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ABSTRACT

Hepatitis C virus (HCV) nonstructural protein 5A (NS5A) is essential for HCV genome replication and virion production and is
involved in the regulation of multiple host signaling pathways. As a proline-rich protein, NS5A is capable of interacting with
various host proteins containing Src homology 3 (SH3) domains. Previous studies have suggested that vinexin, a member of the
sorbin homology (SoHo) adaptor family, might be a potential binding partner of NS5A by yeast two-hybrid screening. However,
firm evidence for this interaction is lacking, and the significance of vinexin in the HCV life cycle remains unclear. In this study,
we demonstrated that endogenously and exogenously expressed vinexin 3 coimmunoprecipitated with NS5A derived from dif-
ferent HCV genotypes. Two residues, tryptophan (W307) and tyrosine (Y325), in the third SH3 domain of vinexin f3 and con-
served Pro-X-X-Pro-X-Arg motifs at the C terminus of NS5A were indispensable for the vinexin-NS5A interaction. Furthermore,
downregulation of endogenous vinexin {3 significantly suppressed NS5A hyperphosphorylation and decreased HCV replication,
which could be rescued by expressing a vinexin {3 short hairpin RNA-resistant mutant. We also found that vinexin 3 modulated
the hyperphosphorylation of NS5A in a casein kinase 1a-dependent on manner. Taken together, our findings suggest that
vinexin 3 modulates NS5A phosphorylation via its interaction with NS5A, thereby regulating HCV replication, implicating
vinexin f3 in the viral life cycle.

IMPORTANCE

Hepatitis C virus (HCV) nonstructural protein NS5A is a phosphoprotein, and its phosphorylation states are usually modulated
by host kinases and other viral nonstructural elements. Additionally, cellular factors containing Src homology 3 (SH3) domains
have been reported to interact with proline-rich regions of NS5A. However, it is unclear whether there are any relationships be-
tween NS5A phosphorylation and the NS5A-SH3 interaction, and little is known about the significance of this interaction in the
HCYV life cycle. In this work, we demonstrate that vinexin 3 modulates NS5A hyperphosphorylation through the NS5A-vinexin

(3 interaction. Hyperphosphorylated NS5A induced by vinexin f3 is casein kinase 1a dependent and is also crucial for HCV prop-
agation. Overall, our findings not only elucidate the relationships between NS5A phosphorylation and the NS5A-SH3 interaction
but also shed new mechanistic insight on Flaviviridae NS5A (NS5) phosphorylation. We believe that our results may afford the
potential to offer an antiviral therapeutic strategy.

H epatitis C virus (HCV) infection is a global health disease and
is a major cause of chronic liver disease leading to hepatic
fibrosis, liver cirrhosis, and hepatic carcinoma. No protective vac-
cine is available. Some directly acting antiviral agents combining
pegylated interferon and ribavirin show therapeutic promise for
chronic hepatitis C. However, the mechanisms of drug action, the
issues of interferon-free therapy, drug resistance, and broad treat-
ment of all HCV genotypes remain to be addressed (1).

HCV is a single-stranded positive-sense enveloped RNA virus
belonging to the Hepacivirus genus in the Flaviviridae family. The
RNA genome of HCV consists of about 9,600 nucleotides flanked
by 5’ and 3’ untranslated regions (UTR) encoding four structural
proteins (core, E1, E2, and P7) and six nonstructural (NS) pro-
teins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) (2). NS3 to NS5B
are sufficient to support viral RNA replication in cultured cells (3).
Recently, multifunctional roles for these NS proteins, including
NS3, NS4B, and NS5A, also have been shown to regulate HCV
particle production (4-6).

HCV NS5A is a proline-rich phosphoprotein with multiple
functions in viral replication, pathogenesis, and the innate immu-
nity response (7). On the one hand, phosphorylation of NS5A
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(NS5) is conserved in members of the Flaviviridae family, includ-
ing hepaciviruses, pestiviruses, and flaviviruses (8). A hallmark of
HCV NS5A is that it exists as two distinct phosphorylated variants
termed hypophosphorylated (p56) and hyperphosphorylated
(p58). They can be separated by SDS-PAGE on the basis of their
sizes; the molecular mass of the former is 56 kDa, and that of the
latter is 58 kDa (9). Previous studies have shown that phosphory-
lation of NS5A is crucial to parts of the HCV life cycle, such as viral
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genome replication complex formation and infectious particle
production (10-12). Although the details of the mechanism reg-
ulating NS5A phosphorylation are still not clear, various host fac-
tors (HFs) involved in NS5A phosphorylation, such as casein ki-
nase la (CKla) and CK2a, have been identified (6, 13, 14). On
the other hand, NS5A has also been implicated in the modulation
of host defenses, apoptosis, the cell cycle, and stress-responsive
pathways through its interaction with a wide variety of HFs such as
PKR, Binl, P53, and Grb2 (15). Moreover, the proline-rich motifs
Pro-X-X-Pro-X-Arg (PxxPxR) of NS5A are thought to interact
with proteins containing Src homology 3 (SH3) domains such as
Fyn, Hck, and Lck (16). However, the functional consequences of
these interactions within two conserved domains during the HCV
life cycle have not been clearly elucidated.

The sorbin homology (SoHo) family is a family of adaptors
with three members, vinexin, c-Cbl-associated protein (CAP)/
ponsin, and Arg-binding protein 2 (Argbp2). All of these mem-
bers contain one SoHo domain followed by three SH3 domains
and have effects on cell adhesion and cytoskeletal organization
(17). As one of the SoHo family members, vinexin was first iden-
tified via its interaction with vinculin, an abundant cytoskeletal
protein localized predominantly at cell-substrate adhesion sites
(such as focal adhesions) and cell-cell junctions. Vinexin has sev-
eral alternative transcripts, including «, 8, and vy (17). Vinexin 3
mainly contains three SH3 domains, and vinexin o contains an
additional N-terminal region harboring a SoHo domain. Vinexin
B is ubiquitously expressed in mouse liver tissue. In contrast, ex-
pression of vinexin a cannot be detected in liver tissue but is high
in skeletal muscle (18). Vinexin vy was isolated from mouse fetal
gonads and has rarely been reported (19). Vinexin 3 not only
regulates cytoskeletal arrangement, cell adhesion, and spreading
but is also involved in cellular signal transduction. For instance,
phosphorylated vinexin B, catalyzed by extracellular signal-regu-
lated kinase, inhibits cell spreading and migration (20). Moreover,
vinexin (3 binds to mSos, a Ras-guanine nucleotide exchange fac-
tor, and regulates the activation of c-jun N-terminal kinase (JNK)
induced by epidermal growth factor (EGF) (21). However, no
studies have implicated vinexin {3 in viral life cycles.

In the present study, we discovered that HCV NS5A specifically
interacts with vinexin B in mammalian cells. Truncation and
point mutation analysis of NS5A showed that conserved PxxPxR
motifs at the NS5A C terminus and conserved SH3 functional
residues in the third SH3 domain of vinexin {3 are critical for their
interaction. Furthermore, silencing of endogenous vinexin {3 sup-
presses HCV replication and simultaneously decreases NS5A hy-
perphosphorylation. This phenotype can be rescued by the ex-
pression of a short hairpin RNA (shRNA)-resistant mutant form
of vinexin 3. We further demonstrated that vinexin B modulates
NS5A hyperphosphorylation in a CKla-dependent manner.
Moreover, vinexin 3 plays a role in the regulation of the CKla-
NS5A catalytic reaction in vivo.

Our study provides strong evidence that, through the interac-
tion between the SH3 domain and PxxPxR motifs, vinexin B is
capable of modulating NS5A phosphorylation and regulating
HCV replication. Furthermore, our work also offers insight into a
previously unappreciated interrelationship of the NS5A-SH3 do-
main-related interaction, phosphorylation of NS5A, and HCV
propagation.
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MATERIALS AND METHODS

Cell culture. Human hepatoma Huh?7 cells, derivative Huh7-Lunet cells
(kindly provided by Ralf Bartenschlager, Heidelberg University, Heidel-
berg, Germany), and Huh7.5.1cells (kindly provided by Francis V.
Chisari, Scripps Research Institute) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(HyClone), 100 U/ml penicillin, and 100 U/ml streptomycin (Beyotime)
at 37°C in a humidified atmosphere with 5% CO,. The 1b Conl sub-
genomic HCV replicon pFKI389neo/NS3-3' (also generously provided by
Ralf Bartenschlager) was derived from Huh7-Lunet cells and maintained
in the same medium as Huh7-Lunet cells but supplemented with 0.5
mg/ml G418 (Amersco) (22). Human embryonic kidney (HEK) 293T
cells and other cell lines were cultured in minimal essential medium with
the same reagents as Huh7 cells.

Amplification of HCV stocks and HCVcc infection. Infectious HCV
genotype 2a strain JFH1 (kindly provided by Takaji Wakita, National
Institute of Infectious Diseases, Japan) was prepared as described previ-
ously (23). Briefly, viral stocks were diluted in DMEM and used to inoc-
ulate naive 40% confluent Huh7.5.1 cells at a multiplicity of infection
(MOI) of 0.01 in a T75 flask. Infected cells were trypsinized and spliced
into two T75 flasks before reaching confluence at 72 h postinfection (hpi).
The supernatants from infected cells was then harvested at 7 or 8 days
postinfection, aliquoted, and stored at —80°C. The viral titer was mea-
sured in focus-forming units (FFU) per milliliter of supernatant and de-
termined by the average number of core-positive foci detected at the high-
est dilutions (24). Stable vinexin 3 knockdown Huh7.5.1 cells were
infected with HCV JFH1 (MOI = 0.02). At 72 hpi, all of the infected cells
with corresponding supernatants were collected and analyzed by quanti-
tative real-time PCR (qRT-PCR) or Western blot (WB) assay.

Plasmids and reagents. NS5A from HCV of different genotypes (1b
Conl, 1b Whu, and 2a JFHI1) was cloned into mammalian expression
vector pRK-7 (Addgene) with a 5’ Flag tag. Total RNA from Huh7.5.1
cells infected with HCV JFH1 and the HCV Conl replicon was used as the
template. Additionally, plasmid pHCV-WHU-1 was also used as the tem-
plate for molecular cloning (25). The wild-type cDNAs of cell host factors
(HFs), including Argbp2, CAP, vinexin 8, CKla, VAP-A, CK2«, and
others, were amplified from cDNAs from Huh7.5.1 or HEK 293T cells by
reverse transcription-PCR amplification of total cellular mRNA with Su-
perScript III reverse transcriptase (Invitrogen). The cDNAs were cloned
into mammalian expression vector pEGFP-C1 (Clontech), pmCherry-Cl
(Clontech), or pRK-5 (Addgene) with a 5" hemagglutinin (HA) tag. NS5A
from HCV clone JFH1 was also subcloned into mammalian expression
vector pcDNA3.1 (Life Technologies) without a tag. Truncation mutant
proteins were constructed, and site-directed mutagenesis was done by the
overlap extension PCR method with high-fidelity KOD plus Neo DNA
polymerase (TOYOBO). Mouse monoclonal antibodies (MAbs) against
Flag (M2; Sigma-Aldrich), HA (Proteintech), green fluorescent protein
(GFP; Proteintech), glutathione S-transferase (GST; GenScript), actin
(Proteintech), HCV core (C7-50; Santa Cruz Biotechnology), HCV 1b
NS5A (256-A; Virogen), and HCV 2a NS5A (7B5 and 2F6; BioFront) were
purchased from the companies indicated. Rabbit polyclonal antibodies
against Flag (GenScript), HA (ABclonal), and GFP (Proteintech) were
also purchased from commercial sources. HCV genotype 1b NS5A rabbit
antiserum was raised against a recombinant NS5A domain I (genotype 1b
strain Whu) protein with the N-terminal helix deleted and expressed with
a histidine tag from expression vector pET28a (Novagen) in Escherichia
coli. A New Zealand rabbit was purchased from the Experimental Animal
Center, Wuhan Institute of Virology of the Chinese Academy of Sciences.
This work was approved by Institutional Animal Care and Use Commit-
tee. Horseradish peroxidase (HRP)-conjugated secondary antibodies
were purchased from Beyotime.

Co-IP and WB assay. Plasmids were transfected into HEK 293T cells
in 10-cm dishes or six-well plates with calcium phosphate. At 36 h post-
transfection (hpt), the transfected cells were lysed in 1 ml of immunopre-
cipitation (IP) buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 2
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mM EDTA, 1% Triton X-100, 10 mg/ml aprotinin (Amresco), 10 mg/ml
leupeptin (Amresco), and 0.5 mM phenylmethylsulfonyl fluoride (Beyo-
time) for 25 min on the ice. The lysates were then centrifuged at 16,000 X
gfor 15 min at 4°C, and the supernatants were collected. An equal volume
of supernatants was incubated with 1.2 g of the indicated antibody or
control IgG (Sigma-Aldrich) and 30 wl of a 50% slurry of protein G-
Sepharose (GE Healthcare Life Sciences) at 4°C for 5 h. The Sepharose
beads were then harvested and washed four times with 1 ml of lysis buffer
containing 500 mM NaCl. In the endogenous co-IP assay, the 1b Conl
subgenomic HCV replicon with naive 95% confluent and Huh7.5.1 cells
infected with HCV JFH1 (MOI = 0.1, 96 hpi) were directly lysed and
subjected to the procedure described above. All of the WB samples were
treated by boiling in 2X SDS loading buffer, separated by SDS-PAGE,
transferred to polyvinylidene difluoride (Millipore), and blocked with 5%
fat-free milk in 50 mM Tris-HCI (pH 7.5)-0.15 M NaCl-0.05% Tween
20. Blots were detected with the primary antibodies indicated, followed by
an HRP-conjugated secondary antibody. Finally, imaging was performed
with ECL chemiluminescence reagent (Millipore) on X-ray films (Fujif-
ilm). Quantification of blot band intensities was performed by Quantity
One software or Image Lab software (Bio-Rad).

In vitro GST pulldown. For an in vitro binding assay, GST-fused
vinexin 3 or GST alone was expressed in BL21 cells and purified with
glutathione Sepharose 4B (GE Healthcare Life Sciences) according to the
supplier’s instructions. Huh7 cells transfected with the pRK-7 plasmid
encoding Flag-NS5A were washed twice with phosphate-buffered saline
(PBS) and lysed in IP lysis buffer. The lysate was split into three aliquots
and separately incubated with 10 g of GST-vinexin 8, 10 pg of GST, or
glutathione Sepharose 4B at 4°C for 12 h. After being washed with IP lysis
buffer four times, proteins were extracted from the Sepharose beads by
boiling in 2X SDS loading buffer, resolved by SDS-PAGE, and detected by
WB assay with the antibodies indicated.

RNA extraction and quantitative reverse transcription-PCR. Total
RNA from cultured cellsand HCV RNA from supernatants were extracted
with TriPure (Roche) and TRIzol LS (Invitrogen) according to the respec-
tive manufacturers’ instructions. For intracellular RNA quantity determi-
nation, 300 ng of total RNA was used to synthesize cDNA with Moloney
murine leukemia virus reverse transcriptase (Promega) and N6 random
primer (Bioneer). qRT-PCR experiments were carried out with the
CFX96 multicolor real-time PCR detection system (Bio-Rad Laborato-
ries, Hercules, CA) with appropriate SYBR green dye (Invitrogen). Rela-
tive intracellular HCV RNA levels were examined by determining the
quantity of HCV RNA normalized to glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) RNA levels. Relative cellular specific gene RNA lev-
els were also normalized to the GAPDH RNA level. HCV RNA levels in
culture supernatants were determined relative to a standard curve com-
posed of serial dilutions of template DNA containing the JFH1 5" UTR
c¢DNA. The qRT-PCR primers used are as follows: FP (JFH1), TCTGCG
GAACCGGTGAGTA; RP (JFH1), TCAGGCAGTACCACAAGGC; FP
(vinexin 3), CCCACCCAGGAGCCTAGAG; RP (vinexin ), CAAACCA
GCCATCGTCACACT; FP (GAPDH), CCACTCCTCCACCTTTGAG;
RP (GAPDH), ACCCTGTTGCTGTAGCCA; FP (CKla), CATCTATTT
GGCGATCAACATCA; RP (CKla), GCCTGGCCTTCTGAGATTCTA.

Immunofluorescence staining and confocal microscopy. Huh7-Lu-
net or Huh7.5.1 cells were cultured on a confocal 20-mm glass bottom
dish (NEST). After transfection, corresponding cells were washed twice
with PBS, fixed with 3.7% paraformaldehyde—PBS for 30 min, and per-
meabilized with 0.5% Triton X-100—PBS. After samples were blocked
with 3% bovine serum albumin—PBS for 1 h, primary antibodies were
diluted in blocking buffer and incubated with cells overnight at 4°C. After
being washed six times with PBS, the cells were incubated with rhod-
amine-conjugated or fluorescein isothiocyanate (FITC)-conjugated goat
secondary antibodies (Pierce) for 1 h and then treated with 4’,6-di-
amidino-2-phenylindole (DAPI; Beyotime) for 5 min, washed six times
with warm PBS, and then observed with a confocal microscope (Olympus
FluoView FV1000). For direct fluorescence observation, Huh7-Lunet
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cells transfected with a fluorescent fusion protein plasmid were fixed with
3.7% paraformaldehyde for 20 min. At 36 hpt, transfected cells were
washed three times and subjected to observation with a confocal micro-
scope. Colocalization efficiency was evaluated quantitatively with Image]J
software (developed by the National Institutes of Health). We calculated
the Pearson correlation coefficient to evaluate the pixel-to-pixel covari-
ance of signal levels in two different images and calculated the correlation
between the two channels. The values ranged from —1 to 1. Values rang-
ing from 0.4 to 0.699 were indicative of moderate correlations; those be-
tween 0.7 and 0.99 were indicative of high correlations (26). All of the
image data represent 8 to 10 representative cells in three independent
experiments.

Generation of stable knockdown cells with a retroviral shRNA sys-
tem. To establish a stable knockdown cell line, shRNA that interferes with
the target gene was subcloned into the pSUPER.retro.puro plasmid (oLi-
goengine) according to the supplier’s instructions. These experiments
were performed as previously described (27). HEK 293T cells were
cotransfected with pSUPER.retro.puro constructs along with packaging
plasmids pGag-pol and pVSV-G by the calcium phosphate method. The
shRNA retroviral stocks were harvested from the cell supernatants at 72
hpt, filtered with a 0.45-pm filter, and then used to transduce Huh7.5.1,
Huh7, and HEK 293T cells with 4 pg/ml Polybrene. At 72 hpt, all of the
stable knockdown cells were cultured in puromycin (Amersco) selection
medium for at least 3 days (the puromycin concentration was 4 pg/ml for
Huh7.5.1 and Huh7 cells and 1 pg/ml for HEK 293T cells). The effects of
interference on the surviving colonies were confirmed by qRT-PCR or
WB analysis. The vinexin {3 targeting sequences used for RNA interference
(RNAIi) were as follows: 1 sh VinB, CCCAGAAATTCGGAACGTT; 2 sh
VinP, GGGTGACATTGTCTACATGC; 3 sh VinB, GGTGAACGAGAACT
GGTAC. The CKla targeting sequences used for RNAi were as follows: 1
sh CKla, CAGAATTTGCGATGTACTT; 2 sh CKla,, GGACAATGTTAA
AGCAGAA.

As negative controls, short hairpin Renilla luciferase (sh Rluc) with the
sequence GTAGCGCGGTGTATTATAC and sh nontarget (sh NT) with
the sequence TTCTCCGAACGTGTCACGT were used. In addition, the
sequence AGGCCTTGTGGTACTGCCT targeting the HCV 5" UTR was
used as a positive control named sh HCV.

Construction of rescue mutation lentiviral vector to maintain ex-
pression of vinexin f3 in vinexin 3 knockdown cells. For experiments
involving rescue of vinexin { interference, stable vinexin 3 knockdown
Huh7.5.1 cells (3 sh VinP) were transiently transduced with a recombi-
nant lentiviral vector expressing exogenous wobble mutant protein
vinexin 3 (RM3) to resist the cellular interference machinery (3 sh Vin-
RM3). The rescue mutant form of vinexin f (RM3) was designed so that
GGT GAA CGA GAA CTG GTA C was changed to GGC GAG CGC GAG
CTA GTC C, which can eliminate the effect of RNAi but does not change
the amino acid sequence of the vinexin {3 protein. Preparation of a recom-
binant lentiviral vector was based on the lentiviral packaging system con-
sisting of the pHAGE-CMV-MCS-1ZsGreen, pMD2.G, and psPAX2 plas-
mids (a gift kindly supplied by Huang Zan at Wuhan University) (28). The
procedure used for the recombinant lentiviral vector was the same as that
used for the shRNA retroviral vector described above. As a control, the
empty recombinant lentiviral vector was also harvested and used to tran-
siently transduce 3 sh vinexin 8 Huh7.5.1 cells and sh NT Huh7.5.1 cells (3
sh VinB and sh NT), respectively. Equal numbers (3 X 10°) of three cell
lines were then seeded into a six-well plate. Twenty-four hours later, 3 sh
VinB and sh NT cells were inoculated with recombinant lentiviral vector
RM3 or the empty vector (mock treatment) in the presence of 8 wg/ml
Polybrene (Sigma) at an MOT of 3. At 24 hpi, cells were infected with HCV
JFH1 (MOI = 0.02) and harvested at 72 h after HCV infection. The sam-
ples were subjected to qRT-PCR and WB analyses.

Flow cytometry analyses. Insofar as the cells were transduced with a
retroviral vector, the possibility had to be excluded that overexpression or
knockdown of vinexin 3 did not alter cell proliferation and the cell cycle.
Thus, these cells at 80% confluence in the wells of six-well plates were
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collected after being washed twice with PBS and digested with 0.25%
trypsin (Gibco, Life Technologies). After centrifugation (300 X g, 10
min), the cells were fixed with precooled 70% ethanol overnight at —20°C.
The next day, the fixed cells were treated with 30 pg/ml propidium iodide
(PT; Sigma) and 50 pg of RNase/ml for 60 min at 37°C. Their nuclear DNA
content was measured by flow cytometry with a fluorescence-activated
cell sorter (EPICS XL/XL-MCL; Beckman Coulter), and data analysis was
performed by ModFitLT software (BD Biosciences) to determine the per-
centage of cells in each phase of the cell cycle.

Statistical analyses. Statistical graphs were created with GraphPad
Prism software, and statistical analyses were performed with two-tailed
Student ¢ tests. The graphs represent the mean values = the standard
deviations (SD) of at least three independent experiments. P < 0.05 was
considered statistically significant, and P < 0.01 and P < 0.001 were
considered highly significant.

RESULTS

HCV NS5A interacts with vinexin 3. NS5A is a proline-rich pro-
tein with two polyproline motifs (29). Since the polyproline mo-
tifs of NS5A can interact with proteins containing SH3 domains
(30), we sought to identify a new cellular factor(s) associated with
NS5A through the SH3 domain. For this purpose, a novel SoHo
adaptor family with three SH3 domains at the C terminus cap-
tured our attention (Fig. 1A). A previous study showed that the
SoHo family is potentially associated with NS5A in a preliminary
yeast two-hybrid screening (31). Sequences within the SH3 re-
gions of three members of the SoHo family (Argbp2, CAP,
vinexin) are highly homologous (Fig. 1B), so we cloned the genes
encoding human Argbp2, CAP, and vinexin 3 and performed
co-IP assays when they were coexpressed with NS5A. The results
showed that Argbp2, CAP, and vinexin 3 could all be specifically
pulled down by NS5A (Fig. 1C), and NS5A showed a much stron-
ger interaction with vinexin 3 than with Argbp2 and CAP. Con-
focal microscopy analysis showed that Argbp2, CAP, and vinexin
B also colocalized with NS5A in the perinuclear region of Huh7-
Lunet cells (Fig. 1D). Furthermore, we calculated the Pearson cor-
relation coefficient to quantify the degree of their colocalization;
the Pearson correlation coefficients of Argbp2-NS5A, CAP-NS5A,
and vinexin B-NS5A colocalization were 0.473, 0.492, and 0.75,
respectively (Fig. 1E), indicating that colocalization of vinexin
B-NS5A had a stronger interaction than that of Argbp2-NS5A or
CAP-NS5A. Taken together, our results demonstrated that
Argbp2, CAP, and vinexin B all interact with NS5A and that
vinexin (3 has a much stronger interaction with NS5A (Fig. 1C, D,
and E) (18, 32, 33). In the meantime, immunoblot analysis indi-
cated that endogenous vinexin 3 is ubiquitously expressed as an
about 37-kDa protein in many different cell lines, including hu-
man 293T, Huh7.5.1, and Huh7 cells (Fig. 1F). As a result, we
selected vinexin B for further assay.

To verify that the interaction of vinexin 3 with NS5A is strain
specific, we coexpressed vinexin 3 and NS5A derived from either
HCV genotype 1b (Conl and Whu) (25) or 2a (JFHI) in HEK
293T cells. As shown in Fig. 2A, GFP-vinexin 3, but not GFP
alone, could be coimmunoprecipitated with different subtypes of
NS5A (top, lanes 3, 6, and 9), suggesting that the vinexin B-NS5A
interplay was not genotype specific. In addition, vinexin {3 failed to
be coimmunoprecipitated with HCV NS3 (Fig. 2A, top, lanes 1, 4,
and 7). To further examine whether the interaction can occur in
vitro, we performed a GST pulldown assay with purified GST-
vinexin 3 and GST alone mixed with Huh-7 lysates containing
exogenously expressed Flag-NS5A. The results indicated that
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NS5A was specifically pulled down with GST-vinexin 3 but not
GST or Sepharose 4B alone (Fig. 2B, top, lane 1), implying that
vinexin B associated with NS5A in vitro. Next, we evaluated
whether the interaction occurs in HCV replication cells. Lysates of
HCV JFH-infected cells and HCV Conl replicon cells were sub-
jected to IP analysis with a mouse MAb (34) and a rabbit poly-
clonal antibody against NS5A (1b), respectively. The results dem-
onstrated that endogenous vinexin {8 specifically interacted with
NS5A of 1b and 2a in a more authentic system (Fig. 2C). More-
over, we also observed that vinexin B and NS5A colocalized in
HCV replicon and HCV-infected cells (Fig. 2D). Therefore, we
suggest that vinexin B interacts with NS5A in HCV-infected cells.

Conserved amino acids in the third SH3 domain of vinexin (3
and PxxPxR motifs at the C terminus of NS5A are critical for the
interaction of vinexin 3 with NS5A. Wild-type vinexin 3 is com-
posed of 329 amino acids (aa) and contains three SH3 domains
covering aa 41 to 95, 115 to 170, and 272 to 329, respectively (35).
To determine the regions involved in the interaction of vinexin 3
with NS5A, we created various truncation mutant variants of
vinexin 8 encoding AN-ter (aa 95 to 329), A2rdSH3 (aa 1 to 116
and 171 to 329), ALinker (aa 1 to 172 and 252 to 329), and
A3rdSH3 (aa 1 to 262) (Fig. 3A). We then coexpressed these mu-
tant vinexin 3 proteins with NS5A (JFH1) and preformed co-IP
assays. As shown in Fig. 3A and B, the AN-ter, A2rd SH3, and
ALinker mutant proteins could still interact with NS5A (Fig. 3B,
top, lanes 1 to 3), but the A3rd SH3 mutant protein, which lacked
the third SH3 domain of vinexin [3, failed to associate with NS5A
(Fig. 3B, top, lane 4), indicating that the third SH3 domain of
vinexin [ is critical for the interaction of vinexin 8 with NS5A. A
previous study showed that two conserved amino acid residues,
tryptophan (W307) and tyrosine (Y325), located in the third SH3
domain are critical for the function of the SH3 domain (30), so we
constructed variants of vinexin  with a tryptophan-to-phenylal-
anine (W307F) mutation, a tyrosine-to-valine mutation (Y325V),
and two mutations (W307F/Y325V) in the third SH3 domain
(Fig. 3C) and performed co-IP assays. As shown in Fig. 3D, the
W307F and W307F/Y325V mutant proteins failed to interact with
NS5A (top, lanes 1 and 5) and the Y325V-NS5A association was
also greatly reduced (top, lane 3), suggesting that two conserved
sites (W307 and Y325) in the third SH3 domain are essential for
the interaction of vinexin B with NS5A.

Next, we attempted to map the regions in NS5A that are in-
volved in the interaction with vinexin . NS5A consists of an N-
terminal amphipathic helix whose function is to anchor to cyto-
plasmic membranes and three domains (I, IL, and III) separated by
two low-complexity sequences (Lcs) (15, 36). A schematic repre-
sentation of the HCV NS5A (JFH1) and serial truncation mutant
proteins is shown in Fig. 3E (top), and these mutant proteins were
used for co-IP assays. The results showed that NS5A mutant pro-
teins lacking either low-complexity domain connectors II-A Lcs2
(full-length NS5A with aa 339 to 352 deleted) or domain III (AD3
fromaa 1 to aa 352) failed to interact with vinexin (3. Moreover, an
NS5A mutant protein with Lcs2 and domain IIT both deleted
(ALcs2+D3 from aa 1 to aa 338) naturally did not interact with
vinexin {3 (Fig. 3F, top, lanes 3 to 5). Taken together, our results
argue that both Lcs2 and domain IIT located at the C terminus of
NS5A are responsible for the interaction of NS5A with vinexin 3.

Previous reports have documented that NS5A contains two
proline-rich motifs; one is termed PP1 and covers aa 35 to 39 in
domain I, and the other is termed PP2 and covers aa 339 to 352 of
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FIG 1 SoHo family proteins interact with HCV NS5A in mammalian cells. (A) Schematic representation of the domain structure of the SoHo family (Homo
sapiens). The slanted numbers indicate the sites of SoHo and SH3 domains in the proteins. (B) Alignment of the C-terminal amino acid sequences of H. sapiens
Argbp2, CAP, vinexin a, and vinexin 3. Multiple sequence alignments were generated with the Clustal X software. (C) pRK-Flag-NS5A (JEH1) was cotransfected
with pEGFP-Argbp2, pEGFP-CAP, or pEGFP-vinexin  in HEK 293T cells. Cell lysates were immunoprecipitated and subjected to WB (immunoblot [IB])
analysis as indicated. The IgG heavy chain is indicated by asterisks. (D) pRK-Flag-NS5A was cotransfected with pEGFP-Argbp2, pEGFP-CAP, or pEGFP-vinexin
 into Huh7-Lunet cells; immunofluorescence assays were performed with a mouse anti-Flag MAb (a-F) and a rhodamine-conjugated goat anti-mouse
secondary antibody; and nuclei were stained with DAPI. Scale bars, 10 wm. (E) Quantification of colocalization was performed by determining the Pearson
correlation coefficient with Image] software (described in Materials and Methods). Values represent means * SDs of 8 to 10 representative cells in three
independent experiments. Vinexin 3 served as a control. ns, not significant; **, P < 0.01; ***, P < 0.001. (F) WB analysis of endogenous vinexin (3 expression in
the cell lines indicated. Total cell lysates from the cells indicated were subjected to WB analysis with a mouse polyclonal antibody against the full-length vinexin
protein. Arrowheads indicate target bands with corresponding names. ns, nonspecific.

the Lcs2 fragment (37). PP2 contains two closely spaced polypro-
line motifs (PP2.1 and PP2.2) (Fig. 3G) that allow interaction with
proteins containing SH3 domains, including Src family tyrosine
kinases (38—40). Because the C terminus contains PP2 motifs and
mediates the interaction of NS5A with vinexin 3, the proline res-
idues at sites 347, 350, and 351 and the arginine residue at site 352
within the PP2.2 motif are highly conserved throughout HCV
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genotypes (37) and the arginine residue in polyproline motifs
could develop a salt bridge with the SH3 domain (16), we con-
structed a series of point mutations within the PP2 motifs as indi-
cated in Fig. 3G and performed co-IP assay. The results indicated
that the substitution of conserved residues 347, 350, 351, and 352
in the PP2.2 motifs led to abrogation of binding to vinexin 3 (Fig.
3H, top, lanes 1, 3, and 5), suggesting that conserved PxxPxR
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FIG 2 Vinexin B interacts with NS5A. (A) Flag-tagged NS5A derived from genotype 1b strain Conl or Whu or genotype 2a strain JFH1 (pRK-Flag-NS5A) was
coexpressed with GFP-tagged vinexin 8 (pEGFP-vinexin ) in HEK 293T cells. At 36 hpt, transfected cells were immunoprecipitated with a mouse MAb against
Flag and subjected to WB (immunoblot [IB]) analysis with a rabbit polyclonal antibody to Flag or a mouse MADb to the Flag or GFP tag. The IgG heavy chain is
denoted by asterisks, and triangles indicate proteins. (B) Huh7 cell lysate containing exogenously expressed Flag-NS5A was incubated with GST, GST-vinexin 3,
or Sepharose 4B alone and then subjected to a pulldown assay. Equal volumes of the proteins bound to the beads and the original lysates (10% of the input) were
examined by WB analysis with a rabbit anti-Flag polyclonal antibody or a mouse anti-GST MADb, respectively. (C) HCV JFH1-infected Huh7.5.1 cells were har-
vested at 96 hpi, and lysates were immunoprecipitated with a mouse anti-NS5A (2a) MAb or control mouse IgG. Conl replicon cells at 95% confluence were
harvested, and cell lysates were immunoprecipitated with anti-NS5A rabbit antiserum (1b) or control rabbit antiserum. The immune complexes were subjected
to WB analysis with a mouse anti-vinexin polyclonal antibody and a mouse anti-NS5A MADb (1b or 2a). (D) Vinexin 8 colocalization with HCV NS5A via
immunofluorescence assay. Conl replicon cells were transfected with pRK-HA-vinexin 8 (HA-Vinf). They were fixed at 36 hpt and stained with a rabbit
anti-NS5A primary polyclonal antibody (described in Materials and Methods) and a mouse primary MAb against HA, followed by the rhodamine-conjugated
goat anti-rabbit secondary antibody and an FITC-conjugated goat anti-mouse secondary antibody for observation via confocal microscopy. Red indicates NS5A;
green indicates HA-vinexin 3 (a to c and d to f). In the bottom row, Huh7.5.1 cells were infected with HCV JEH1 (MOI = 0.2). At 24 hpi, cells were transfected
with pRK-HA-vinexin 3 (HA-Vin). At 72 hpt, cells were fixed and incubated with a rabbit anti-HA primary polyclonal antibody and a mouse MAb to 2a JFH1
NS5A (described in Materials and Methods), followed by a rhodamine-conjugated goat anti-mouse secondary antibody and an FITC-conjugated goat anti-rabbit
secondary antibody. Red indicates NS5A; green indicates HA-vinexin {3 (g, h, i) for observation via confocal microscopy. All of the experiments were repeated
three times. Scale bars, 10 pm.

diated shRNA system. The sh HCV-targeted conserved 5" UTR of

motifs in the Les2 region were indispensable for the binding of
HCV was used as a positive control, sh NT was used as a negative

NS5A with vinexin .

Knockdown of vinexin 3 decreases HCV propagation and
NS5A hyperphosphorylation. RNAi was introduced to further
examine the effect of vinexin 3 on HCV replication. Three stable
vinexin 3 knockdown Huh7.5.1 cell lines (1 sh Vinf, 2 sh Vinf3,
and 3 sh Vinp) were established on the basis of a retrovirus-me-
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control, and sh Rluc (target Renilla luciferase) was also used, en-
suring a consist negative control. We first confirmed that down-
regulation of vinexin {3 expression had no significant effect on the
cell cycle and growth pattern (Fig. 4A). Vinexin 3 levels in sh
vinexin B-transduced cells (2 sh Vin and 3 sh Vinf) were signif-
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FIG 3 Mapping of regions of vinexin 3 and NS5A involved in the interaction between vinexin [3 and NS5A. (A) On the left is a schematic diagram of full-length vinexin
{3 and deletion mutant forms thereof, and on the right are the results of vinexin 8 and mutant protein interactions with NS5A. (B) pEGFP-vinexin 8 (GFP-Vinf) or
mutant proteins (AN-ter, A2rdSH3, ALinker, and A3rdSH3) were used with pRK-Flag-NS5A (JFH1) to cotransfect HEK 293T cells. At 36 hpt, transfected cells were
immunoprecipitated with anti-Flag antibody or mouse IgG and subjected to WB (immunoblot [IB]) analysis with a rabbit polyclonal antibody against GFP and a mouse
MAD to Flag to detect the Flag and GFP tags, respectively. (C) Schematic diagram of vinexin (3 and variants thereof with point mutations in the third SH3 domain. (D)
HEK 293T cells were cotransfected with pEGFP-vinexin (3 or point mutant forms thereof and pRK-Flag-NS5A (JFH1). At 36 hpt, transfected cells were immunopre-
cipitated with anti-Flag antibody or mouse IgG and subjected to WB analysis with mouse MAbs against GFP and Flag to detect the Flag and GFP tags, respectively. (E)
The left panel is a schematic diagram of full-length NS5A and deletion mutant forms thereof, and the right panel shows the results of their interactions with vinexin f3.
(F) pRK-Flag-NS5A (JFH1) or mutant forms thereof (AN-ter,AD2,ALcs2, AD3, and ALcs2+D3) and pEGFP-vinexin 3 were used to cotransfect HEK 293T cells. IP and
WB analysis were performed as described for panel B. (G) Schematic diagram of full-length NS5A and point mutant forms thereof with changes in the Lcs2 region. (H)
HEK 293T cells were cotransfected with pEGFP-vinexin 3 and pRK-Flag NS5A (JFH1) or point mutant variant plasmids. IP and WB analysis were performed as
described for panel D. The data shown are representative of three independent experiments.
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icantly lower than those in sh NT-, sh HCV-, and sh Rluc-trans-
duced cells (Fig. 4B). Next, shRNA-transduced cells were infected
with HCV JFH1 at a low MOI of 0.02, ensuring multiple cycles of
infection, which could have a comprehensive effect on the viral life
cycle (41-43). At 72 hpi, we found that silencing of vinexin 8 (2 sh
Vinp and 3 sh Vin) reduced the intracellular HCV RNA level to
44.7 and 32.7% of that in control (sh NT) cells, respectively (Fig.
4C). Similarly, WB analysis confirmed that the decreased vinexin
B protein level also suppressed the core and NS5A protein expres-
sion of HCV (Fig. 4D, lanes 3 and 4). The total relative NS5A
protein level decreased to 50 and 36% of that of sh N'T, which was
consistent with the qRT-PCR results. In addition, we surprisingly
observed that the p58/56 ratio, which reflects the level of hyperphos-
phorylation of NS5A, in sh vinexin 3-treated cells was 54% of that in
sh NT-treated cells, implying that vinexin (3 protein expression is also
critical for the hyperphosphorylation status of NS5A. When cells are
infected at alow MOJ, extracellular HCV RNA levels should coincide
with those of intracellular RNA in multiple cycles of infection. As
shown in Fig. 4E, the genome copy numbers in the supernatants with
2sh VinP and 3 sh VinP were 0.58 X 107 + 0.09 X 10” and 0.41 X 107
+ 0.11 X 107 genome equivalents (GE)/ml, but the genome copy
number in the supernatants with the sh NT control was 2.5 X 107 =
0.4 X 107 GE/ml, implying that downregulation of vinexin f also
caused the overall reduction in virion release. Consistently, signifi-
cant changes in the extracellular HCV RNA were also made in the
second round of infection (Fig. 4F). Taken together, these results
revealed that knockdown of endogenous vinexin 3 significantly in-
hibits HCV propagation in Huh7.5.1 cells with the simultaneous at-
tenuation of NS5A hyperphosphorylation.

Furthermore, to rule out the off-target effects of RNAi, we
transiently expressed the wobble sh vinexin B-resistant mutant
protein vinexin 3 (RM3) in vinexin B knockdown cells (3 sh
Vinp) and then infected them with HCV JFH1 (MOI = 0.02). The
results indicated that exogenous expression of an sh vinexin 3-re-
sistant mutant protein (RM3), but not the empty vector (mock
treatment), increased the intracellular HCV RNA level (Fig. 4G).
As expected, the core and NS5A protein levels of HCV could also

Role of Vinexin B in HCV Life Cycle

be restored in 3 sh Vinf3-RM3, in contrast to 3 sh VinB-mock (Fig.
4H, lane 1 versus lane 3). Similarly, the reduction of NS5A hyper-
phosphorylation caused by the knockdown of vinexin 3 was also
recovered by exogenous expression of sh vinexin {-resistant
vinexin 8 mutant protein (Fig. 4H). Therefore, we have demon-
strated that vinexin (3 expression may affect viral replication via
regulation of NS5A hyperphosphorylation.

Vinexin 3 can increase levels of hyperphosphorylated NS5A
in vivo. Previous studies have reported that phosphorylation of
NS5A and HCV replication are closely linked (7, 15, 44). To fur-
ther explore whether vinexin B influences the phosphorylation of
NS5A, thereby regulating HCV replication, NS5A and vinexin 3
were coexpressed in HEK 293T cells. We observed that there were
two close bands probed with anti-NS5A antibody in cell lysates
while performing a WB assay (Fig. 5A, lane 5). The lower band, for
the hypophosphorylated variant of NS5A, is commonly termed
p56, and the upper band, for the hyperphosphorylated variant of
NS5A, is p58 (Fig. 5A) (9). In contrast, when NS5A expressed
alone or coexpressed with a vinexin 3 mutant protein (W307F/
Y325V) that cannot interact with the NS5A protein, NS5A could
only keep the hypophosphorylated variant (p56) (Fig. 5A, lanes 4
and 3). This suggests that vinexin 3 promotes the hyperphosphor-
ylation of NS5A in mammalian cells. Furthermore, we found that
vinexin 3 expression has a dose-dependent effect on the hyper-
phosphorylation of NS5A (from 0 to 1.5 pg) in mammalian cells
(Fig. 5B, lanes 1 to 4). Next, we examined whether the expression
of vinexin 3 would affect NS5A phosphorylation in HCV-infected
cells. We stably expressed vinexin 3 and inoculated Huh7.5.1 cells
with HCV JFH1 (MOI = 0.02). As shown in Fig. 5C, the p58/p56
ratio also increased slightly when vinexin 3 was overexpressed
compared to that in control-transfected (mock-treated) cells at 72
and 96 hpi, respectively. Overall, our data demonstrated that
vinexin 3 can enhance the hyperphosphorylation of NS5A in
mammalian cells. Of note, the total NS5A level was also decreased
with the exogenous expression of vinexin (8 in HCV JFH1-infected
cells. We think that the balance of two NS5A phosphorylation
statuses, the intracellular signaling events of vinexin 3 overexpres-

FIG 4 Knockdown of vinexin  inhibits HCV propagation and NS5A hyperphosphorylation. (A) Knockdown of vinexin $ does not significantly affect cell
proliferation or the cell cycle. (a) Flow cytometry analysis of the knockdown of vinexin {3 cells. Huh7.5.1 cells transduced with the retroviral vector indicated for
knockdown of vinexin 3 were harvested and mixed with PI for flow cytometry analysis to determine the proportions of the population in the different phases of
the cell cycle (details are described in Materials and Methods). The graphs were generated and analyzed with ModFit LT version 2.0. Bold indicates the percentage
of cells in each phase of the cell cycle. The data are from one of three independent experiments. (b) Growth curves of vinexin 3 knockdown cells. Huh7.5.1 cells
transduced with the shRNA retroviral vectors indicated were seeded in equal numbers and counted with a Scepter 2.0 Cell Counter (Merck Millipore) at the time
points indicated (st to 4th days). (B) Knockdown of vinexin mRNA was determined by qRT-PCR. Vinexin mRNA levels were normalized to the GAPDH mRNA
level. The value of sh NT was used as a control (set at 100%). Values represent means *+ SDs from three independent experiments. (C) Huh7.5.1 cells expressing
the shRNAs indicated were infected with HCV JFH1 at an MOI of 0.02. At 72 hpi, intracellular HCV RNA levels were measured by relative qRT-PCR. The value
of sh NT was used as a control (set at 100%). Values are means * SDs of three independent experiments. (D) Cells infected with HCV as described for panel C
were lysed, and WB (immunoblot [IB]) analysis was performed with the antibodies indicated to determine the corresponding protein levels. The positions of two
differently phosphorylated NS5A variants (p56 and p58) are indicated. The relative intensities of HCV NS5A (total, p58, and p56)/cellular actin were quantified
by densitometric scanning of the film with Quantity One or Image Lab software (Bio-Rad). The NS5A and actin band intensities were normalized to the intensity
of p56 of NS5A (set as 100) in sh NT-treated cells. To analyze the NS5A p58/p56 ratio, the band intensity was normalized to that of p56 of NS5A in sh NT-treated
cells (set as 100). Three independent experiments were performed. (E) Extracellular HCV RNA isolated from the culture supernatant was quantified by absolute
qRT-PCR, and the HCV 5" UTR was used for quantification of the template. (F) Huh7.5.1 cells were infected with 10-fold-diluted culture supernatants from the
experiment described in panel E. At 72 hpi, all of the cells were stained with a mouse anti-HCV core MAb and then subjected to a fluorescence assay; in the
meantime, bright-field images of all of the samples were also obtained. All of the images represent more than 10 random fields. Three independent experiments
were performed. (G) Huh7.5.1 cells with stable expression of vinexin 3 shRNA (3 sh Vinf) were transiently transduced with vinexin [ rescue mutant protein
(RM3) resistant to vinexin 3 RNAi. Twenty-four hours later, transduced cells were infected with JFH1 at an MOI of 0.02. At 72 hpi, intracellular HCV RNA levels
were measured by relative qRT-PCR analysis. Values represent means = SDs of three independent experiments. (H) Huh7.5.1 cells with stable expression of
vinexin 3 shRNA were transduced and infected as described for panel E, and cells were lysed for WB analysis with the antibodies indicated. The positions of two
differently phosphorylated NS5A variants (p56 and p58) are indicated on the right. Quantitative analysis of bands was done as described for panel D. Three
independent experiments were performed. Error bars indicate standard deviations. Asterisks indicate significant differences (***, P < 0.001; **, P < 0.01; *, P <
0.05; ns, nonsignificant).
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FIG 5 Vinexin B increases levels of hyperphosphorylated NS5A. (A) HEK 293T cells were transfected with the plasmids indicated. At 36 hpt, cells were lysed and
WB (immunoblot [IB]) analysis was performed with anti-NS5A (2a), anti-HA, and anti-actin antibodies. The positions of two differently phosphorylated NS5A
variants (p56 and p58) are indicated on the right. (B) HEK 293T cells were transfected with gradually increased pRK-HA-vinexin 8 and a constant quantity of
pcDNA3.1-NS5A (JFH1). WB analysis was performed as described for panel A. (C) Stable vinexin 8 (Vinf) and empty vector (mock treatment) expression.
Huh?7.5.1 cells transiently transduced with a lentiviral vector (described in Materials and Methods) were infected with HCV JFH1 (MOI = 0.02). At 72 and 96
hpi, all of the cells were lysed and WB analysis was performed with the antibodies indicated. The positions of two differently phosphorylated NS5A variants (p56
and p58) are indicated on the right. The p58/p56 band intensity ratio was quantified with Quantity One software (details are described in the legend to Fig. 4).
The results are representative of three independent experiments. (D and E) Analysis of HCV replication in vinexin B-overexpressing HCV replicon cells. HCV
replicon (pFKI389neo/NS3-3") cells were stably transduced with the lentiviral vector indicated (vinexin 3 and mock treatment) and reseeded into the wells of a
six-well plate (3.5 X 10°/well). Upon reaching 95% confluence, all of the cells were harvested and subjected to relative qRT-PCR (D) and WB analysis (E) as
described above. (F and G) The cells (Huh7.5.1 and Conl replicon) stably transduced with the lentiviral vector indicated for overexpression of vinexin [3 were
harvested and mixed with PI for flow cytometry analysis to determine the proportion of the population in each phase of the cell cycle (details are described in
Materials and Methods). The graphs were generated and analyzed with ModFit LT version 2.0. Bold indicates the percentage of cells in each phase of the cell cycle.

The data are from one of three independent experiments.

sion such as JNK activation and the more unknown complicated
relationship between HCV and host cells could be the reasons for
this interesting phenotype (9, 14, 15, 45-47). Therefore, we ob-
served that overexpression of vinexin 3 inhibited HCV infection
from intracellular RNA, protein, and extracellular virion levels
(data not shown), and viral genome replication was moderately
(~37%) decreased when vinexin 3 was stably overexpressed in the
1b replicon (Fig. 5D and E). Additionally, the exogenous expres-
sion of vinexin 3 had no impact on the cell division cycle (Fig. 5F
and G). Since both knockdown of endogenous vinexin 8 (which
decreased the hyperphosphorylated NS5A level) and exogenous ex-
pression of vinexin (3 (which overenhanced the hyperphosphor-
ylated NS5A level) weakened HCV propagation, we believe that fluc-
tuation of the NS5A phosphorylation proportion regulated by
vinexin 3 may have a negative effect on HCV replication.

Vinexin 8 interacting with CK1a regulates NS5A phosphor-
ylation. We further explored how vinexin 3 modulates NS5A hy-
perphosphorylation. Since vinexin 8 has no significant intrinsic
enzyme activity (48), we speculate that another HF(s) may be
involved in the regulation of NS5A phosphorylation via interac-
tion with vinexin B. In addition, various cellular factors involved
in viral replication have been identified through interaction with
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NS5A (44). Thus, we coexpressed GFP-tagged vinexin 3 and red
fluorescent protein (RFP)-fused binding partners of NS5A such as
annexin A2, CKla, CK2a, CyPA, FBXL2, FKBP8, hB-indl,
Hsp72, Pinl, PSTPIP2, VAP-A, and VAP-B in Huh7-Lunet cells
(6,13, 49-57). The results showed that host kinase RFP-CK1a was
obviously colocalized with GFP-vinexin 3, but RFP-VAP-A and
RFP-CK2a were not (6, 58) (Fig. 6A), while the other factors were
also not significantly colocalized with vinexin (3 (data not shown).
To further confirm the interaction of CK1a with vinexin 8, CKla
was coexpressed with vinexin 3 or mutant forms thereof in Huh7-
Lunet cells. The co-IP result showed that both wild-type vinexin
and the dual point mutant protein (W307F/Y325V) could be
pulled down with CK1a (Fig. 6B, top, lanes 3 and 5), but the A3rd
SH3 vinexin B mutant protein failed to coimmunoprecipitate
with CK1la (Fig. 6B, top, lane 1), indicating that essential residues
involved in the association of vinexin B with NS5A are not re-
quired for the interaction of vinexin  with CKla. To further
confirm the effect of CK1a on the hyperphosphorylation of NS5A,
we established HEK 293T cell lines stably expressing lentivirus-
delivered shRNAs against CKla (1 sh CKla and 2 sh CKla) to
knock down the expression of CKla (Fig. 6C, bottom). When
vinexin 8 and NS5A were coexpressed, the level of NS5A hyper-
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FIG 6 Vinexin B regulates NS5A phosphorylation in a CKla-dependent manner (A) Huh7-Lunet cells were cotransfected with pEGFP-vinexin 3 and various
plasmids encoding red fluorescent protein-fused HFs. At 24 hpt, cells were fixed for immunofluorescence assay. Scale bars, 10 um. (B) HEK 293T cells were
cotransfected with pRK-Flag-CKla and pRK-HA-vinexin 3 (W307F/Y325V) or A3rd SH3. At 36 hpt, cell lysates were immunoprecipitated with a mouse
anti-Flag MAb (a-F) and bound proteins and original lysates were then detected by WB (immunoblot [IB]) analysis. Asterisks indicate the IgG heavy chain. (C)
HEK 293T cells stably expressing shRNA of CK1a were cotransfected with pRK-HA-vinexin 8 and pcDNA3.1-NS5A (JFH1). At 36 hpt, cells were lysed and WB
analysis were performed with a mouse anti-NS5A MAb, a mouse anti-HA MAb, or a mouse anti-actin MAb (top). The p58/p56 band intensity ratio was
quantified with Quantity One software (details are described in the legend to Fig. 4). Knockdown of CK1ae mRNA was determined by relative gRT-PCR (bottom).
The level of CKlae mRNA was normalized to that of GAPDH mRNA by using the value for the transduction of the empty vector control (mock treatment) and
sh NT, which was set at 100%. Values represent means * SDs of three independent experiments. Asterisks indicate significant differences (***, P < 0.001; **,
P < 0.01; %, P < 0.05; ns, nonsignificant).

phosphorylation induced by vinexin 3 was significantly lowerin2  to replace wild-type CKla (60). To our surprise, we found that
sh CKla cells than in cells treated with the sh NT control (Fig. 6C, hyperphosphorylated NS5A induced by vinexin 3 decreased the
top, lane 2 versus lane 3), suggesting that vinexin § modulated interaction of NS5A with CK1a (K46A) (Fig. 7B, top, lane 1 versus
NS5A hyperphosphorylation in a CKla-dependent manner. lane 3). It was likely that hyperphosphorylated NS5A catalyzed by

Vinexin {3 is involved in CK1-NS5A enzymatic reaction in ~ CKlo would detach with its direct kinase. On the basis of the
vivo. Previous studies have demonstrated that NS5A hyperphos-  results in Fig. 7A and B together, we concluded the following. (i)
phorylation induced by CKla regulates the interaction of NS5A  CKla and NS5A in a transiently formed enzymatic complex
with lipid droplets (LDs) and core protein. Moreover, it has been ~ would separate from each other when the catalytic reaction was
confirmed that the recruitment of hyperphosphorylated NS5A to  completed in the absence of vinexin B. In contrast, CKla and
LDs and the interaction of NS5A with core protein are essential for  NS5A were still maintained in a complex in the presence of
HCV assembly (10, 11, 13, 14, 59). To further evaluate the contri-  vinexin 3 (Fig. 1F and 7A and B). (ii) CK1a, vinexin 3, and NS5A
bution of vinexin 3 to the hyperphosphorylation of NS5A cata-  can form a complex in vivo (Fig. 7A and B), and exogenous ex-
lyzed by CKla, we performed co-IP assays to determine the effect  pression of vinexin B would connect endogenous CKla with
of vinexin 3 on the CK1a-NS5A association. As shown in Fig. 7A,  NS5A for hyperphosphorylation of NS5A (Fig. 7B). To further
the ability of CKla to coimmunoprecipitate with NS5A was sig-  determine whether complex formation is involved in vinexin
nificantly enhanced in the presence of overexpressed vinexin 3  regulation of NS5A hyperphosphorylation and HCV replication,
(top, lane 3 versus lane 1), while the CKla and NS5A expression ~ we coexpressed NS5A with CKla (K46A) in vinexin 3 knock-
levels in the presence of overexpressed vinexin 3 were approxi- down cells. As shown in Fig. 7C, silencing of vinexin 3 weakened
mately equivalent to those in the absence of overexpressed vinexin  the interaction of CK1a with NS5A (top, lane 1 versus lane 3). In
B, suggesting that vinexin (3 promoted the CKla interaction with  addition, to further explore the critical role of vinexin 3 in NS5A
NS5A. Since both vinexin 8 and NS5A were simultaneously coim-  hyperphosphorylation catalyzed by CKla, we also coexpressed
munoprecipitated with CKla (Fig. 7A, lane 3), it was likely that  exogenous NS5A and wild-type CKla in stably sh NT-, sh Rluc-,
these three proteins could form a complex in vivo. Of note, NS5A  and sh vinexin B-transduced Huh?7 cells, respectively. We found
was actually hyperphosphorylated by CKla in mammalian cells  that the ratio of the hyperphosphorylated NS5A variants (p58/
irrespective of the presence or absence of exogenous vinexin 3  p56) was significantly lower in 3 sh vinexin {3 cells (25.9%) than in
(Fig. 7A, top lysate blot). Therefore, we performed a similar co-IP  sh NT or sh Rluc cells (50.2 and 55.4%, respectively) (Fig. 7D, top,
assay with CK1la (K46A), a kinase-inactive mutant form of CKle,  lane 3 versus lanes 1 and 2). The results indicate that reduction of
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FIG 7 Vinexin 3 expression regulates the interaction of CKla with NS5A. (A and B) HEK 293T cells were transfected with pRK-HA-vinexin $ (HA-Vin),
pcDNA3.1-NS5A (JFH1), and pRK-Flag-CK1a or pRK-Flag-CKla (K46A). At 36 hpt, cell lysates were immunoprecipitated with a mouse anti-Flag MAb («-F)
or control mouse IgG. The immunoprecipitates and the lysates were analyzed with the antibodies indicated. (C) Effect of vinexin B knockdown on the
NS5A-CKla interaction. Huh7 cells stably transduced with sh NT and 3 sh Vin 3 were cotransfected with pcDNA3.1-NS5A (JFH1) and pRK-Flag-CKla (K46A)
expression plasmids. At 36 hpt, cell lysates were immunoprecipitated with a mouse anti-NS5A MAb or control mouse IgG. The immunoprecipitates and the
lysate were analyzed with the antibodies indicated. The IgG heavy chain is denoted by the asterisk. (D) Huh7 cells were transduced with retroviral vector sh NT,
sh Rlug, or 3 sh Vinf and then cotransfected with the pRK-Flag-CK1la and pcDNA3.1-NS5A (JFH1) expression plasmids, respectively. At 36 hpt, cell lysates were
separated by 8% SDS-PAGE and immunoblotted (IB) with the antibodies indicated. Quantification of the NS5A p58/p56 ratio was performed by Quantity One
software (Bio-Rad). The positions of two differently phosphorylated NS5A variants (p56 and p58) are indicated on the right. (E) Huh7.5.1 cells stably expressing
the shRNAs indicated were infected with JEHI at an MOI of 0.02. At 72 hpi, total cell lysates were resolved by 8% SDS-PAGE and immunoblotted with the
antibodies indicated. Quantification of the NS5A p58/p56 ratio was performed by Quantity One software (Bio-Rad). (F and G) Huh7.5.1 cell lines with vinexin
3 overexpression (F) and knockdown (G) were transduced with the lentiviral vector indicated, and CKlae mRNA expression was determined by relative
qRT-PCR. The levels of CKlae mRNA relative to that of GAPDH mRNA were correspondingly normalized by using the values for transduction of the control
empty vector or sh NT. Values are means * SDs of three independent experiments. ns, not significant. Immunoblotting with the antibodies indicated was used
to confirm knockdown efficiency.
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endogenous vinexin (3 expression inhibited NS5A hyperphosphor-
ylation mediated by CKla in vivo. It has been validated that tight
control of NS5A phosphorylation is important for the HCV life
cycle, and breaking the balance between the hyperphosphorylated
variant (p58) and the hypophosphorylated variant (p56) of NS5A
is disastrous for HCV propagation (6,9, 15, 61). Moreover, CKla
has recently been reported to be implicated in NS5A hyperphos-
phorylation-dependent regulation of HCV virion production
(14). On the basis of these studies, we speculated that the modu-
lation of NS5A hyperphosphorylation by vinexin 8 dependent on
CKla was the reason why HCV failed to reproduce in vinexin 3
knockdown cells. Therefore, we reconfirmed that the p58/p56 ra-
tio and the total NS5A level were obviously suppressed with the
silencing of vinexin 8 (33.8 and 13.2% in 1 sh Vinp and 3 sh Vinf3,
respectively) compared with the control (54.7% in sh NT) (Fig.
7E) during HCV infection.

In addition, considering the role of vinexin 3 in transcriptional
regulation (62), we examined whether overexpression or knock-
down of vinexin (3 would influence the CKlao mRNA level. The
results showed that there was no significant difference in the
CKla mRNA level under the conditions of overexpression and
downregulation of vinexin B by qRT-PCR assay (Fig. 7F and G,
top). Collectively, our data demonstrated that vinexin 3 regulated
NS5A hyperphosphorylation and HCV propagation via its inter-
action with NS5A and CKla.

DISCUSSION

In this study, we identified a novel adaptor vinexin {3 is capable of
regulating the hyperphosphorylation of HCV NS5A via its inter-
action with NS5A in mammalian cells (Fig. 4 and 5). In addition,
we observed that two amino acids, W307 and Y325, in vinexin 3
were critical for the interaction of vinexin [ with NS5A (Fig. 3D
and 5A). Furthermore, we demonstrated that the PxxPxR motifs
located in the Lcs2 region of the C terminus of NS5A were essential
for the interaction of NS5A with vinexin B (3F and H). Our results
offer a new perspective to understanding the role of host proteins
containing SH3 domains interacting with NS5A in viral replica-
tion.

HCV NS5A is a proline-rich phosphoprotein (38) that plays a
critical role in the control of cellular pathways and participates in
various stages of the HCV life cycle through its interaction with
many HFs (44, 63). On the one hand, many HFs containing SH3
domains have been reported to interact with NS5A derived from
different HCV genotypes through the highly conserved PxxPxR
motifs within the SH3 domain. For instance, NS5A binds to ty-
rosine kinases, including Fyn, Lyn, Hck, and Lck, and regulates
their kinase activities, thereby subverting and altering response
events of cells to facilitate HCV replication (16); NS5A blocks the
cellular apoptosis pathway by binding Binl (39) and mixed-lin-
eage kinase 3 (40). Furthermore, the EGF-induced mitogen-acti-
vated protein kinase (MAPK) pathway is also perturbed by the
interaction of NS5A with Grb2 (38). On the other hand, phos-
phorylated NS5A has also been shown to play a critical role in the
HCYV life cycle, especially in maintenance of the balance between
RNA replication and viral assembly (9). Thus, investigating the
detailed molecular mechanisms by which cellular factors, includ-
ing some kinases that interact with NS5A and modulate the phos-
phorylation of NS5A, would be instrumental in the development
of antiviral therapy (64, 65). Previous studies have identified var-
ious host kinases involved in the regulation of the phosphoryla-
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tion status of NS5A either directly or indirectly, such as CKla,
CK2a, PIkl1, lipid kinase phosphatidylinositol-4 kinase III alpha,
glycogen synthase kinase 3, and MAPK (45, 59, 61, 63, 66). Addi-
tionally various studies have demonstrated that hyperphosphory-
lation of NS5A was also modulated by HCV NS proteins (NS3,
NS4A, and NS4B) (65, 67). In our study, we have demonstrated
that, in addition to the host kinases and viral NS proteins, as an
adaptor, vinexin 3, can also modulate the phosphorylated variants
of NS5A through its interaction with NS5A in vivo (Fig. 2, 4D and
H, and 5A to C).

Vinexin B was initially identified as a cytoskeletal protein vin-
culin binding partner and was a shorter transcriptional variant of
vinexin composed of only three SH3 domains (18, 21), acting as a
scaffold protein recruiting various signaling and cytoskeletal fac-
tors to modulate cell transduction and cytoskeletal rearrangement
(48). For instance, vinexin 3 plays a key role in maintaining EGF
receptor phosphorylation on the plasma membrane through the
regulation of E3 ubiquitin ligase c-Cbl (68). Another study also
indicated that vinexin 3 regulates the proteasome-dependent deg-
radation of WAVE2 in a protein kinase A-dependent manner
(69). To investigate the mechanism of NS5A phosphorylation in-
duced by vinexin 3, we examined whether vinexin 3 might recruit
another HF(s) to regulate NS5A phosphorylation. We found that
vinexin 3 specifically interacted with host kinase CKla through
the third SH3 domain of vinexin (3 without relying upon the two
amino acids (W307 and Y325) required for the interaction of
vinexin (3 with NS5A (Fig. 6A and B). However, another casein
kinase, CK2a or VAP-A, that was thought to be involved in HCV
replication complex formation was not associated with vinexin 3
in our study (Fig. 6A). Although it has been reported that CK1a is
responsible for NS5A hyperphosphorylation (13), it is still possi-
ble that another sophisticated regulation process occurs in vivo
that mimics the activation of interferon regulatory factor 3 medi-
ated by the adaptor stimulator of interferon genes by recruiting
kinase TANK-binding kinase 1 in virus-triggered innate immu-
nity signaling (70, 71). Therefore, we provided further evidence
that involvement of vinexin 3 enhanced the interaction between
NS5A and CKla and that they could form an NS5A-vinexin
B-CKla triple complex in mammalian cells (Fig. 7A). Hence,
downregulation of vinexin (3 expression decreased CK1a-NS5A
binding and suppressed NS5A hyperphosphorylation catalyzed by
CKla in human hepatoma cells (Fig. 7C and D). Furthermore,
decreased expression of CKla also inhibited the hyperphosphor-
ylation of NS5A even in the presence of vinexin {3 expression (Fig.
6C). Taken together, our results suggest that vinexin {3 serves as a
bridge spatially connecting NS5A with CKla and facilitates a
transient kinase-substrate reaction in vivo. Therefore, it is reason-
able to conclude that hyperphosphorylated NS5A would detach
from its direct kinase, CK1a, when the enzymatic reaction is com-
plete in the absence of vinexin (3 and still associate with CKla in
the presence of endogenous or exogenous vinexin 3, which is
ubiquitously expressed in many cell lines, such as in 293T, Huh?7,
and Huh7.5.1 (Fig. 1F and 7A and B).

It has been demonstrated that there is an inverse relationship
between NS5A phosphorylation and the interaction of NS5A with
human VAP-A, indicating that hypophosphorylation and hyper-
phosphorylation of NS5A may play a crucial role in the whole
HCV life cycle, one not simply limited to the HCV genome repli-
cation process (9, 14, 15). Therefore, it is commonly believed that
any events that disrupt the balance of NS5A phosphorylation are
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harmful to HCV propagation (6, 14, 61). For instance, cell cul-
ture-adaptive mutations known to decrease the levels of hyper-
phosphorylated NS5A prevented the efficient infection of a full-
length RNA of HCV in the chimpanzee model (72, 73). We also
observed that when endogenous vinexin 3 expression was down-
regulated, the interplay between CK1a and NS5A was weakened;
thus, the level of NS5A hyperphosphorylated mediated by CK1la
was also significantly suppressed (Fig. 7C and D). In contrast,
when vinexin 3 was overexpressed, the state of NS5A hyperphos-
phorylation was enhanced (Fig. 4H and 5A to C). However, re-
gardless of the knockdown or overexpression of vinexin 3, the
NS5A phosphorylation (p58/p56) ratio changed and HCV repli-
cation was reduced (Fig. 4, 5A to C, and 7E), further suggesting
that the normal proportion of hypophosphorylated to hyperphos-
phorylated NS5A is critical for HCV replication. Of course, we
cannot rule out the possibility that the knockdown or overexpres-
sion of vinexin B may influence HCV replication in other ways.
For instance, previous studies have demonstrated that JNK acti-
vation negatively regulates HCV replication. In the meantime,
vinexin (3 could regulate the activation of JNK induced by EGF
(21, 46, 47). In addition, it was reported recently that NS5A hy-
perphosphorylation mediated by CK1a facilitated the interaction
of NS5A with the core protein and LDs, which is essential for HCV
infectious virus production (14). Therefore, the detailed mecha-
nism of NS5A hyperphosphorylation regulated by vinexin 3 for
viral infectious particle assembly or release and the interplay be-
tween NS5A and core protein or LDs needs to be further investi-
gated.

Besides CKla, it is possible that other kinases can also hyper-
phosphorylate NS5A by interacting with vinexin (3. By using a
hyperphosphorylation inhibitor, at least two host kinases (CK1a
and Plk1) have been identified that hyperphosphorylate NS5A in
vitro and in vivo (59, 61). We also found that vinexin 3 colocalized
with Plkl. Moreover, expression of vinexin 3 also enhanced the
interaction of NS5A with Plk1 (data not shown). Therefore, the
critical role of vinexin 3 and host kinases recruited by vinexin {3 in
cellular events and the viral life cycle needs to be further explored.
Additionally, we found that the change in NS5A hyperphospho-
rylation in the overexpression system was more obvious than that
in HCV-infected cells (Fig. 5A and C). Besides much lower trans-
fection efficiency in Huh7.5.1 cells than in HEK 293T cells, it is
possible that, in the context of HCV infection, the fluctuation of
NS5A phosphorylation is regulated by various HFs and viral ele-
ments described previously. Therefore, the physiological contri-
bution of vinexin 3 to NS5A phosphorylation in the context of
HCV infection also remains to be further determined.

In more than 80% of the cases, HCV infection establishes a
chronic infection resulting in fibrosis, cirrhosis, and ultimately
hepatocellular carcinoma (74). Acquisition of migration proper-
ties and reduction of adherence ability are the crucial features of
cancer cell invasion and metastasis. Reduced adhesiveness was
also observed in HCV-infected cells (75). Furthermore, exoge-
nous expression of NS3 or NS5A significantly inhibited cell adhe-
sion to fibronectin (31). Fibronectin is one of the extracellular
matrix proteins associated with the actin cytoskeleton by forming
a focal adhesion complex and is an important module in cell mi-
gration. Initially, we demonstrated that SoHo family members
could interact with NS5A in vivo (Fig. 1C and D). Previous studies
showed that the SoHo family is involved in cytoskeleton rear-
rangement and cell motility, which may explain why HCV infec-
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tion or NS5A expression leads to weak cell adhesion and promotes
cell invasion.

In summary, we have demonstrated that the scaffolding pro-
tein vinexin B is a binding partner of NS5A and modulates the
phosphorylation state of HCV NS5A in a CKla-dependent man-
ner. Moreover, vinexin f3 is also involved in the HCV life cycle via
regulation of CK1a-NS5A enzymatic reactions. These findings
further deepen our understanding of an unexpected links among
the SH3 domain-PxxPxR motif interaction, NS5A phosphoryla-
tion, and HCV propagation, which would be beneficial to research
and the development of a novel therapeutic target for HCV treat-
ment.
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