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ABSTRACT Claudin-1 is a hepatitis C virus (HCV) coreceptor required for viral entry.
Although extensive studies have focused on claudin-1 as an anti-HCV target, little is
known about how the level of claudin-1 at the cell surface is regulated by host ve-
sicular transport. Here, we identified an interaction between claudin-1 and Sec24C, a
cargo-sorting component of the coat protein complex II (COPII) vesicular transport
system. By interacting with Sec24C through its C-terminal YV, claudin-1 is trans-
ported from the endoplasmic reticulum (ER) and is eventually targeted to the cell sur-
face. Blocking COPII transport inhibits HCV entry by reducing the level of claudin-1 at
the cell surface. These findings provide mechanistic insight into the role of COPII vesicu-
lar transport in HCV entry.

IMPORTANCE Tight junction protein claudin-1 is one of the cellular receptors for
hepatitis C virus, which infects 185 million people globally. Its cellular distribution
plays important role in HCV entry; however, it is unclear how the localization of
claudin-1 to the cell surface is controlled by host transport pathways. In this paper,
we not only identified Sec24C as a key host factor for HCV entry but also uncovered
a novel mechanism by which the COPII machinery transports claudin-1 to the cell
surface. This mechanism might be extended to other claudins that contain a
C-terminal YV or V motif.
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Hepatitis C virus (HCV) is a positive-strand RNA virus that belongs to the genus
Hepacivirus within the Flaviviridae family. HCV causes chronic liver diseases, and it

is estimated that 185 million people are infected globally (1). No approved vaccine for
HCV is available due to the high variability of the virus. The development of novel
direct-acting antivirals (DAAs) against HCV has greatly improved the efficacy of anti-
HCV therapy, and the majority of patients receiving DAA treatment achieve a sustained
virological response (SVR) (2). Current treatment strategies would greatly benefit from
alternative strategies to control HCV, such as by targeting host factors involved in the
life cycle of HCV (3, 4). This approach would not only raise a high barrier to viral
resistance but also provide therapeutic options of suppressing HCV at multiple com-
plementary steps.

The first step of the HCV life cycle is viral entry, which requires several host receptors
and coreceptors, including CD81, SRB1 (scavenger receptor class B type I), occludin, and
claudin-1 (CLDN1) (5). Claudin-1 interacts with CD81 to facilitate virus internalization
during the HCV postbinding steps. It is a structural component of the hepatocyte tight
junction and is highly expressed in liver tissue (6). By constituting the backbone of tight
junction strands, claudins mediate cell adhesion and determine the permeability of
epithelia. Proteins belonging to the CLDN family contain four transmembrane domains
and two extracellular loops, with both the N and C termini located in the cytoplasm (7).
The C-terminal PSD95–DlgA–ZO-1 homology (PDZ) binding motif of CLDNs binds to
scaffolding proteins at cell junctions, such as ZO-1, ZO-2, and ZO-3. ZO-1 and ZO-2
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further cross-link CLDNs to the actin cytoskeleton, and these junctional complexes are
necessary to maintain the proper cellular permeability. The tight junction level of
CLDNs at a given time is determined by elaborately regulated trafficking processes,
including the transport of newly synthesized receptors from the endoplasmic reticulum
(ER) to the tight junction, the internalization and recycling of the receptors between the
tight junction and the endosomal compartment, and the transport of receptors to
lysosomes for degradation. Over the past few decades, most studies of CLDN trafficking
have focused on the events involved in the internalization, recycling, and degradation
of CLDNs; these studies have greatly advanced our understanding of the intracellular
trafficking of CLDNs (8–10). However, the molecular mechanisms by which CLDNs exit
from the ER are largely unexplored.

Conservative estimates suggest that the coat protein complex II (COPII) machinery
supports the ER export of a third of the translated proteins in eukaryotic cells (11). The
exit of nascent protein from the ER is mediated by COPII-derived transport vesicles. The
core components of COPII include five conserved proteins: Sar1, Sec23/Sec24, and
Sec13/Sec31 (12). Sar1 initiates the coat assembly on the ER membrane. Sec23/Sec24
form the inner layer of the COPII coat, and Sec13/Sec31 form the outer layer that
promotes the budding of the nascent COPII vesicle from the ER (13). Mammalian cells
express four isoforms of Sec24, including Sec24A, Sec24B, Sec24C, and Sec24D (13),
which are responsible for the recruitment of protein cargo molecules into nascent COPII
vesicles.

Numerous studies have demonstrated that protein export from the ER is a selective
process, and the recruitment of cargo molecules to COPII vesicles is mediated by the ER
export motifs of the recruited cargo (12, 14). Several ER export motifs, such as diacidic
and dihydrophobic motifs, have been identified and well characterized (15, 16). Diacidic
motifs, such as DXE, have been found in the cytoplasmic C termini of several membrane
proteins, including the vesicular stomatitis virus glycoprotein (VSV-G), cystic fibrosis
transmembrane conductance regulator, ion channels, and the yeast (Saccharomyces
cerevisiae) membrane proteins Sys1p and Gap1p. The dihydrophobic motifs are re-
quired for the efficient transport from the ER to Golgi intermediate compartment 53
(ERGIC-53), the p24 family of proteins, and the complex Erv41 to Erv46.

In the present study, we performed an unbiased interactome screen and identified
key COPII components as claudin-1 binding partners. We identified the C-terminal YV
motif of claudin-1 as the ER export motif required for the interaction between claudin-1
and Sec24C, a cargo-sorting component of the COPII transport machinery. Claudin-1
was confirmed to be a COPII cargo. Importantly, we demonstrated that the COPII
transport machinery controls HCV entry by regulating claudin-1 localization at cell
surface.

RESULTS
Identification of the interaction between claudin-1 and COPII components. To

elucidate the role of intracellular transport of claudin-1 during HCV entry, we performed
proteomic interaction studies to identify novel host proteins in complex with the
claudin-1 tail, which represented the C-terminal cytoplasmic tail of claudin-1 (Fig. 1A).
Lysates derived from Huh7.5.1 cells were subjected to pulldown using a glutathione
S-transferase (GST)– claudin-1 tail or GST, followed by liquid chromatography tandem
mass spectrometry (LC-MS/MS). The resulting mass spectrometry data were processed
using compPASS to identify high-confidence candidate interacting proteins (HCIPs). To
identify the specific binding partners for the claudin-1 tail, we subtracted the total hits
with GST pulldown proteins as background. As shown in Fig. 1A and Table 1, the
claudin-1 tail was found to associate with its known partner, ZO-2 (17). Interestingly,
COPII coat proteins Sec24C, Sec23A, and Sec23B were identified as HCIPs with sequence
coverage of 12%, 16%, and 5%, respectively.

To validate the interaction between the claudin-1 tail and Sec24C, Sec23A, and
Sec23B, we performed GST pulldown experiments in Huh7.5.1 cells using the recom-
binant GST– claudin-1 tail and confirmed each interaction by performing a Western blot
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FIG 1 Identification of the interactions between claudin-1 and COPII components. (A) A schematic drawing showing the primary
sequence (aa 183 to 211) of claudin-1 fused to GST. Cell lysates from Huh7.5.1 cells were incubated with purified GST– claudin-1 tail
or GST, and proteins were pulled down with glutathione-Sepharose beads. Bound proteins were detected by LC-MS/MS-based
interactome analysis. Candidate claudin-1 tail-interacting proteins were the GST– claudin-1-tail interactome. (B) Validation of the
interaction between the claudin-1 tail and COPII components. Cell lysates from Huh7.5.1 cells were pulled down by GST– claudin-1
tail or GST followed by Western blotting. (C) Cell lysates from Huh7.5.1 cells were pulled down by GST-CD81-N-tail, GST-CD81-C-tail,
GST-occludin-tail, GST-SRB1-tail, GST-claudin-1 tail or GST with two extra washes. Bound proteins were subjected to Western
blotting for analysis. (D and E) Immunoblots showing the association of Sec24C with claudin-1 in transfected HEK293T cells by a
coimmunoprecipitation assay. HEK293T cells were transfected with Flag– claudin-1, Flag-SRB1, or PCMV-Tag2 empty vector for 48
h. Cell lysates were incubated with anti-Flag antibody-coated beads, and co-IP proteins were subjected to Western blotting for
analysis. (F) Coimmunoprecipitation of endogenous claudin-1 with Sec24C in Huh7.5.1 cells. The lysates were immunoprecipitated
with anti-claudin-1 antibody followed by Western blotting. (G) Colocalization of claudin-1 with Sec24C in Huh7.5.1 cells. Huh7.5.1
cells were fixed by PFA and immunofluorescently labeled for claudin-1 (green) and Sec24C (red). DAPI staining indicates the nucleus
(blue). Scale bar, 15 �m.
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analysis (Fig. 1B). The interaction between claudin-1 tail and Sec24C was highly specific
since it did not associate with other Sec24 isoforms, such as Sec24A, Sec24B, and
Sec24D (Fig. 1C). Next, to further confirm the interaction between full-length claudin-1
and Sec24C, Flag– claudin-1 or the empty Flag-Tag2 vector was transfected into 293T
cells, and the cell lysates were immunoprecipitated with an antibody against Flag. As
shown in Fig. 1D, claudin-1 associated with Sec24C. To prove the specificity of the
interaction between Sec24C and claudin-1, Flag-SRB1 was used as a control. We found
that Sec24C interacted with claudin-1 but not SRB1 (Fig. 1E). To determine whether the
claudin-1–Sec24C interaction occurs in Huh7.5.1 cells, we performed endogenous
immunoprecipitation (IP) using a claudin-1 antibody, which confirmed the interaction
(Fig. 1F). Taken together, these findings indicated that the claudin-1 tail associated
specifically with the COPII component Sec24C.

To assess the physical interaction of claudin-1 with COPII components in vivo,
Huh7.5.1 cells were stained with antibodies against claudin-1 and Sec24C. Consistent
with the interaction results described above, claudin-1 partially colocalized with Sec24C
(Fig. 1G).

Sec24C is required to maintain the claudin-1 level at the cell surface. Since claudin-1
is a transmembrane protein that associates with Sec24C, we wondered whether

TABLE 1 Candidate proteins associated with claudin-1 tail from a GST pulldown screen in Huh7.5.1 cells

GenBank
accession no. Protein name Description

Confidence
scorea

No. of unique
peptides

Q9UDY2 ZO-2 Tight junction protein ZO-2 619 32
P12956 XRCC6 X-ray repair cross-complementing protein 6 476 16
Q15436 Sec23A Protein transport protein Sec23A 279 9
Q13509 TUBB3 Tubulin beta-3 chain 259 7
Q08211 DHX9 ATP-dependent RNA helicase A 238 11
Q15084 PDIA6 Protein disulfide-isomerase A6 209 6
P53992 Sec24C Protein transport protein Sec24C 185 10
P19338 NCL Nucleolin 166 3
Q71U36 TUBA1A Tubulin alpha-1A chain 155 8
P54652 HSPA2 Heat shock-related 70-kDa protein 2 150 4
P52272 HNRNPM Heterogeneous nuclear ribonucleoprotein M 110 6
P51659 HSD17B4 Peroxisomal multifunctional enzyme type 2 108 5
Q8N448 LNX2 Ligand of Numb protein X 2 101 6
P09874 PARP1 Poly(ADP-ribose) polymerase 1 99 4
Q7Z3Y8 KRT27 Keratin, type I cytoskeletal 27 99 3
Q9H4B7 TUBB1 Tubulin beta-1 chain 94 3
P31040 SDHA Succinate dehydrogenase 84 2
P28482 MAPK1 Mitogen-activated protein kinase 1 79 2
P14618 PKM Pyruvate kinase PKM 58 3
A5A3E0 POTEF POTE ankyrin domain family member F 53 2
Q8WZ42 TTN Titin 50 15
Q92841 DDX17 Probable ATP-dependent RNA helicase DDX17 44 3
P0C0S8 HIST1H2AG Histone H2A type 1 42 2
Q15437 Sec23B Protein transport protein Sec23B 39 3
P01857 IGHG1 Ig gamma-1 chain C region 36 2
Q9BYE9 CDHR2 Cadherin-related family member 2 36 3
P13639 EEF2 Elongation factor 2 33 3
Q5NUL3 FFAR4 Free fatty acid receptor 4 32 2
Q14146 URB2 Unhealthy ribosome biogenesis protein 2 homolog 32 2
P12271 RLBP1 Retinaldehyde-binding protein 1 28 1
P53804 TTC3 E3 ubiquitin-protein ligase TTC3 27 2
P01861 IGHG4 Ig gamma-4 chain C region 26 2
Q05397 PTK2 Focal adhesion kinase 1 25 2
Q00839 HNRNPU Heterogeneous nuclear ribonucleoprotein U 25 1
Q4G0N4 NADK2 NAD kinase 2, mitochondrial 24 1
Q86YC3 NRROS Negative regulator of reactive oxygen species 24 1
P23246 SFPQ Splicing factor, proline and glutamine rich 24 2
P49792 RANBP2 E3 SUMO-protein ligase RanBP2 24 2
Q9Y3T9 NOC2L Nucleolar complex protein 2 homolog 23 1
Q6P1X5 TAF2 Transcription initiation factor TFIID subunit 2 22 2
aIndividual protein scores are indicated in the form of a Mascot-derived confidence score [�10 log(PEP)]. The default significance threshold is a P value of �0.05.
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claudin-1 is a COPII cargo molecule. To investigate whether claudin-1 is sorted into
COPII-coated vesicles, we performed a well-established in vitro COPII vesicle reconsti-
tution assay (Fig. 2A) (14). To reconstitute the COPII vesicles, semi-intact cells (SICs)
were incubated with rat liver cytosol, GTP, and an ATP regeneration system. Vesicle
fractions were obtained by differential centrifugation and probed for the presence of
various proteins by Western blotting. The ER-resident protein ribophorin 1, which is not
sorted into COPII vesicles, was used as a control to assess the specificity of the vesicle
reconstitution assay. The cycling cargo adaptor protein ERGIC-53 served as a reference
for the quantity of vesicles generated. As shown in Fig. 2A, claudin-1 was detected in
membrane vesicles budding from the ER, whereas another HCV receptor, SRB1, was not.
These results demonstrated that claudin-1 was packed into COPII vesicles.

Next, we wondered how silencing Sec24C affected the claudin-1 level at the cell
surface. To address this question, we silenced Sec24C by a small interfering RNA (siRNA)
and examined the localization of claudin-1 and ZO-1. Exposure to an siRNA duplex
against Sec24C reduced the claudin-1 level at the cell surface but not the total protein
levels of claudin-1 (Fig. 2B). Consistent with the fact that claudin-1 recruits ZO-1 to the
cell surface (17), the localization of ZO-1 at the cell surface was also reduced by an
Sec24C siRNA (Fig. 2B).

To clearly distinguish intracellular localization of claudin-1 from cell surface staining
of claudin-1, we use a fluorescence-activated cell sorting (FACS) technique to analyze
the expression of claudin-1 in permeabilized and nonpermeabilized cells. Sec24C siRNA
reduced the surface level of claudin-1 (nonpermeabilization condition) and increased
the intracellular level of claudin-1 (permeabilization condition) (Fig. 2C and D).

To confirm that COPII activity is required for the cell surface localization of claudin-1,
we employed xanthohumol (XN), a COPII inhibitor that blocks COPII coat assembly by
inhibiting Sec24C (18). We applied two fixation methods in our immunofluorescence
experiments. The methanol fixation method provided clear cell surface staining of
claudin-1, whereas paraformaldehyde (PFA) fixation stained more intracellular claudin-1.
We found that XN decreased the amount of claudin-1 at the cell surface and increased
the intracellular level of claudin-1 in a concentration-dependent manner (Fig. 3A and B).
Next, we use FACS to analyze the expression of claudin-1 in the presence of XN in
permeabilized and nonpermeabilized cells. XN reduced the surface level of claudin-1
(nonpermeabilization condition) and increased the intracellular level of claudin-1 (per-
meabilization condition) (Fig. 3C and D). Taking these results together, we concluded
that the COPII inhibitor (XN) reduced the cell surface level of claudin-1.

Sec24C is critical for HCV entry. Having established a key role for Sec24C in
regulating the level of claudin-1 at the cell surface, we hypothesized that Sec24C is
important for HCV entry. To determine if endogenous Sec24C is required for HCV
infection, we silenced Sec24C by siRNA and examined its effect on HCV entry. Knocking
down Sec24C by siRNA inhibited the entry of HCV pseudoparticles (HCVpp) but not VSV
pseudoparticles (VSVpp) without detectable cytotoxicity, as determined by the cellular
ATP content (Fig. 4A and B). Sec24C depletion also inhibited HCV entry without
detectable cytotoxicity in the Jc1 infectious HCV model (Fig. 4C).

To confirm the role of Sec24C in HCV entry, we assessed whether the Sec24C
inhibitor XN also inhibited HCVpp entry. As shown in Fig. 4D and E, HCVpp entry was
inhibited by XN in a dose-dependent fashion without detectable cytotoxicity, demon-
strating that Sec24C is required for HCV entry. Treatment with XN slightly decreased
VSVpp entry (Fig. 4E). We reasoned that the modest inhibition of VSVpp entry by XN
was independent of Sec24C and claudin-1.

Characterization of the interaction between claudin-1 and Sec24C. An inspec-
tion of the protein sequences of the cytoplasmic tails of claudin-1 from different species
revealed that the C-terminal cytoplasmic domain (C183 to V211) of claudin-1 is highly
conserved (Fig. 5A). To determine which residues in the cytoplasmic tail of claudin-1 are
important for the association of claudin-1 with Sec24C, we first divided the tail of
human claudin-1 into two parts: amino acids (aa) 183 to 197 and aa 198 to 211
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FIG 2 Knocking down Sec24C reduced the cell surface level of claudin-1. (A) Schematic representation of the in vitro budding assay. Claudin-1
was transported from the ER in an in vitro budding assay. Huh7.5 cells were treated with digitonin to prepare the semi-intact cells (SICs). The
vesicle formation reaction was performed in the presence or absence of an ATP regenerating system. Adapted from Molecular Biology of the Cell
(44) with permission of the publisher. (B) Huh7.5 cells treated with Sec24C siRNA or a control siRNA for 72 h were stained with antibodies against
claudin-1 (green) and the tight junction marker ZO-1 (red). Nuclei were stained with DAPI (blue). Scale bar, 15 �m. Sec24C knockdown was
confirmed by quantitative PCR and immunoblotting. ***, P � 0.001. (C) Cell surface claudin-1 was quantified by FACS assay in nonpermeabilized
cells. Huh7.5 cells treated with Sec24C siRNA or a control siRNA for 72 h were harvested and stained with an anti-claudin-1 antibody (MAB4618;
R&D Systems) which specifically recognizes surface claudin-1 without permeabilization. A total of 104 cells were analyzed, and isotype control
antibody was used to delineate the gate. FITC-A�, fluorescein isothiocyanate negative area. FITC-A�, fluorescein isothiocyanate positive area.
(D) Intercellular claudin-1 was quantified by FACS assay in permeabilized cells. Huh7.5 cells were treated with Sec24C siRNA or a control siRNA
for 72 h. Then cells were permeabilized by saponin and stained with an anti-claudin-1 antibody (MAB4618; R&D Systems). A total of 104 cells
were analyzed, and isotype control antibody was used to delineate the gate.
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(claudin-1 tail183–197 and claudin-1 tail198 –211, respectively). As shown in Fig. 5B,
GST– claudin-1 tail198 –211, but not GST– claudin-1 tail183–197, bound Sec24C. Next, we
generated a series of GST-conjugated mutants of the claudin-1 tail by alanine scanning
and tested their ability to bind Sec24C. We also tested the binding affinities of claudin-1
tail mutants with ZO-2, a known claudin-1 binding partner, which was also detected by
mass spectrometry, as shown in Fig. 1A. Previous study identified that 210Y and 211V
in claudin-1 are critical for association with ZO-2 (17). We found that 209D, 210Y, and
211V are critical for the association of claudin-1 with ZO-2, while 207G, 208K, 210Y, and
211V were important for the interaction between claudin-1 and Sec24C (Fig. 5C to G).
The most critical residues in claudin-1 for claudin-1–COPII interaction are the very
C-terminal two residues of the claudin-1 tail (Fig. 5H).

To further establish that the claudin-1 YV motif is responsible for the interaction
between claudin-1 and Sec24C, coimmunoprecipitation experiments were performed

FIG 3 Blocking COPII transport by XN decreased the cell surface level of claudin-1. (A) Huh7.5 cells treated with different concentrations
of XN for 12 h were fixed with methanol and stained with antibodies against claudin-1 (red) and the tight junction marker ZO-1 (green).
Nuclei were stained with DAPI (blue). Scale bar, 15 �m. (B) Huh7.5 cells treated with different doses of XN for 12 h were fixed with PFA
and stained with antibodies against claudin-1 (red) and the tight junction marker ZO-1 (green). Nuclei were stained with DAPI (blue). Scale
bar, 15 �m. (C) Cells surface claudin-1 was quantified by FACS assay in nonpermeabilized cells. Huh7.5 cells treated with 1.562 �g/ml XN
or dimethyl sulfoxide (mock) for 12 h were harvested and stained with an anti-claudin-1 antibody (MAB4618; R&D Systems) without
permeabilization. A total of 104 cells were analyzed, and isotype control antibody was used to delineate the gate. (D) Intercellular claudin-1
was quantified by FACS assay in permeabilized cells. Huh7.5 cells were treated with 1.562 �g/ml XN or dimethyl sulfoxide for 12 h. Then
cells were permeabilized by saponin and stained with an anti-claudin-1 antibody (MAB4618; R&D Systems). A total of 104 cells were
analyzed and isotype control antibody was used to delineate the gate.
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on HEK293T cells transfected with a Flag– claudin-1 construct or Flag– claudin-1 with
the YV/AA substitutions [Flag– claudin-1(YV/AA)]. A clear band corresponding to
Sec24C was detected in the cells transfected with Flag– claudin-1 but not in Flag–
claudin-1(YV/AA) transfected cells. These results indicated that the YV motif in claudin-1
is required for binding Sec24C (Fig. 6A). To test whether the YV motif is sufficient for the
association between claudin-1 and Sec24C, we constructed GST-YV and GST-GKDYV. As
shown in Fig. 6B, neither GST-YV nor GST-GKDYV interacted with Sec24C, suggesting
that the entire length of the cytoplasmic tail is important for the association of
claudin-1 with Sec24C.

Next, we performed a peptide competition experiment. Peptide 1 mimicking the
claudin-1 tail, but not peptide 2 with C-terminal YV/AA mutation, blocked the interac-
tion of Sec24C with the GST– claudin-1 tail, which further demonstrated the require-
ment of YV for this interaction (Fig. 6C).

Previous studies have suggested that 895LIL897 are the key residues in Sec24C
required for binding IXM, the known ER export signal motif (19). To investigate whether
these residues are critical for claudin-1 binding, we generated the Sec24C-AAA mutant
in which the residues 895LIL897 were mutated to 895AAA897. As shown in Fig. 6D,
Sec24C-AAA no longer bound to the GST– claudin-1 tail.

We wondered whether the defects of HCV entry by Sec24C siRNA can be restored
by expression of an siRNA-resistant Sec24C cDNA. First, we tested the expression of
siRNA-resistant wild-type (WT) Sec24C and the Sec24C-AAA mutant, which could not
interact with claudin-1 in the Sec24C silencing cells. Both the siRNA-resistant wild-type
Sec24C and Sec24C-AAA mutant cDNA were expressed efficiently (Fig. 7A). These cells

FIG 4 Blocking COPII transport reduced HCV entry. (A and B) Huh7.5.1 cells treated with an siRNA targeting Sec24C or claudin-1 5= UTR or with a control siRNA
for 72 h were infected with genotype 1b HCVpp (Con1) or VSVpp for another 72 h, followed by measurement of the luciferase activity and cellular ATP levels.
The relative luciferase activity was normalized to the cellular ATP level. (C) Huh7.5.1 cells treated with Sec24C siRNA or a control siRNA for 72 h were infected
with Jc1 for another 24 h, followed by measurement of the luciferase activity and cellular ATP levels. The relative luciferase activity was normalized to the cellular
ATP level. (D and E) Huh7.5.1 cells treated with different doses of XN for 12 h were infected with genotype 1b HCVpp (Con1) or VSVpp for 3 days, followed
by measurement of the luciferase activity. For all panels, data are presented as the means � SD. **, P � 0.01; ***, P � 0.001.
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FIG 5 Characterization of the interaction between claudin-1 and Sec24C. (A) Multiple alignments of the sequences of the claudin-1 tails (aa 183 to 211) from
different species. Asterisks, identical; one or two dots, similarity degree. (B to F) Mapping the regions of the claudin-1 tail associated with Sec24C. Lysates from
Huh7.5.1 cells were pulled down by GST fusion proteins as indicated or by GST. The bound proteins were analyzed by Western blotting. (G) Summary of the
expression levels of GST fusion proteins and the interaction affinities between Sec24C and GST fusion proteins. (H) The results of a mutation analysis of the
regions in the claudin-1 tail required for the claudin-1–Sec24C interaction, as determined by a GST pulldown assay. Huh7.5.1 cells were subjected to pulldown
of the wild-type or mutant GST-claudin-1 tail. G. gallus, Gallus gallus; O. hoazin, Opisthocomus hoazin; M. musculus, Mus musculus; S. scrofa, Sus scrofa; H. sapiens,
Homo sapiens; B. taurus, Bos taurus; F. damarensis, Fukomys damarensis; L. crocea, Larimichthys crocea.
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were then infected with HCVpp or Jc1. As shown in Fig. 7B and C, the inhibitory effect
of HCV entry, which knocked down endogenous Sec24C, could be rescued by expres-
sion of wild-type Sec24C. However, the cargo binding-deficient mutant Sec24C-AAA
could not rescue HCV entry. These results indicated that the effect of Sec24C on HCV
entry was through its cargo binding function.

We also wanted to investigate whether a similar motif is present in other members
of the CLDN family. Sequence analysis of the C-terminal cytoplasmic tails from 27
members of CLDN family proteins revealed that there is a conserved YV motif within
the carboxy terminus of several claudins (Fig. 8A). This aromatic/hydrophobic motif was
previously suggested to be an ER export signal consensus sequence recognized by
Sec24C (20, 21). We fused GST to a series of CLDN tails and performed GST pulldown
experiments. As shown in Fig. 8B, Sec24C interacted with claudin-1, claudin-4,
claudin-5, claudin-11, claudin-16, and claudin-19, all of which contained YV or V in the
C terminus. However, Sec24C did not bind to claudin-22 or claudin-23, which lacked the
C-terminal YV or V. Claudin-6 and claudin-9 are reported to be the cellular receptors for
some HCV strains (22, 23). Claudin-6 and claudin-9 also have a predicted Sec24C
interaction site (Fig. 8C). We tested these interactions by GST pulldown. Claudin-6 and
claudin-9 could interact with Sec24C (Fig. 8C). YV/AA mutants of claudin-6 and -9
significantly lost the ability to interact with Sec24C (Fig. 8C). From these results, we
concluded that CLDNs with a C-terminal YV or V motif can associate with the COPII
component Sec24C.

FIG 6 The carboxy-terminal YV motif in claudin-1 is required for the interaction between claudin-1 and
Sec24C. (A) Immunoblots showing the coimmunoprecipitation of Sec24C with full-length wild-type (WT)
claudin-1 or claudin-1 mutants in transfected HEK293T cells. Lysates from HEK293T cells expressing
Flag– claudin-1 (WT), Flag– claudin-1 (Y/A), Flag– claudin-1 (V/A), Flag– claudin-1 (YV/AA), or PCMV-Tag2
empty vector were incubated with anti-Flag antibody-coated beads, and co-IP proteins were subjected
to Western blotting for analysis. (B) Huh7.5.1 cells were subjected to pulldown of the GST-claudin-1 tail
or truncation mutants. GST-GKDYV or GST-YV was directly added with KGDYV or YV amino acids at
GST C terminus. (C) Huh7.5.1 cell lysates were incubated with different peptides for 30 min, followed
by GST– claudin-1 tail pulldown assays. The bound proteins were subjected to Western blotting for
analysis. (D) HEK293T cells were transfected with wild-type Sec24C or an Sec24C cargo-deficient
mutant (895LIL897/895AAA897) and subjected to GST-claudin-1 tail pulldown.
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The YV motif of claudin-1 is critical for determining the claudin-1 level at the
cell surface and for HCV entry. Since the YV motif in claudin-1 is critical for its
association with Sec24C, we wondered whether this motif is also critical for the cell
surface level of claudin-1. Indeed, as shown in Fig. 9A, the level of claudin-1(YV/AA) at
the cell surface was reduced compared with that of claudin-1(WT). To investigate the
role of the C-terminal YV motif of claudin-1 in HCV entry, we generated an siRNA-
resistant, full-length claudin-1 expression construct and a construct expressing claudin-
1(YV/AA) (in which the C-terminal YV motif was mutated to AA). The expression of
siRNA-resistant claudin-1 rescued HCVpp and Jc1 entry even in the presence of
claudin-1 siRNA (Fig. 9B to D). However, the effect of silencing endogenous claudin-1
on HCV entry could not be rescued by the exogenous expression of claudin-1(YV/AA)
(Fig. 9B to D), demonstrating that the dependence of HCV entry on claudin-1 is YV
specific.

DISCUSSION

In this paper, we provided several lines of evidence that Sec24C, a cargo-sorting
component of COPII, regulates claudin-1 trafficking and HCV entry (Fig. 10). We showed
that Sec24C associates with the cytoplasmic tail of claudin-1, a coreceptor for HCV
entry. Claudin-1 was packed into COPII vesicles in our in vitro budding assay. Moreover,
we demonstrated that Sec24C is crucial for HCV entry. Perturbation of Sec24C by siRNA

FIG 7 HCV entry could be rescued by expression of wild-type Sec24C but not the cargo binding-deficient
mutant. (A) Protein expression levels of wild-type or mutant (895LIL897 to 895AAA897) siRNA-resistant Sec24C
were measured by Western blotting. Huh7.5.1 cells were treated with siRNA targeting the Sec24C or a
control siRNA for 24 h and transfected with a construct expressing wild-type or mutant siRNA-resistant
Sec24C for 48 h. (B and C) Then the cells were infected with genotype 1b HCVpp (Con1) for another 72 h
(B) or infected with Jc1 for another 24 h (C). The infection activity and ATP levels were measured. The
relative luciferase activity was normalized to the cellular ATP levels. Data are presented as the means � SD.
*, P � 0.1; ***, P � 0.001.
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or xanthohumol treatment as well as the use of a claudin-1 binding-deficient Sec24C
mutant reduced the cell surface localization of claudin-1.

We also showed that claudin-1 is a COPII cargo molecule by investigating cargo
sorting and vesicle formation. First, we demonstrated that claudin-1 contains a COPII
cargo-sorting motif associated with Sec24C. Through GST– claudin-1 tail pulldown
experiments, we identified the interactome of the cytoplasmic tail of claudin-1, which
included three key components of the COPII machinery: Sec24C, Sec23A, and Sec23B.
Based on sequence alignment, GST pulldown mapping, and immunoprecipitation
experiments, we demonstrated that the C-terminal YV motif in claudin-1 is critical for
the interaction between claudin-1 and Sec24C. Second, we showed that claudin-1 is
incorporated into COPII vesicles. Our confocal microscopy studies indicated that en-
dogenous claudin-1 markedly colocalizes with Sec24C (Fig. 1G). Finally, our in vitro
budding assays showed that claudin-1 buds off from the ER (Fig. 2A). Taken together,
these findings indicate that claudin-1 is a cargo molecule for COPII-mediated transport.

There are four Sec24 isoforms in humans. We revealed that Sec24C, but not Sec24A,
Sec24B, or Sec24D, associates with claudin-1. Sec24C interacts with different motifs of
COPII cargo molecules through multiple sites. Sec24C-AAA, in which the binding site for
another ER export signal motif (IXM) was mutated, did not interact with claudin-1.
Further studies, including structural studies, are needed to explore the exact position of
the motif in Sec24C that binds to claudin-1.

The inhibition of COPII-mediated transport has been shown to impair the formation
of tight junctions (24, 25). However, the mechanism underlying how COPII-mediated

FIG 8 Claudins with V or YV in the C terminus interact with Sec24C. (A) Sequence alignments of the C termini of human claudins. (B) The results of a GST
pulldown assay performed to test the interaction between Sec24C and claudin family members. The C-terminal tails were predicted by the TMHMM server,
version 2.0. (C) Claudin-6 or -9 interacted with Sec24C. Huh7.5.1 cells were subjected to pulldown of the GST– claudin-1 tail, GST– claudin-6 tail, GST– claudin-9
tail, GST– claudin-1 tail(YV/AA), GST– claudin-6 tail(YV/AA), or GST– claudin-9 tail(YV/AA).
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FIG 9 The YV motif of claudin-1 is critical for determining the cell surface level of claudin-1 in and HCV
entry. (A) Huh7.5 cells were transfected with wild-type Flag– claudin-1 or Flag– claudin-1 with a
mutation in the C terminus (210YV211/210AA211) and fixed by PFA, followed by staining with Flag
antibody. DAPI staining indicates the nucleus (blue). Scale bar, 15 �m. (B) Immunoblots showing the
protein expression of wild-type or mutant siRNA-resistant claudin-1. Endo, endogenous. (C and D)
Huh7.5.1 cells were treated with siRNA targeting the claudin-1 5= UTR or a control siRNA for 24 h and
transfected with a construct expressing wild-type or mutant siRNA-resistant claudin-1 for 48 h. Then
the cells were infected with genotype 1b HCVpp (Con1) for another 72 h (C) or infected with Jc1 for
another 24 h (D). The infection activity and ATP levels were measured. The relative luciferase activity
was normalized to the cellular ATP levels. Data are presented as the means � SD. ***, P � 0.001; NS,
not significant.
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transport contributes to functional tight junctions has been unclear. Our present study
provides an explanation: COPII-mediated transport is required for the proper tight
junction localization of claudin-1 as blocking COPII-mediated transport by silencing
Sec24C or by treatment with XN reduces the localization of claudin-1 to the cell surface
(Fig. 2B to D and 3A to D). The level of the claudin-1(YV/AA) mutant at the cell surface
was lower than that of claudin-1(WT) (Fig. 9A); this finding supports the key role of
Sec24C in the cargo sorting of claudin-1. The export of claudin-1 from the ER represents
a critical checkpoint for the tight junction localization of claudin-1, which in turn forms
tight junction strands.

As a coreceptor for HCV, claudin-1 plays a key role in HCV entry (26). Consistent with
the fact that claudin-1 is a COPII cargo protein, perturbation of the COPII transport
machinery reduced cell culture-adapted HCV (HCVcc) and HCVpp entry (Fig. 4). We
predict that COPII also plays an important role in dengue virus entry because claudin-1
is a receptor for dengue virus (27).

Previous studies have shown that several pathogens hijack the COPII machinery
(28–31). Non-LEE-encoded effector A (NleA, where LEE is locus for enterocyte efface-
ment) is a type III secretion system (T3SS) effector common to enterohemorrhagic
Escherichia coli, enteropathogenic E. coli, and Citrobacter rodentium. The NleA disrupts
tight junctions by interacting with Sec24C (28). It was hypothesized that NleA inhibits
the trafficking of tight junction proteins to the sites of tight junctions by inhibiting the
COPII machinery (25). However, the tight junction protein(s) involved in that process is
currently unknown. Based on the results of our study, we propose that the inhibition
of Sec24C by NleA will block the exit of claudin-1 from the ER and will eventually reduce
the tight junction localization of claudin-1, which is required for establishing tight
junctions.

Xanthohumol, a natural product derived from hops, is an inhibitor of HCV replication
(32). Here, we extended the knowledge of the role of xanthohumol against HCV by
providing evidence that this compound reduces the cell surface levels of claudin-1 and
HCV entry. Thus, xanthohumol not only inhibits HCV replication but also reduces HCV
entry.

We found that many CLDNs containing a C-terminal YV or V motif associate with
Sec24C (Fig. 8B and C), suggesting that the COPII machinery plays key roles in the
proper localization and functions of CLDNs. For instance, the expression of claudin-2

FIG 10 Schematic representation of the key role for Sec24C in regulating HCV entry through claudin-1
trafficking. Claudin-1 utilizes the YV motif-Sec24C interaction to exit from the ER to the Golgi compart-
ment and eventually reach its final destination, the cell surface, where claudin-1 functions as an HCV
coreceptor for viral entry.
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increases the paracellular permeability of the intestinal lumen and is associated with
the transepithelial electrical resistance (TER) (33, 34). We predict that xanthohumol
would reduce the cell surface expression of claudin-2, thereby relieving inflammatory
diseases caused by the increased expression of claudin-2, such as inflammatory bowel
disease (IBD) and necrotizing enterocolitis (NEC) (33, 35). Although there are differential
CLDN usages by HCV genotypes (36, 37), another two HCV coreceptors, claudin-6 and
claudin-9, also contain a C-terminal YV motif for association with Sec24C (Fig. 8C). We
anticipated that the cell surface levels of claudin-6 and claudin-9 were also dependent
on Sec24C. Thus, Sec24C will play an important role in the entry of pan-HCV genotypes.

In conclusion, our study provides clear evidence that the C-terminal YV sequence in
claudin-1 serves as an ER export signal by selectively binding to Sec24C. Claudin-1
utilizes the YV motif-Sec24C interaction to exit from the ER and reach its final destina-
tion, the cell surface, where claudin-1 functions as an HCV coreceptor for viral entry. We
also identified a natural product derived from hops, xanthohumol, that can function as
a novel inhibitor of HCV entry by reducing the cell surface levels of claudin-1. Our study
provides insights that will have important implications for the development of thera-
peutic strategies against the hepatitis C virus.

MATERIALS AND METHODS
Cells and virus. Huh7.5.1 and Huh7.5 cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM; Thermo Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (FBS; Thermo
Scientific, Waltham, MA). Jc1Flag (p7-nsGluc2A) was obtained from Charles Rice. HCV pseudovirus
particles (HCVpp) or VSV pseudovirus particles (VSVpp) were produced in HEK293T cells by trans-
fection with expression plasmids encoding HIV Gag/Pol (pLP1), HIV Rev (pLP2), pLenti6 encoding
luciferase, and HCV E1E2 from genotype 1b strain Con1 or the VSV-G expression plasmid (provided
by Ping Zhao) (38, 39).

Plasmids. The constructs encoding the GST-CD81-N-tail (aa 1 to 22), GST-CD81-C-tail (aa 227 to 236),
GST-occludin-tail (aa 266 to 522), GST-SRB1-C-tail (aa 462 to 509), GST-claudin-1-C-tail, GST-claudin-4 tail,
GST-claudin-5 tail, GST-claudin-6 tail, GST-claudin-6 tail(YV/AA), GST-claudin-9 tail, GST-claudin-9 tail(YV/
AA), GST-claudin-11 tail, GST-claudin-16 tail, GST-claudin-19 tail, GST-claudin-22 tail, and GST-claudin-23
tail were synthesized and inserted into the pGEX-4T-1 vector. The GST-claudin-1-C-tail mutants were
generated using a QuikChange site-directed mutagenesis kit. The GST-claudin-1-C-tail truncations were
generated by PCR and inserted into the pGEX-4T-1 vector. Constructs encoding full-length claudin-1 or
SRB1 fused to Flag were inserted into the PCMV-Tag2 vector. The Flag– claudin-1(Y/A), Flag– claudin-
1(V/A), and Flag– claudin-1(YV/AA) constructs were generated using mutant primers. Constructs encod-
ing wild-type Sec24C and the Sec24C mutant fused to Flag were synthesized and inserted into the
PCMV-Tag2 vector. The siRNA-resistant wild-type Sec24C and the Sec24C mutant were generated using
a QuikChange site-directed mutagenesis kit. The plasmid constructs used in this study are listed in Table
2.

Antibodies. The following primary mouse antibodies were used: anti-actin (for Western blotting [WB]
at 1:3,000) (catalog no. A2228; Sigma-Aldrich, St. Louis, MO), anti-Flag (WB, 1:3,000) (A2220; Sigma-
Aldrich, St. Louis, MO), IgG control (M075-3; MBL, Nagoya, Japan), anti-SRB1 (610883; BD Biosciences),
anti-ZO-1 (immunofluorescence [IF], 1:100) (33-9100; Thermo Scientific, Waltham, MA), and anti-claudin-1
(IF, 1:100) (sc-166338; Santa Cruz Biotechnology, Inc., Santa Cruz, CA).

The following primary rabbit antibodies were used: anti-claudin-1 (for WB, 1:1,500; IF, 1:200) (catalog
no. ab15098; Abcam, Cambridge, MA), anti-ribophorin 1 (WB, 1:1,000) (ab198508; Abcam, Cambridge,
MA), anti-ERGIC-53 (WB, 1:1,000) (125006; Abcam, Cambridge, MA), anti-Sec24A (WB, 1:1,000) (9678; Cell
Signaling Technology, Inc., Boston, MA), anti-Sec24B (WB, 1:1,000) (12042; Cell Signaling Technology, Inc.,
Boston, MA), anti-Sec24C (WB, 1:1,000; IF, 1:100) (14676; Cell Signaling Technology, Inc., Boston, MA),
anti-ZO-2 (WB, 1:1,000) (2847; Cell Signaling Technology, Inc., Boston, MA), anti-Sec24D (WB, 1:1,000)
(191566; Abcam, Cambridge, MA), anti-Sec23A (WB, 1:1,000; IF, 1:100) (8162; Cell Signaling Technology,
Inc., Boston, MA), and anti-Sec23B (WB, 1:1,000) (151258; Abcam, Cambridge, MA).

The following primary rat antibodies were used for FACS analysis (at 1:50): anti-claudin-1 (MAB4618;
R&D Systems, Inc., Minneapolis, MN) and claudin-1 isotype control antibody (MAB006; R&D Systems, Inc.,
Minneapolis, MN).

The secondary antibodies included horseradish peroxidase (HRP)-conjugated enhanced chemilumi-
nescent (ECL) goat anti-rabbit IgG (A6154; Sigma-Aldrich, St. Louis, MO), HRP-conjugated ECL goat
anti-mouse IgG (A4416; Sigma-Aldrich, St. Louis, MO), and donkey anti-mouse–Alexa Fluor 488, donkey
anti-rabbit–Alexa Fluor 555, donkey anti-rabbit–Alexa Fluor 488, donkey anti-mouse–Alexa Fluor 555,
and donkey anti-rat–Alexa Fluor 488 (all, Invitrogen, Carlsbad, CA).

Immunofluorescence microscopy. Immunofluorescence microscopy has been described previously
(40). Briefly, cells seeded onto glass coverslips were washed with phosphate-buffered saline (PBS) and
fixed with 4% paraformaldehyde (PFA) in PBS buffer (for intracellular staining) or in �20°C methanol (for
cell surface staining) for 5 min at room temperature. Fixed cells were incubated with blocking solution
(PBS containing 10% normal goat serum) for 5 min at room temperature. Next, the coverslips were
incubated with primary antibodies in permeabilizing buffer (0.1% Triton X-100 in PBS containing 10%
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normal goat serum) for 1 h. The coverslips were then washed three times with blocking solution,
followed by incubation with Alexa Fluor 488- and Alexa Fluor 555-conjugated secondary antibodies for
1 h at room temperature (RT). After being washed three times with blocking solution, the coverslips were
mounted with mounting medium containing 4=,6=-diamidino-2-phenylindole (DAPI). The cells were
imaged using a Leica TCS SP5 microscope (Germany) equipped with a 40� oil immersion lens.

TABLE 2 Plasmids used in this study

Vector and plasmid

pGEX-4T-1 plasmids
pGEX-4T-1-claudin-1-tail-WT
pGEX-4T-1-claudin-1-tail-183C/A
pGEX-4T-1-claudin-1-tail-184C/A
pGEX-4T-1-claudin-1-tail-185S/A
pGEX-4T-1-claudin-1-tail-186C/A
pGEX-4T-1-claudin-1-tail-187P/A
pGEX-4T-1-claudin-1-tail-188R/A
pGEX-4T-1-claudin-1-tail-189K/A
pGEX-4T-1-claudin-1-tail-190T/A
pGEX-4T-1-claudin-1-tail-191T/A
pGEX-4T-1-claudin-1-tail-192S/A
pGEX-4T-1-claudin-1-tail-193Y/A
pGEX-4T-1-claudin-1-tail-194P/A
pGEX-4T-1-claudin-1-tail-195T/A
pGEX-4T-1-claudin-1-tail-196P/A
pGEX-4T-1-claudin-1-tail-197R/A
pGEX-4T-1-claudin-1-tail-198P/A
pGEX-4T-1-claudin-1-tail-199Y/A
pGEX-4T-1-claudin-1-tail-200P/A
pGEX-4T-1-claudin-1-tail-201K/A
pGEX-4T-1-claudin-1-tail-202P/A
pGEX-4T-1-claudin-1-tail-204P/A
pGEX-4T-1-claudin-1-tail-205S/A
pGEX-4T-1-claudin-1-tail-206S/A
pGEX-4T-1-claudin-1-tail-207G/A
pGEX-4T-1-claudin-1-tail-208K/A
pGEX-4T-1-claudin-1-tail-209D/A
pGEX-4T-1-claudin-1-tail-210Y/A
pGEX-4T-1-claudin-1-tail-211V/A
pGEX-4T-1-claudin1-tail-YV/AA
pGEX-4T-1-claudin-1-tail-1–15
pGEX-4T-1-claudin-1-tail-16–29
pGEX-4T-1-YV
pGEX-4T-1-GKDYV
pGEX-4T-1-CD81-N-tail
pGEX-4T-1-CD81-C-tail
pGEX-4T-1-occludin-tail
pGEX-4T-1-SRB1-tail
pGEX-4T-1-claudin-4-tail
pGEX-4T-1-claudin-5-tail
pGEX-4T-1-claudin-11-tail
pGEX-4T-1-claudin-16-tail
pGEX-4T-1-claudin-19-tail
pGEX-4T-1-claudin-22-tail
pGEX-4T-1-claudin-23-tail
pGEX-4T-1-claudin-6-tail
pGEX-4T-1-claudin-9-tail
pGEX-4T-1-claudin-6-tail-YV/AA
pGEX-4T-1-claudin-9-tail-YV/AA

PCMV-Tag2b plasmids
PCMV-Tag2b-claudin-1-WT
PCMV-Tag2b-SRB1
PCMV-Tag2b-claudin-1-YA
PCMV-Tag2b-claudin-1-VA
PCMV-Tag2b-claudin-1-YV/AA
PCMV-Tag2b-Sec24C
PCMV-Tag2b-Sec24C-AAA
PCMV-Tag2b-Sec24C-siRNA-resistant
PCMV-Tag2b-Sec24C-AAA-siRNA-resistant
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Immunoprecipitation. The immunoprecipitation (IP) experiment has been described previously (41).
Briefly, cells were lysed with lysis buffer (1% Triton X-100, 50 mM Tris, pH 7.4, 90 mM KCl, 2.5 mM MgCl2,
and protease inhibitor cocktail) and precleared by the addition of protein A/G beads for 30 min at 4°C.
The lysates were then incubated with protein A/G beads prebound with 1 �g of antibody for 1 h at 4°C.
The samples were washed three times with PBS, eluted in SDS sample buffer, and analyzed by Western
blotting.

GST pulldown. The GST pulldown assay been described previously (42). Briefly, the expression of
a GST control protein or the GST fusion proteins was induced in E. coli Rosetta(DE3) by treatment
with 0.5 mM isopropyl-�-D-thiogalactopyranoside (IPTG) at 37°C for 5 h. The cells were then lysed
with lysis buffer (1% Triton X-100, 50 mM Tris, pH 7.4, 90 mM KCl, 2.5 mM MgCl2, and protease
inhibitor cocktail), and the GST or GST fusion proteins were purified using glutathione-Sepharose
beads. For pulldown assays, the cell lysates were mixed with GST or GST fusion proteins. After
incubation at 4°C for 1 h, the glutathione beads were pelleted and washed three times with PBS
buffer. The protein samples were then boiled in SDS-containing loading buffer for gel electropho-
resis, followed by Western blotting.

In vitro COPII budding assay. Preparation of semi-intact Huh7.5 cells and the COPII budding
assay were carried out as described previously (43, 44). Briefly, Huh7.5 cells were cultured in 100-mm
plates to 90 to 100% confluence, washed in PBS, removed from the plates with trypsin, and washed
in B88-0 buffer (20 mM HEPES, pH 7.2, 250 mM sorbitol, 150 mM potassium acetate [KOAc], and 5
mM MgOAc) containing protease inhibitor cocktail. In brief, the cells were permeabilized with 40
�g/ml digitonin for 5 min in ice-cold B88-0 buffer, washed, and resuspended in 100 �l of B88-0
buffer. To form vesicles, donor membranes were mixed with 4 mg/ml mouse liver cytosol, an ATP
regeneration system (40 mM creatine phosphate, 0.2 mg/ml creatine phosphokinase, and 1 mM
ATP), and 0.2 mM GTP, followed by incubation at 30°C for 1 h. Newly formed vesicles were separated
from the donor membranes by centrifugation at 15,000 rpm for 15 min. The collected vesicles were
analyzed by SDS-PAGE.

Knockdown by siRNA. The siRNAs were transfected into cells using Lipofectamine RNAiMAX
transfection reagent (Invitrogen, Carlsbad, CA). The siRNAs used for Sec24C and claudin-1 knockdown
were obtained from GenePharma (China) and had the following sequences: sense (5=–3=), GGCUGCUG
UGUAGAUCUCUTT and antisense (5=–3=), AGAGAUCUACACAGCAGCCTT for Sec24C; and sense (5=–3=),
GCUUCUAGUAUCCAGACUCTT and antisense (5=–3=), GAGUCUGGAUACUAGAAGCTT for the claudin-1 5=
untranslated region (UTR).

Fluorescence-activated cell sorting (FACS). Huh7.5 cells were harvested and washed with PBS
twice. For permeabilization, the cells were permeabilized by 0.1% saponin in PBS containing 10% normal
donkey serum for 10 min. For the nonpermeabilization condition, the cells were blocked in PBS
containing 10% normal donkey serum. Then the cells were washed twice and stained with the
anti-claudin-1 antibody (1:50) (MAB4618; R&D Systems) or the isotype control antibody (1:50) (MAB4618;
R&D Systems) for 40 min at 4°C. The cells were washed twice and stained with donkey anti-rat–Alexa
Fluor 488 antibody for 40 min at 4°C. The cells were washed twice, and 1 � 104 cells were analyzed for
each sample. Isotype control antibody was used to delineate the gate.

Reporter assay. Jc1Flag2(p7-nsGluc2A) or HCVpp-infected Huh 7.5.1 cells were assessed by moni-
toring the luciferase activity (Promega, Madison, WI). Cell viability was determined by measuring the
cellular ATP level using a CellTiter-Glo luminescent cell viability assay kit (Promega, Madison, WI)
according to the manufacturer’s protocol. The normalized luciferase activity was determined by dividing
the luciferase activity by the ATP level.

Mass spectrometry. To identify claudin-1 tail-interacting proteins, lysates from Huh7.5.1 cells
were pulled down by GST– claudin-1 tail or GST. The interacting proteins were analyzed by
electrospray ionization tandem mass spectrometry (MS) on a Thermo LTQ Orbitrap instrument.
Proteins identified from the GST– claudin-1 tail sample but not from the GST control sample were
detected. Individual ion scores are indicated in the form of a Mascot-derived confidence score
[calculated from the posterior error probability (PEP) as �10 log(PEP)]. The default significance
threshold is a P value of �0.05.

Statistics. Statistically significant differences were assessed using a paired Student t test in GraphPad
Prism, version 5 (GraphPad Software, Inc., La Jolla, CA). Unless otherwise stated, the data represent the
means from at least three independent experiments � the standard deviations (SD).
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