCV NS5A. We investi-
gated the role of CMA in the selective degradation of HNF-1�. A mutational analysis
revealed that HNF-1� contains the CMA-targeting motif that is required for recognition
by HSC70. Our findings also demonstrate that HCV NS5A protein promotes the asso-
ciation of HNF-1� with HSC70. Knockdown of LAMP-2A by small interfering RNA (siRNA)
restored the levels of HNF-1� protein. We propose that HCV NS5A protein promotes the
lysosomal degradation of HNF-1� via CMA.
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RESULTS
The CMA-targeting motif of HNF-1� is required for the interaction with HSC70.

To determine whether HNF-1� contains a CMA-targeting motif, we analyzed the amino
acid sequence of HNF-1� based on the rules for the consensus CMA-targeting motif
(17). The consensus CMA-targeting motif is based on the physical properties of the
amino acid residues as described above. Following this rule, a putative CMA-targeting
motif was identified in the region spanning from aa 130 to aa 134 within the POUs
domain of HNF-1� (Fig. 1A). The pentapeptide 130QREVV134 completely matches the
rules for the CMA-targeting motif.

To determine whether the putative CMA-targeting motif of HNF-1� is required for
the HCV-induced lysosomal degradation of HNF-1�, we constructed plasmids express-
ing FLAG-tagged mutants with mutations of the CMA-targeting motif, pCAG-FLAG-
HNF-1� Q130A (encoding a change of Q to A at position 130) and pCAG-FLAG-HNF-1�

Q130A/R131A. To determine whether the CMA-targeting motif of HNF-1� is required
for its interaction with HSC70, we performed a coimmunoprecipitation analysis. Over-
expressed myc- and HA (hemagglutinin)-tagged HSC70 (myc-HSC70-HA) interacted
with FLAG-HNF-1� (Fig. 1B, 4th panel, lane 4) but not with either FLAG-HNF-1� Q130A
or FLAG-HNF-1� Q130A/R131A (Fig. 1B, 4th panel, lanes 5 and 6). Moreover, the
coimmunoprecipitation analysis revealed that endogenous HSC70 was coimmunopre-
cipitated with FLAG-HNF-1� (Fig. 1C, 3rd panel, lane 2). On the other hand, neither
FLAG-HNF-1� Q130A nor FLAG-HNF-1� Q130A/R131A was coimmunoprecipitated with
endogenous HSC70 (Fig. 1C, 3rd panel, lanes 3 and 4). These results suggest that HSC70
interacts with HNF-1� via the CMA-targeting motif.
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FIG 1 HNF-1� contains the CMA-targeting motif that is required for interaction with HSC70 in the POUs domain.
(A) Schematic representation of HNF-1�. The CMA-targeting motif resides in the region ranging from aa 130 to aa
134 of the POUs domain of HNF-1�. Expression plasmids for FLAG-HNF-1� Q130A/R131A and FLAG-HNF-1� Q130A
were constructed. Dim., dimerization domain; POUh, POU homeodomain. (B) Huh-7.5 cells were transfected with
pCAG-FLAG-HNF-1�, pCAG-FLAG-HNF-1� Q130A/R131A, or pCAG-FLAG-HNF-1� Q130A. At 48 h after transfection,
cells were harvested. Cell lysates were immunoprecipitated (IP) with rabbit anti-c-myc PAb, followed by immu-
noblotting (IB) with mouse anti-c-myc MAb (3rd panel) or mouse anti-FLAG MAb (4th panel). Input samples were
immunoblotted with either anti-FLAG MAb (1st panel) or anti-c-myc MAb (2nd panel). (C) Huh-7.5 cells were plated
at 1.5 � 106 cells/10-cm dish and cultured for 12 h. Cells were transfected with pCAG-FLAG-HNF-1�, pCAG-FLAG-
HNF-1� Q130A/R131A, or pCAG-FLAG-HNF-1� Q130A. At 48 h after transfection, cells were harvested. Cell lysates
were immunoprecipitated with mouse anti-HSC70 MAb, followed by immunoblotting with rabbit anti-FLAG PAb
(3rd panel) or mouse anti-HSC70 MAb (4th panel). The expression of FLAG-HNF-1� proteins or endogenous HSC70
was examined using the same cell lysates by immunoblotting with either anti-FLAG PAb (1st panel) or anti-HSC70
MAb (2nd panel).
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HCV NS5A enhances the interaction between HSC70 and HNF-1�. It was re-

ported that HCV NS5A protein interacts with HSC70 in HCV reporter virus FNX-Rluc-
infected Huh-7.5 cells (19). To determine whether HCV NS5A can interact with HSC70
in HCV J6/JFH1-infected cells, we infected Huh-7.5 cells with HCV J6/JFH1 and then
transfected them with pCAG-FLAG-HSC70. An immunoprecipitation analysis revealed
that NS5A protein was coimmunoprecipitated with FLAG-HSC70 (Fig. 2A, 4th panel,
lane 4), suggesting that HCV NS5A interacts with HSC70 in HCV J6/JFH1-infected cells.

To determine whether HCV NS5A interacts with HSC70 in a transient expression
system, Huh-7.5 cells were transfected with pEF-FLAG-NS5A together with pCAG-myc-
HSC70-HA as indicated in Fig. 2B. The immunoprecipitation analysis revealed that
FLAG-NS5A was coimmunoprecipitated with myc-HSC70-HA (Fig. 2B, 3rd panel, lane 4).

To determine whether HCV NS5A affects the interaction between HNF-1� and
HSC70, we transfected Huh-7.5 cells with increasing amounts of pEF-NS5A-myc-His6

together with either pCAG-FLAG-HNF-1� or pCAG-FLAG-HNF-1� Q130A. An immuno-
precipitation analysis using anti-HSC70 monoclonal antibody (MAb) revealed that
increasing the amount of NS5A increased the precipitation of FLAG-HNF-1� (Fig. 2C, 1st
panel, lanes 9 to 11) but not of FLAG-HNF-1� Q130A (Fig. 2C, 1st panel, lanes 12 to 14).
These results suggest that HCV NS5A enhances the interaction between HNF-1� and
HSC70.

To determine whether HCV NS5A affects the interaction between HNF-1� and
HSC70 in HCV-infected cells, we infected Huh-7.5 cells with HCV J6/JFH1 and trans-
fected cells with either pCAG-FLAG-HNF-1� or pCAG-FLAG-HNF-1� Q130A. The immu-
noprecipitation analysis using anti-HSC70 MAb revealed that FLAG-HNF-1� but not
FLAG-HNF-1� Q130A was coprecipitated with HSC70 in HCV-infected cells (Fig. 2D, 2nd
panel, lanes 4 and 6), whereas FLAG-HNF-1� was not coprecipitated with HSC70 in
mock-infected cells (Fig. 2D, 2nd panel, lane 3). These results suggest that HCV NS5A
enhances the interaction between HNF-1� and HSC70 via the CMA-targeting motif in
HCV-infected cells.

To determine whether HCV infection over time also increases the interaction of
HSC70 with HNF-1�, we collected the cells at 12, 24, 36, and 48 h postinfection. The
immunoprecipitation analysis using anti-HSC70 MAb revealed that HCV infection over
time increased the interaction between HNF-1� and HSC70 (Fig. 2E, 2nd panel, lanes 1
to 5). This result indicates that increasing amounts of HCV NS5A produced from
infectious HCV enhanced the interaction between HNF-1� and HSC70.

HSC70 interacts with domain I of NS5A protein. To map the HSC70-binding

domain on NS5A protein, we performed coimmunoprecipitation analyses using a series
of NS5A deletion mutants (Fig. 3A). Huh-7.5 cells were expressed with FLAG-HSC70
together with a series of NS5A mutants. FLAG-HSC70 was found to be coimmunopre-
cipitated with all of the HA-NS5A proteins except HA-NS5A(357– 447) (deletion mutant
with the deletion of aa 357 to aa 447), HA-NS5A(250 – 447), and HA-NS5A(214 – 447)
(Fig. 3B, 1st panel, lanes 15 to 17), suggesting that domain I of NS5A is important for
the HSC70 binding. FLAG-HSC70 protein was also coimmunoprecipitated with NS5A(1–
126)-myc-His6 and NS5A(1–147)-myc-His6 (Fig. 3C, 1st panel, lanes 6 to 8). These results
indicate that the region from aa 1 to 126 of NS5A is important for the interaction with
HSC70. We reported that the region spanning from aa 121 to aa 126 of NS5A is
important for its interaction with HNF-1� (12). These two results raise a possibility that
the HNF-1�–HSC70 interaction may be bridged by NS5A protein.

The HCV-induced degradation of HNF-1� protein was restored by siRNA knock-
down of lysosomal receptor LAMP-2A. To determine whether LAMP-2A, a lysosomal

receptor, plays a role in the HCV-induced degradation of HNF-1� protein, LAMP-2A
mRNA was knocked down by siRNA. We observed that siRNA knockdown of LAMP-2A
restored the HCV-induced degradation of HNF-1� protein in HCV J6/JFH1-infected cells
(Fig. 4A, 2nd panel, lane 4). This result suggests that LAMP-2A is involved in the
HCV-induced degradation of HNF-1� protein.
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FIG 2 HCV NS5A protein enhances the interaction between HSC70 and HNF-1�. (A) Huh-7.5 cells (1.5 � 106 cells/10-cm dish)
were infected with HCV J6/JFH1 at a multiplicity of infection (MOI) of 1. At 4 h postinfection, cells were transfected with
pCAG-FLAG-HSC70 and cultured for 48 h. Cells were harvested and assayed for immunoprecipitation with mouse anti-FLAG
M2 MAb, followed by immunoblotting with rabbit anti-FLAG PAb (3rd panel) or rabbit anti-NS5A PAb (4th panel). Input
samples were immunoblotted with either rabbit anti-FLAG PAb (1st panel) or rabbit anti-NS5A PAb (2nd panel). (B) Huh-7.5
cells (1.5 � 106 cells/10-cm dish) were transfected with either FLAG-HNF-1� or empty plasmid together with pCAG-myc-
HSC70-HA as indicated, and cultured. At 48 h after transfection, cells were harvested. Cell lysates were assayed for
immunoprecipitation with rabbit anti-c-myc PAb, followed by immunoblotting with mouse anti-FLAG MAb (3rd panel) or
mouse anti-HSC70 MAb (4th panel). Input samples were immunoblotted with either anti-FLAG MAb (1st panel) or anti-HSC70
MAb (2nd panel). (C) Huh-7.5 cells were plated at 1.5 � 106 cells/10-cm dish and cultured for 12 h. Cells were transfected with
increasing amounts of pEF1A-NS5A-myc-His6 together with either pCAG-FLAG-HNF-1� or pCAG-FLAG-HNF-1� Q130A. At 48 h
after transfection, the cells were harvested. The cell lysates were immunoprecipitated with mouse anti-HSC70 MAb, followed
by immunoblotting with rabbit anti-FLAG PAb (1st panel, right), mouse anti-HSC70 MAb (2nd panel, right), or mouse
anti-c-myc MAb (3rd panel, right). Input samples were analyzed by immunoblotting with anti-FLAG PAb (1st panel, left),
anti-HSC70 MAb (2nd panel, left), or anti-c-myc MAb (3rd panel, left). (D) Huh-7.5 cells (1.5 � 106 cells/10-cm dish) were
infected with HCV J6/JFH1 at an MOI of 1. At 4 h postinfection, cells were transfected with either pCAG-FLAG-HNF-1� or
pCAG-FLAG-HNF-1� Q130A and cultured for 48 h. Cells were harvested and assayed for immunoprecipitation with mouse
anti-HSC70 MAb. Bound proteins were immunoblotted with rabbit anti-FLAG PAb (2nd panel) or mouse anti-HSC70 MAb (4th
panel). Input samples were immunoblotted with anti-FLAG PAb (1st panel), anti-HSC70 MAb (3rd panel), or anti-NS5A rabbit
PAb (5th panel). (E) Huh-7.5 cells (1.5 � 106 cells/10-cm dish) were transfected with pCAG-FLAG-HNF-1�. At 24 h posttrans-
fection, cells were infected with HCV J6/JFH1 at an MOI of 0.5 for 12 h, 24 h, 36 h, or 48 h. Cells were harvested and assayed
for immunoprecipitation with mouse anti-HSC70 MAb. Bound proteins were immunoblotted with rabbit anti-FLAG PAb (2nd
panel) or mouse anti-HSC70 MAb (4th panel). Input samples were immunoblotted with anti-FLAG PAb (1st panel), anti-HSC70
MAb (3rd panel), or rabbit anti-NS5A PAb (5th panel).
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The HCV-induced degradation of HNF-1� protein was restored by lysosomal
enzyme inhibitor NH4Cl. To confirm whether the HCV-induced degradation of HNF-1�

is due to lysosomal enzymes, we treated HCV J6/JFH1-infected Huh-7.5 cells with a
lysosomal enzyme inhibitor, NH4Cl, which is known to neutralize the acidic lysosomal
pH. Treatment of the cells with NH4Cl restored the levels of HNF-1� protein (Fig. 4B, 1st
panel, lane 6). This result is consistent with the notion that HCV infection induces the
lysosomal degradation of HNF-1� protein via CMA.

The HCV-induced degradation of HNF-1� protein was restored by siRNA knock-
down of HSC70. To determine whether HSC70 plays a role in the HCV-induced
degradation of HNF-1� protein, HSC70 mRNA was knocked down by siRNA. We
observed that siRNA knockdown of HSC70 restored the HCV-induced degradation of
HNF-1� protein in HCV J6/JFH1-infected cells (Fig. 4C, 2nd panel, lane 4). This result
suggests that HSC70 is involved in the HCV-induced degradation of HNF-1� protein.
Taken together, these results suggest that HCV infection induces the lysosomal deg-
radation of HNF-1� protein via CMA.

HCV NS5A is colocalized with endogenous HNF-1� in HCV J6/JFH1-infected
cells. To confirm whether NS5A is colocalized with endogenous HNF-1� in HCV-
infected cells, we performed immunofluorescence staining. The immunofluorescence
staining revealed that HNF-1� was mainly localized in the nucleus in the mock-infected
cells. However, HNF-1� was localized both in the nucleus and in the cytoplasm in HCV
J6/JFH1-infected cells. Immunofluorescence staining demonstrated that NS5A was
colocalized with endogenous HNF-1� in the cytoplasm in HCV J6/JFH1-infected cells
(Fig. 5, 2nd panel, merge).
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NS5A is colocalized with endogenous HNF-1� in the lysosome in HCV J6/JFH1-
infected cells. To confirm the subcellular colocalization of NS5A and HNF-1� in the
lysosome, we performed immunofluorescence staining using LysoTracker. In the ab-
sence of lysosome protease inhibitor pepstatin A, merged white signals were hardly
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plated at 3.0 � 105 cells/6-well plate and cultured for 12 h. The cells were infected with HCV J6/JFH1 at an
MOI of 2 and treated with 5 mM NH4Cl for 24 h. The cells were then harvested, and the cell lysates analyzed
by immunoblotting with goat anti-HNF-1� PAb, rabbit anti-NS5A PAb, or anti-GAPDH MAb. The level of
GAPDH served as a loading control. DMSO, dimethyl sulfoxide. (C) Huh-7.5 cells (3.0 � 105 cells/12-well plate)
were transfected with either HSC70-specific siRNA or negative-control scrambled siRNA and cultured. At 24 h
posttransfection, the cells were infected with HCV J6/JFH1 at an MOI of 2. At 48 h postinfection, the cells were
harvested and the cell lysates were analyzed by immunoblotting with anti-HSC70 MAb, anti-HNF-1� MAb,
anti-NS5A PAb, and anti-GAPDH MAb. The level of GAPDH served as a loading control.

HNF-1 NS5A Hoechst33342 merge

Mock

HCV

FIG 5 HCV NS5A is colocalized with endogenous HNF-1� in HCV-infected cells. Huh-7.5 cells were plated at 1.0 �
105 cells/24-well plate and cultured for 12 h. Cells were infected with HCV J6/JFH1 at an MOI of 2. At 6 days
postinfection, the cells were stained with anti-HNF-1� MAb followed by Alexa Fluor 488-conjugated goat anti-
mouse IgG (green) and anti-NS5A PAb followed by Alexa Fluor 594-conjugated goat anti-rabbit IgG (red). The cells
were stained with Hoechst 33342 for the nuclei (blue). The stained cells were examined using a Zeiss LSM 700
scanning laser confocal microscope and image software. Scale bars, 10 �m.
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detected in HCV J6/JFH1-infected cells (Fig. 6, 2nd panel, merge, enlarged image). In
contrast, merged white signals were clearly observed in the presence of pepstatin A,
suggesting that pepstatin A inhibited the lysosomal degradation of FLAG-HNF-1�, and the
colocalization of FLAG-HNF-1� with NS5A in the lysosome was detectable (Fig. 6, 3rd panel,
merge, enlarged image).

Pepstatin A restored the HCV NS5A-induced, CMA-mediated lysosomal degra-
dation of FLAG-HNF-1�. To determine whether HCV NS5A promotes the lysosomal
degradation of HNF-1� via CMA, Huh-7.5 cells infected with HCV J6/JFH1 were cotrans-
fected with either pCAG-FLAG-HNF-1� or pCAG-FLAG-HNF-1� Q130A and were treated
with or without pepstatin A. Immunofluorescence staining revealed that merged white
signals were slightly detected in the absence of pepstatin A (Fig. 7, 1st panel, merge,
enlarged image), whereas merged white signals were increased in the presence of
pepstatin A (Fig. 7, 2nd panel, merge, enlarged image). In contrast, merged white
signals were not detected in the cells expressing FLAG-HNF-1� Q130A even in the

FIG 6 HCV NS5A is colocalized with HNF-1� in the lysosome. Huh-7.5 cells were plated at 1.0 � 105 cells/24-well
plate and cultured for 12 h. Cells were infected with HCV J6/JFH1 at an MOI of 2. At 4 days postinfection, 20 �M
pepstatin A was administered to the cells as indicated. At 6 days postinfection, the cells were stained with
anti-HNF-1� MAb followed by Alexa Fluor 405-conjugated goat anti-mouse IgG (blue), anti-NS5A PAb followed by
Alexa Fluor 488-conjugated goat anti-rabbit IgG (green), and LysoTracker (red). The stained cells were examined
using a Zeiss LSM 700 scanning laser confocal microscope and image software. Scale bars, 10 �m.
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presence of pepstatin A (Fig. 7, 3rd panel, merge). These results suggest that
pepstatin A restored the HCV NS5A-induced, CMA-mediated lysosomal degradation
of FLAG-HNF-1�.

Taken together, we propose a model in which HCV NS5A recruits HSC70 to HNF-1�,
leading to recognition of the NS5A-HSC70-HNF-1� protein complexes by LAMP-2A in
the cytosolic side of the lysosomal membrane, thereby promoting the lysosomal
degradation of HNF-1� protein via CMA (Fig. 8).

DISCUSSION

Here, we sought to clarify the molecular mechanisms of the HCV NS5A-induced
selective lysosomal degradation of HNF-1� protein. We discovered that HNF-1� protein
contains a CMA-targeting motif in the region spanning from aa 130 to aa 134 within the
POUs domain. Our immunoprecipitation analysis revealed that the CMA-targeting motif
is crucial for the interaction between HNF-1� and HSC70 (Fig. 1). Immunoprecipitation
analysis also revealed that NS5A interacted with HSC70 and that increasing amounts of
NS5A enhanced the association of HNF-1� with HSC70 (Fig. 2).

FIG 7 Pepstatin A restored the HCV NS5A-induced CMA-mediated lysosomal degradation of FLAG-HNF-1�. Huh-7.5
cells were plated at 1.0 � 105 cells/24-well plate and cultured for 12 h. Cells were infected with HCV J6/JFH1 at an
MOI of 2. At 4 h postinfection, the cells were transfected with either pCAG-FLAG-HNF-1� or pCAG-FLAG-HNF-1�
Q130A. After transfection, 20 �M pepstatin A was administered to the cells as indicated. At 6 days postinfection,
the cells were stained with anti-FLAG MAb followed by Alexa Fluor 405-conjugated goat anti-mouse IgG (blue),
anti-NS5A PAb followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG (green), and LysoTracker (red). These
stained cells were examined using a Zeiss LSM 700 scanning laser confocal microscope and image software. Scale
bars, 10 �m.
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We mapped the HSC70-binding domain on the HCV NS5A protein and found that
the region spanning from aa 1 to aa 126 is important for the interaction with HSC70.
Moreover, siRNA knockdown of LAMP-2A recovered the degradation of HNF-1�, indi-
cating that the degradation of HNF-1� induced by HCV infection is dependent on
LAMP-2A and HSC70 (Fig. 4). Immunofluorescence staining revealed that NS5A is
colocalized with HNF-1� in the lysosome (Fig. 5 and 6). HCV NS5A promotes the
lysosomal degradation of HNF-1� via the CMA-targeting motif (Fig. 6 and 7). Taken
together, these results suggest that HCV NS5A protein interacts with HSC70 and recruits
HSC70 to HNF-1� through a protein-protein interaction, thereby promoting the lyso-
somal degradation of HNF-1� via CMA (Fig. 8).

The involvement of CMA in the lysosomal degradation of interferon alpha
receptor-1 (IFNAR1) in free fatty acid (FFA)-treated, HCV-infected cells was reported
previously (20). IFNAR1 interacts with HSC70 and LAMP-2A. IFNAR1 contains a CMA-
targeting motif (QKVEV) at aa 34 to aa 38 in the human IFNAR1 protein and is degraded
via CMA in HCV-infected, FFA-treated cells (20). In the present study, our analyses
demonstrated that HCV NS5A protein interacts with both HNF-1� and HSC70 at domain
I of NS5A and recruits HSC70 to HNF-1�, thereby promoting CMA. To our knowledge,
this is the first report clarifying the molecular mechanism of CMA induced by HCV
infection.

CMA is a highly selective subtype of autophagy that directly carries a substrate
protein into the lysosomal lumen using HSC70 and LAMP-2A (17). Substrate proteins
contain a CMA-targeting motif. Thus, the cytosolic chaperone HSC70 selectively iden-
tifies a target protein, leading to facilitation of the delivery to the lysosomal surface (21,
22). All substrate proteins contain the CMA-targeting motif for the selectivity of CMA.
Our present results demonstrated that the HNF-1� protein contains the CMA-targeting
motif in its POUs domain (Fig. 1A). Interestingly, HCV NS5A interacts with the POUs
domain of HNF-1� (12). These findings suggest that HCV NS5A, HSC70, and HNF-1�

form a protein complex. We observed the colocalization of NS5A and HNF-1� in the
lysosome when cells were treated with a lysosomal enzyme inhibitor, pepstatin A. We
thus propose that HCV NS5A interacts with HSC70 and recruits HSC70 to the substrate
HNF-1�, thereby promoting lysosomal degradation of HNF-1� via CMA. Further studies
are required to clarify the molecular mechanisms of the unfolding of HNF-1� and the
translocation into the lysosome.

HNF-1
QREVV

HSC70
NS5A 

degradation of HNF-1  

HNF-1
QREVV

Lysosome
LAMP-2A

CMA-targeting 
 motif HSC70

NS5A HNF-1
QREVVNS5A 

FIG 8 A proposed mechanism of the HCV NS5A-induced lysosomal degradation of HNF-1� via CMA. HCV NS5A
interacts with HSC70 and recruits HSC70 to HNF-1� protein through an interaction between NS5A and HNF-1�.
HSC70 interacts with HNF-1� at its CMA-targeting motif. Protein complexes are delivered to the lysosome by
HSC70. HSC70 is recognized by LAMP2A, a lysosomal membrane protein. HNF-1� protein gets unfolded and
translocated into the lysosome. HNF-1� is degraded in the lysosome by lysosomal proteases.
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A number of studies have suggested that autophagy (i.e., macroautophagy) plays
some roles in the HCV life cycle (23). HCV infection induces autophagy both in cell
culture and in the hepatocytes of chronic hepatitis C patients (24–26). Several groups
have reported that HCV infection may indirectly or directly induce autophagy (27, 28).
HCV also uses autophagy to promote its amplification by suppressing innate immune
responses (29). Although the exact mechanisms remain to be elucidated, autophagy
plays a positive role in HCV replication (23).

CMA is very different from macroautophagy due to the unique way in which its
substrates, mainly cytosolic proteins, enter the lysosome (17, 30). Proteins degraded by
CMA are identified one-by-one by HSC70, which delivers them to the surface of the
lysosome. CMA contributes to two crucial functions in cellular physiology: the mainte-
nance of energy homeostasis and protein quality control (17). Evidence is accumulating
that CMA is involved in the pathogenesis of various diseases, including severe neuro-
degenerative disorders (Parkinson’s disease and Huntington’s disease) (31–33), cancer
(34), and renal diseases (35). Little is known about the involvement of CMA in viral
diseases. It was reported that CMA targets IFNAR1 for degradation in the lysosome in
FFA-treated, HCV-infected cell culture (20, 36) and that CMA protein BAG3 negatively
regulates Ebola virus and Marburg virus VP40 matrix protein-mediated egress (37).
Here, we demonstrated that HCV NS5A protein plays an important role in the CMA-
dependent degradation of HNF-1�. The results of the present study, together with
those of our previous studies (10–12), suggest that HCV uses CMA for the selective
degradation of HNF-1�, thereby affecting the glucose metabolism in HCV-infected cells.
These studies raise the intriguing possibility that other viruses may also manipulate
CMA to facilitate viral pathogenesis and/or viral replication.

Our group and many other groups have been investigating NS5A-interacting pro-
teins. More than 130 host proteins have been identified as NS5A-interacting proteins
(11, 38–41). We are currently examining the potential CMA-targeting motif in NS5A-
interacting proteins. Among the NS5A-interacting proteins, we have already observed
that many NS5A-binding proteins contain a potential CMA-targeting motif. Further
investigations are required to clarify the physiological relevance of the CMA-dependent
degradation of host proteins in HCV infection.

In conclusion, we have demonstrated that HCV NS5A protein promotes the associ-
ation of HNF-1� with HSC70. The knockdown of LAMP-2A restored the HCV-induced
lysosomal degradation of HNF-1� protein. We propose that HCV NS5A interacts with
HSC70 and recruits HSC70 to HNF-1�, thereby promoting the lysosomal degradation of
HNF-1� via CMA. We reported that HCV infection suppresses GLUT2 gene expression
via lysosomal degradation of HNF-1� protein and that HCV NS5A interacts with HNF-1�

and promotes the lysosomal degradation of HNF-1� protein (11, 12). Taking our
previous reports and the current study into account, we propose that HCV NS5A may
promote the lysosomal degradation of HNF-1� protein via CMA, thereby suppressing
GLUT2 gene expression. Further investigations of HCV NS5A-induced CMA-dependent
degradation of host proteins may contribute to our understanding of HCV pathogen-
esis.

MATERIALS AND METHODS
Cell culture. A human hepatoma cell line, Huh-7.5 (42), was kindly provided by C. M. Rice (The

Rockefeller University, NY). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (high
glucose) with L-glutamine (Wako, Osaka, Japan) and supplemented with 50 IU/ml penicillin, 50 �g/ml
streptomycin (Gibco, Grand Island, NY), 10% heat-inactivated fetal bovine serum (Biowest, Nuaillé,
France), and 0.1 mM nonessential amino acids (Invitrogen, New York, NY) at 37°C in a 5% CO2 incubator.
Cells were transfected with plasmid DNA using FuGene 6 transfection reagents (Promega, Madison, WI).
The pFL-J6/JFH1 plasmid, which encodes the entire viral genome of a chimeric strain of HCV-2a, JFH1 (5),
was kindly provided by C. M. Rice. The HCV genome RNA was synthesized in vitro using pFL-J6/JFH1 as
a template and was transfected into Huh-7.5 cells by electroporation (4, 43, 44). The virus produced in
the culture supernatant was used for infection experiments (11, 43).

Expression plasmids. The expression plasmids for NS5A and a series of NS5A deletion mutants
constructed as hemagglutinin (HA)-tagged or myc-His6-tagged proteins have been described previously
(11, 12, 38, 45). The expression plasmid pEF-FLAG-NA5A (46) was kindly provided by Y. Matsuura (Osaka
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University, Osaka, Japan). The plasmid pCAG-myc-HSC70-HA (47) was kindly provided by H. Aizaki
(National Institute of Infectious Diseases, Tokyo, Japan).

The cDNA fragment of HSC70 was amplified by PCR using pCAG-myc-HSC70-HA as the template. The
specific primers used for the PCR were as follows: sense primer, 5=-TCGAGCTCAGCGGCCGCCATGTCCA
AGGGACCTGCA-3=, and anti-sense primer, 5=-AGTGAATTCGCGGCCGCTTAATCAACCTCTTCAAT-3=. The
amplified PCR product was purified and inserted into the NotI site of pCAG-FLAG using an In-Fusion HD
cloning kit (Clontech, Mountain View, CA). The Q130A and Q130A/R131A point mutants of HNF-1� were
constructed by overlap extension PCR using pCAG-FLAG-HNF-1� as the template. The specific primers
used for that PCR were as follows: sense primer (Q130A), 5=-CACAACATCCCAGCGCGGGAGGTGGTCGAT-
3=; antisense primer (Q130A), 5=-ATCGACCACCTCCCGCGCTGGGATGTTGTG-3=; sense primer (Q130A/
R131A), 5=-CACAACATCCCAGCGGCGGAGGTGGTCGAT-3=; and antisense primer (Q130A/R131A), 5=-ATCG
ACCACCTCCGCCGCTGGGATGTTGTG-3=. The sequences of the inserts were extensively verified by
sequencing (Eurofins Genomics, Tokyo). The other primer sequences used in this study are available from
the authors upon request.

Antibodies. The mouse monoclonal antibodies (MAbs) used in this study were anti-FLAG (M2) MAb
(F-3165; Sigma), anti-HSC70 MAb (B-6; Santa Cruz Biotechnology, Santa Cruz, CA), anti-c-Myc MAb (9E10;
Santa Cruz Biotechnology), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) MAb
(MAB374; Millipore, Billerica, MA). The rabbit polyclonal antibodies (PAbs) used in this study were anti-HA
PAb (H-6908; Sigma, St. Louis, MO), anti-LAMP-2A PAb (ab18528; Abcam, Cambridge, MA), and anti-c-Myc
PAb (A-14; Santa Cruz Biotechnology). The goat PAb used in this study was goat anti-HNF-1� PAb
(sc-6548; Santa Cruz Biotechnology). Horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Cell
Signaling Technology, Beverly, MA), HRP-conjugated anti-rabbit IgG (Cell Signaling Technology), and
HRP-conjugated donkey anti-goat IgG (Santa Cruz Biotechnology) were used as secondary antibodies.

Immunoblot analysis. Immunoblot analysis was performed essentially as described previously (11,
44, 48). The cell lysates were separated by 10% or 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane (Millipore). The
membranes were incubated with primary antibody, followed by incubation with a peroxidase-
conjugated secondary antibody. The positive bands were visualized using enhanced chemiluminescence
(ECL) Western blotting detection reagents (GE Healthcare, Buckinghamshire, UK).

Immunoprecipitation. Cultured cells were lysed with a buffer containing 150 mM NaCl, 10 mM
Tris-HCl (pH 7.4), 0.1% SDS, 1% sodium deoxycholic acid, 1% Triton X-100, protease inhibitor cocktail
cOmplete (Roche Diagnostics, Indianapolis, IN). The lysate was centrifuged at 12,500 � g for 15 min at
4°C, and the supernatant was immunoprecipitated with appropriate antibodies. Immunoprecipitation
was performed as described previously (11, 48). Briefly, the cell lysates were immunoprecipitated with
anti-FLAG M2 affinity gel (Sigma) or protein A-Sepharose 4 fast flow (GE Healthcare) incubated with
appropriate antibodies at 4°C for 5 h. After being washed with the lysis buffer five times, the immuno-
precipitates were analyzed by immunoblotting.

siRNA transfection. HCV-infected Huh-7.5 cells or uninfected control cells were transfected with 20
pmol of either LAMP-2A-specific siRNA (siLAMP2A; Sigma Genosys, Hokkaido, Japan) or negative-control
scrambled siRNA (“siScr” in siRNA designations) duplexes (Sigma Genosys) using Lipofectamine RNAiMAX
transfection reagent (Life Technologies, Carlsbad, CA) for 48 h according to the manufacturer’s instruc-
tions. The LAMP2A siRNA target sequences and siScrLAMP2A were as follows: siLAMP2A, 5=-CUGCAAU
CUGAUUGAUUAUU-3=, and siScrLAMP2A, 5=-GUGACUUUACAUCAUUUAGU-3=. HSC70 siRNA (sc-29349;
Santa Cruz Biotechnologies) was used for knockdown of HSC70 mRNA. The siScrHSC70 target sequence
was as follows: 5=-GGAACAUGAACGAUCAACU-3=.

Immunofluorescence staining. Huh-7.5 cells cultured on glass coverslips were incubated with
LysoTracker (Invitrogen, Eugene, OR) for 2 h at 37°C. The cells were fixed with 4% paraformaldehyde at
room temperature for 15 min. After being washed with phosphate-buffered saline (PBS), the cells were
permeabilized for 15 min at room temperature with PBS containing 0.1% Triton X-100 and incubated in
PBS containing 1% bovine serum albumin to block nonspecific reactions for 60 min. The cells were
incubated with Can Get Signal immunostain solution A (Toyobo, Osaka, Japan) containing mouse
anti-DDDDK antibody (PM020; MBL, Nagoya, Japan) and rabbit anti-NS5A antibody at room temperature
for 60 min. The cells were washed four times with PBS and incubated with Can Get Signal immunostain
solution A containing Alexa Fluor 405-conjugated anti-mouse IgG (Life Technologies, Eugene, OR) and
Alexa Fluor 488-conjugated anti-rabbit IgG (Life Technologies) at room temperature for 60 min. The cells
were washed four times with PBS, mounted on glass slides, and examined by confocal microscope (LSM
700; Carl Zeiss, Oberkochen, Germany).
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