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ABSTRACT Hepatitis C virus (HCV) replication and assembly occur at the specialized
site of endoplasmic reticulum (ER) membranes and lipid droplets (LDs), respectively.
Recently, several host proteins have been shown to be involved in HCV replication
and assembly. In the present study, we demonstrated the important relationship
among osteopontin (OPN), the ER, and LDs. OPN is a secreted phosphoprotein, and
overexpression of OPN in hepatocellular carcinoma (HCC) tissue can lead to invasion
and metastasis. OPN expression is also enhanced in HCV-associated HCC. Our recent
studies have demonstrated the induction, proteolytic cleavage, and secretion of OPN
in response to HCV infection. We also defined the critical role of secreted OPN in
human hepatoma cell migration and invasion through binding to receptors integrin
�V�3 and CD44. However, the role of HCV-induced OPN in the HCV life cycle has
not been elucidated. In this study, we showed a significant reduction in HCV replica-
tion, assembly, and infectivity in HCV-infected cells transfected with small interfering
RNA (siRNA) against OPN, �V�3, and CD44. We also observed the association of en-
dogenous OPN with HCV proteins (NS3, NS5A, NS4A/B, NS5B, and core). Confocal mi-
croscopy revealed the colocalization of OPN with HCV NS5A and core in the ER and LDs,
indicating a possible role for OPN in HCV replication and assembly. Interestingly, the se-
creted OPN activated HCV replication, infectivity, and assembly through binding to �V�3
and CD44. Collectively, these observations provide evidence that HCV-induced OPN is
critical for HCV replication and assembly.

IMPORTANCE Recently, our studies uncovered the critical role of HCV-induced en-
dogenous and secreted OPN in migration and invasion of hepatocytes. However, the
role of OPN in the HCV life cycle has not been elucidated. In this study, we investi-
gated the importance of OPN in HCV replication and assembly. We demonstrated
that endogenous OPN associates with HCV NS3, NS5A, NS5B, and core proteins,
which are in close proximity to the ER and LDs. Moreover, we showed that the inter-
actions of secreted OPN with cell surface receptors �V�3 and CD44 are critical for
HCV replication and assembly. These observations provide evidence that HCV-
induced endogenous and secreted OPN play pivotal roles in HCV replication and as-
sembly in HCV-infected cells. Taken together, our findings clearly demonstrate
that targeting OPN may provide opportunities for therapeutic intervention of HCV
pathogenesis.
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Hepatitis C virus (HCV) is a causative agent of chronic hepatitis which may eventu-
ally lead to hepatocellular carcinoma (HCC) (1). The HCV genome is a single

plus-stranded RNA approximately 9.6 kb in length which encodes a precursor polypro-
tein that is cleaved by viral proteases and host cell signal peptidases into mature
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structural proteins (core, E1, and E2) and nonstructural proteins (p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) (2). HCV NS3, NS4A, NS4B, NS5A, and NS5B assemble and form
a ribonucleoprotein complex (RNP) to facilitate HCV replication (2). HCV replication
occurs in the membranous web which is a specialized membranous compartment
derived from altered endoplasmic reticulum (ER) membranes (3).

NS3 protein contains N-terminal protease and C-terminal helicase activities, NS4A
stimulates NS3 helicase and protease activities, and NS4B induces the membranous
web in the ER (3, 4). NS5B is an RNA-dependent RNA polymerase responsible for the
amplification of positive-strand HCV RNA (5). NS5A is required to mediate protein-
protein interactions essential for HCV replication complex formation (6). NS5A binds to
viral RNA as well as to numerous host proteins and colocalizes with HCV core in the
close proximity to lipid droplets (LDs), the site of HCV virion assembly (7).

LDs are lipid storage organelles composed of mostly neutral lipids surrounded by a
phospholipid monolayer. Recently, it has been demonstrated that LDs are also dynamic,
motile organelles that interact with other intracellular membranes such as the ER and
probably mitochondria (8). LDs are known to play an essential role in the assembly of
HCV virus particles by interaction with HCV core and NS5A (7, 9). NS5A has been
proposed to transport the newly synthesized HCV RNA from replication sites to LDs for
encapsidation, thus fulfilling the critical function of NS5A in the HCV assembly process
(7). The HCV core is mainly located on the surface of LDs and is believed to recruit HCV
NS5A and HCV RNAs to LD-associated membrane, resulting in the production of
infectious HCV particles (7, 9).

Recent studies demonstrate that several host proteins, such as TIP47, DGAT-1,
TBC1D20, Rab1, Rab18, AP2M1, and phospholipase A2, interact with the HCV core/NS5A
and LDs and facilitate HCV assembly (10–15). In addition, several host factors, such as
annexin A2, early endosomal proteins (Rab5, EEA1, and phosphatidylinositol 4 [PI4]
kinase III alpha), ER proteins (RAB1B and TBC1D20), the Golgi complex-associated
protein RAB7L1, and vesicle-associated proteins A and B (VAP-A and -B), have been
shown to be associated with the sites of HCV RNA replication (16–19). Previous studies
have shown that colocalization of core to lipid droplets is tightly controlled by DGAT1
(11). Furthermore, it has been reported that DGAT1 serves as a cellular link between
HCV core and NS5A proteins, directing both onto the surface of same subset of LDs (20).
LD-associated host protein TIP47 has been shown to interact with NS5A, which is
required for efficient HCV RNA replication (10). Recently, we have demonstrated that
HCV-induced OPN, a host protein, plays a critical role in the epithelial-to-mesenchymal
transition (EMT), cell migration, and invasion of human hepatocytes (21, 22).

OPN is a glycosylated phosphoprotein observed in larger quantities in response to
inflammation, liver injury, tumorigenesis, and angiogenesis (23, 24), and it plays a
critical role in many physiological and pathophysiological processes (24–27). Previously,
it has been shown that OPN promotes a Th1-type immune response by promoting
interleukin 12 (IL-12) production through binding to integrin �V�3 and suppression of
IL-10 production by interacting with CD44v, a spliced variant of CD44 on macrophages
(25). OPN is mainly linked to tumor metastasis in a variety of cancers, including HCC (23,
26, 27). Previous studies reported that OPN is also detected in the plasma of patients
with HCV-related HCC and patients with advanced fibrosis, along with other cancers
(27, 28).

Several viruses, such as HCV, polyomavirus, hepatitis B virus (HBV), influenza virus,
human T-cell lymphotropic virus type 1 (HTLV-1), dengue virus, and HIV, have been
shown to induce OPN (21, 22, 28–35). Our recent studies have demonstrated that HCV
induces OPN through Ca2� signaling, elevation of reactive oxygen species (ROS), and
activation of cellular kinases such as p38 mitogen-activated protein kinase (MAPK), Jun
N-terminal protein kinase (JNK), PI3K, and MEK1/2 (21). Furthermore, we have demon-
strated that secreted OPN binds to �V�3 and CD44 and induced phosphorylation/
activation of Akt, Src, FAK, glycogen synthase kinase 3� (GSK-3�), and �-catenin in
HCV-infected cells (21, 22). However, the role of OPN in the HCV life cycle has not been
elucidated.
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In this study, we determined the potential role of OPN in HCV replication as well as
assembly. Our studies showed that secreted OPN binds to cell surface receptors �V�3
and CD44 and enhance HCV replication and expression of HCV structural and non-
structural proteins which are involved in HCV replication and assembly. Furthermore,
we observed the colocalization of endogenous OPN with HCV proteins in LDs and the
ER, indicating a possible contribution of OPN in HCV replication and assembly. Collec-
tively, these observations indicate a novel role for OPN in regulating HCV replication
and assembly in HCV-infected cells.

RESULTS
OPN activates HCV RNA replication. HCV RNA is synthesized by replication

complexes (RCs) contained within the membranous web that is derived from altered ER
membranes (3). RCs consist of the components essential for RNA replication, such as
HCV NS proteins, HCV RNA, and host factors (36, 37). To determine if OPN activates HCV
RNA replication, HCV-infected Huh7.5 cells were transfected with control small inter-
fering RNA (siRNA) (sicontrol) and siRNA specific for OPN (siOPN). Total cellular RNA was
extracted and subjected to quantitative reverse transcription-PCR (RT-PCR). The results
showed a significant increase in HCV RNA copy number (�5.7 � 106) in HCV-infected
cells (Fig. 1A). In contrast, we observed reduced HCV RNA copy number (�5.8 �102) in
HCV-infected cells transfected with siOPN compared to sicontrol (Fig. 1A).

Previously, HCV subgenomic replicons (K2040) have been shown to be an ideal
system to study HCV replication (38). This system does not allow virus assembly and
release. To further confirm the role of OPN in HCV replication, total cellular RNA from
Huh7 as well as K2040 cells transfected with siOPN and sicontrol were analyzed by
quantitative RT-PCR. The results show significant decrease in HCV RNA replication in
K2040 cells transfected with siOPN compared to sicontrol (Fig. 1B). It is well established
that HCV NS proteins such as NS3, NS4A, NS4B, NS5A, and NS5B play important role in
HCV replication (2). To demonstrate the effect of OPN on HCV NS protein expression,
cellular lysates from Fig. 1A were subjected to Western blot analysis using anti-OPN,
anti-HCV NS3, anti-HCV NS5A, and anti-HCV NS5B antibodies. The results showed
significant reduction in OPN expression in HCV-infected cells transfected with siOPN
compared to sicontrol (Fig. 1C, lane 4). We also observed significant reduction in the
expression of HCV NS3, NS5A, and NS5B in HCV-infected cells transfected with siOPN
compared to sicontrol (Fig. 1C, lanes 3 and 4). In addition, we also observed reduced
expression of HCV structural protein and core in HCV-infected cells transfected with
siOPN compared to sicontrol (Fig. 1C, lane 3 and 4). However, we did not observe any
significant change in the above-mentioned proteins in HCV-infected cells compared to
HCV-infected cells transfected with sicontrol (Fig. 1C, lanes 2 and 3). Similarly, cellular
lysates from K2040 cells (Fig. 1B) were analyzed using anti-OPN and anti-NS5A anti-
bodies. The results show significant reduction in OPN expression in K2040 cells trans-
fected with siOPN compared to sicontrol (Fig. 1D, lanes 3 and 4). We also observed
decreased expression of HCV NS5A protein in K2040 cells transfected with siOPN
compared to sicontrol (Fig. 1D, lanes 3 and 4). Taken together, these results suggest
that the activation of OPN in HCV-infected cells plays a critical role in HCV NS protein
expression and replication, indicating a possible role for OPN in HCV assembly.

Role of cell surface receptors CD44 and �V�3 in HCV RNA replication. Previ-
ously, we have shown increased expression of endogenous OPN at different time points
of HCV postinfection (days 1 to 8) and also demonstrated that OPN was proteolytically
cleaved and eventually secreted out in the cell culture supernatant at later time points
of HCV infection (21, 22). In addition, we and others have also shown that secreted OPN
binds to integrin �V�3 and CD44 and induces epithelial to mesenchymal transition, cell
migration, and invasion (21–24). To determine if CD44 and �V�3 play an important role
in HCV replication, HCV-infected Huh7.5 cells were transfected with sicontrol and
siRNAs specific for CD44 (siCD44) and �V�3 (si�3). The results showed significant
reduction of CD44 and �V�3 expression in HCV-infected cells transfected with siCD44
and si�3 compared to sicontrol (Fig. 1C, lanes 5 and 6). Total cellular RNAs from these
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cells were extracted and HCV replication was analyzed by quantitative RT-PCR. The
results show a significantly higher HCV RNA copy number (�5.7 � 106) in HCV-infected
cells than in mock-infected cells; the HCV RNA copy number was reduced in HCV-
infected cells transfected with siCD44 (�1.2 � 103) and si�3 (�2.0 �103) but not with
sicontrol (Fig. 1A).

To demonstrate the role of CD44 and �V�3 in OPN-mediated HCV protein expres-
sion, cellular lysates from the above-described cells were analyzed by Western blotting
using anti-HCV NS3, anti-HCV NS5A, anti-HCV NS5B, and anti-HCV core antibodies. The
results show decreased expression of NS3, NS5A, NS5B, and core in HCV-infected cells
transfected with siCD44 and si�3 compared to sicontrol (Fig. 1C, lanes 5 and 6).
Collectively, these results suggest that CD44 and �V�3 play a critical role in HCV
replication.

Exogenous rOPN stimulates HCV replication and HCV protein expression
through binding with cells surface receptors CD44 and �V�3. Since we have

FIG 1 OPN, CD44, and �V�3 activate HCV replication. (A) Huh7.5 cells were incubated with HCV (MOI of 1). At day
4 postinfection, cells were transfected with sicontrol, siOPN, siCD44, and si�3 as described in Materials and
Methods. At 72 h post-siRNA transfection, total cellular RNA was extracted and HCV RNA copy number was
analyzed by quantitative RT-PCR using HCV gene-specific primers. (B) K2040 (stably expressing HCV subgenomic
replicon) cells were transfected with sicontrol and siOPN. At 72 h posttransfection, total cellular RNA was extracted
and the HCV RNA copy number was quantified by RT-PCR. The values represent the means � SDs from three
independent experiments performed in triplicate. *, P � 0.05 compared to mock-infected cells (Huh7); **, P � 0.01
compared to HCV-infected Huh7.5 cells transfected with sicontrol. (C and D) Equal amounts of cellular lysates from
the siRNA-transfected cells used for panels A and B were immunoblotted using anti-OPN, anti-CD44, anti-�3,
anti-NS5A, anti-NS5B, anti-NS3, and anti-core antibodies. Actin and tubulin were used as protein loading controls.
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observed that CD44 and �V�3 knockdown reduced HCV copy number and HCV protein
expression, we sought to determine whether exogenously added recombinant OPN
(rOPN) plays any role in HCV replication through binding with �V�3 and CD44. Total
cellular RNA was extracted from mock- and HCV-infected cells transfected with sicon-
trol, siCD44, or si�3 and treated or not with rOPN. HCV replication was analyzed by
quantitative RT-PCR. The results show increased HCV RNA copy number in the presence
of rOPN which was significantly reduced in siCD44- and si�3-transfected cells (Fig. 2A).
In contrast, we did not observe any significant increase in HCV copy number in CD44
and �V�3 siRNA-transfected cells treated with rOPN (Fig. 2A). These results suggest that
binding of OPN to receptors CD44 and �V�3 is required to stimulate HCV replication.

To demonstrate the effect of rOPN through the CD44 and �V�3 receptors on HCV
protein expression, the cellular lysates from Fig. 2A were immunoblotted using the
desired antibodies. The results show increased expression of HCV NS3 and core proteins
in the presence of rOPN (Fig. 2B, lane 4), which were significantly reduced in CD44 and
�V�3 knockdown cells treated or not with rOPN (Fig. 2B, lanes 5 to 8). We also observed
significant knockdown of CD44 and �V�3 (Fig. 2B, lanes 5 to 8). In contrast, we did not
observe any significant change in OPN expression in the presence of rOPN but in the
absence of CD44 and �V�3 (Fig. 2B).

To demonstrate if rOPN plays any role in HCV infectivity through the binding with
the CD44 and �V�3 receptors, the cell culture supernatants collected as described in
the legend to Fig. 2A were incubated with naive Huh7.5 cells. The cellular lysates from
these cells were immunoblotted with the desired antibodies. We observed increased
HCV NS3 and core expression in rOPN-treated cells and significantly reduced expression
in CD44 and �V�3 knockdown cells treated or not with rOPN (Fig. 2C, lanes 5 to 8).

To determine if rOPN has a role in HCV assembly through binding with the CD44 and
�V�3 receptors, the cells from Fig. 2A were lysed using freeze-thaw cycles as described
in Materials and Methods. The supernatants were collected and incubated with naive
Huh7.5 cells, and cellular lysates were analyzed by Western blotting (Fig. 2C). The
findings regarding HCV infectivity (Fig. 2C) and assembly (Fig. 2D) were similar, and
collectively, they suggest that rOPN stimulates HCV replication, infectivity, and assem-
bly through binding with the CD44 and �V�3 receptors.

To neutralize the effect of secreted OPN in HCV RNA replication and HCV protein
expression through binding to CD44 and �V�3, HCV-infected cells were incubated with
anti-OPN and isotype control antibodies. Total cellular RNA was extracted, and HCV
replication was analyzed using quantitative RT-PCR. The results show decreased HCV
RNA copy number in HCV-infected cells incubated with anti-OPN antibody compared to
control antibody (Fig. 2E). The cellular lysates from Fig. 2E were subjected to Western
blot analysis, and the results show significant reduction in the expression of HCV NS3,
NS5A, and core in HCV-infected cells incubated with anti-OPN antibody compared to
control IgG antibody (Fig. 2F).

Recently, we have shown that rOPN induces EMT via activating various signaling
molecules, such as focal adhesion kinase (FAK), p-Akt, and p-Src (22). To investigate if
rOPN binding with the CD44 and �V�3 receptors stimulates HCV RNA replication
through FAK activation, total cellular RNA was extracted from HCV-infected cells treated
or not with FAK inhibitors and HCV replication was analyzed using quantitative RT-PCR.
We observed reduced copy number in the presence of FAK inhibitor compared to that
in untreated HCV-infected cells (Fig. 2G). Cellular lysates from Fig. 2G were immuno-
blotted with the desired antibodies, and the results show decreased HCV NS3, NS5A,
and core expression in FAK inhibitor-treated cells compared to that in HCV-infected
cells (Fig. 2H). We did not observe any cytotoxic effect of FAK inhibitors on HCV-
infected cells (data not shown). Together, these results suggest that exogenous OPN
plays a pivotal role in the activation of HCV replication.

Knockdown of OPN expression reduces HCV infectivity. Having shown that OPN
knockdown significantly reduced the HCV RNA copy number (Fig. 1A), we aimed to
demonstrate the role of OPN in virus release and infectivity. Toward this end, we
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FIG 2 Exogenous recombinant OPN (rOPN) stimulates HCV replication, infectivity, and assembly. (A)
HCV-infected Huh7.5 cells (day 4) were transfected with sicontrol, siCD44, and si�3. At 24 h post-siRNA
transfection, cells were incubated with rOPN (50 nM) for another 48 h. Total RNA was extracted and HCV
copy number was analyzed using quantitative RT-PCR. Data represent means � SDs from three indepen-
dent experiments performed in duplicate. *, P � 0.05 compared to mock-infected Huh7.5 cells; **, P � 0.01
compared to HCV-infected Huh7.5 cells transfected with sicontrol; ***, P � 0.001 compared to HCV-infected
Huh7.5 cells transfected with sicontrol. (B) Equal amounts of cellular lysates from panel A were immuno-
blotted with the indicated antibodies. (C) The cell culture supernatants collected at various conditions
described for panel A were incubated with naive Huh7.5 cells for 6 h, and then cells were washed and
replaced with fresh medium. At day 3 postinfection, cellular lysates were immunoblotted with the indicated
antibodies. (D) The cells from panel A were suspended in DMEM with 10% fetal calf serum (FCS), lysed by
freeze-thaw cycles (4 times) on dry ice and a 37�C water bath, and centrifuged at 4,000 rpm for 5 min. The
supernatants were incubated with naive Huh7.5 cells for 6 h and replaced with fresh media. At day 3
postinfection, equal amounts of cellular lysates were immunoblotted with the indicated antibodies. Tubulin
was used as a protein loading control. (E) HCV-infected Huh7.5 cells (day 6) were incubated with anti-OPN
(1:100) and control isotype goat IgG antibodies. At 24 h posttreatment, total cellular RNA was extracted and
HCV copy number was analyzed by quantitative RT-PCR. The values are the means � SDs from three
independent experiments performed in duplicate. *, P � 0.05 compared to mock-infected cells (Huh7.5); **,
P � 0.01 compared to HCV-infected Huh7.5 cells neutralized using control IgG antibody. (F) Equal amounts
of cellular lysates from panel E were subjected to Western blot analysis using anti-NS5A, anti-NS3, and
anti-core antibodies. (G) HCV-infected Huh7.5 cells (day 6) were incubated with FAK inhibitor (inh)
PF573228 (2 �M). At 12 h posttreatment, total cellular RNA was extracted and HCV copy number was
analyzed by quantitative RT-PCR. The values are means � SDs from three independent experiments
performed in duplicate. *, P � 0.05 compared to mock-infected cells (Huh7.5); **, P � 0.01 compared to
HCV-infected Huh7.5 cells treated with an equal amount of DMSO. (H) The cellular lysates from panel G
were immunoblotted with the indicated antibodies. Actin and tubulin were used as protein loading
controls.
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performed a bona fide infectivity assay from the supernatants collected from HCV-
infected, OPN-silenced Huh7.5 cells at different time points. Although there was no
detected knockdown at 12 h, we observed OPN knockdown at 24 h which was
sustained until 48 h and 72 h (Fig. 3A). The focus-forming unit (FFU) assay was
performed from the supernatants collected at different time points (24 h, 48 h, and
72 h) and showed downregulation of OPN protein and substantial reduction in the
infectivity titers of HCV in OPN knockdown condition compared to HCV control (Fig. 3B
and C). This was further strengthened by a quantitative real-time RT-PCR that also
showed marked reduction in the HCV RNA copy numbers in the siOPN compared to
sicontrol set as well as at different time points for siOPN-transfected cells (Fig. 3D).
These results altogether strengthened our conclusions that OPN plays a vital role in
HCV replication and assembly as revealed by the real-time RT-PCR and FFU assay.

FIG 3 OPN knockdown reduces HCV assembly/release and infectivity. (A) Uninfected and HCV-infected
Huh7.5 cells (day 4) were transfected with sicontrol and siOPN, and the knockdown efficiency was
analyzed by calculating the fold change in downregulation of OPN protein at the indicated time points
by Western blot assay. (B) The supernatants from panel A collected at 24 h, 48 h, and 72 h were used to
infect the naive Huh7.5 cells, followed by immunofluorescence staining for the HCV-NS5A protein to
calculate the FFU. (C) The graph shows the log viral infectivity titers, obtained from the supernatants
collected at the indicated time points upon OPN knockdown. (D) Quantitative real-time RT-PCR was
performed from the supernatants (500 �l) used to infect naive Huh7.5 cells in panel B, to obtain the HCV
RNA copy numbers in siOPN compared to sicontrol cells. RT-PCR data represent means � SDs from
experiments performed in duplicate. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (compared to HCV-infected
Huh7.5 cells).
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Overexpression of OPN rescues the activation of HCV replication and HCV
protein expression. Since we have observed that OPN knockdown reduced HCV RNA
replication and HCV protein expression, we sought to determine if OPN overexpression
rescues the knockdown effect of siOPN. HCV-infected cells were transfected with
sicontrol and siOPN followed by overexpression of vector control and Flag-tagged OPN
expression plasmids (OPN-fl). The cells transfected with siOPN plus OPN-fl were incu-
bated with and without dimethyl sulfoxide (DMSO) and brefeldin A (BFA) for 8 h. The
cellular RNA was extracted and HCV replication was analyzed by quantitative RT-PCR.
We observed an increased HCV RNA copy number in cells transfected with sicontrol
plus OPN-fl. Interestingly, we observed a reduced HCV copy number in OPN knockdown
cells which was rescued in the presence of OPN overexpression (siOPN plus OPN-fl)
compared to control vector (Fig. 4A). In addition, we also observed a decreased HCV
copy number in the presence of BFA (siOPN plus OPN-fl plus BFA) compared to DMSO

FIG 4 OPN overexpression rescues HCV RNA replication, HCV infectivity, and assembly. (A) HCV-infected
Huh7.5 cells (day 4) were transfected with sicontrol, sicontrol plus Flag-tagged OPN (OPN-fl), siOPN, and
siOPN plus OPN-fl. At 48 h posttransfection, cells transfected with siOPN plus OPN-fl were incubated with
DMSO and BFA (40 ng/ml) for 8 h. The cells were washed and replaced with fresh medium for 16 additional
hours to complete 72 h of transfection. Total RNA was extracted and HCV copy number was analyzed using
quantitative RT-PCR. Data represent means � SDs from three independent experiments performed in
duplicate. *, P � 0.05 compared to mock-infected Huh7.5 cells, as well as cells transfected with siOPN plus
OPN-fl plus DMSO versus siOPN plus OPN-fl plus BFA. **, P � 0.01 compared to HCV-infected Huh7.5 cells
transfected with control vector and sicontrol, as well as cells transfected with siOPN versus siOPN plus
OPN-fl; ***, P � 0.001 compared to HCV-infected Huh7.5 cells transfected with sicontrol. (B) Equal amounts
of cellular lysates from panel A were immunoblotted using anti-Flag, anti-OPN, anti-NS5A, anti-NS3, and
anti-tubulin antibodies. (C) The cell culture supernatants collected for panel A were incubated with naive
Huh7.5 cells as described for Fig. 2. At day 3 postinfection, the cellular lysates were immunoblotted with
the indicated antibodies. (D) The harvested cells from panel A were resuspended in DMEM with 10% FCS
and lysed by freeze-thaw cycling as described for Fig. 2. The collected supernatants were incubated with
naive Huh7.5 cells for 6 h. At day 3 postinfection, equal amounts of cellular lysates were immunoblotted
with the indicated antibodies. Tubulin was used as a protein loading control.

Iqbal et al. Journal of Virology

July 2018 Volume 92 Issue 13 e02116-17 jvi.asm.org 8

http://jvi.asm.org


(control vehicle) (siOPN plus OPN-fl plus DMSO). BFA was used as a control because it
is known to inhibit intracellular transport in the endocytic pathway (Fig. 4A). The used
concentration of BFA did not show any significant cytotoxic effect (data not shown) as
described earlier (39).

To determine the expression level of HCV proteins involved in HCV replication,
cellular lysates from Fig. 4A were immunoblotted using the desired antibodies. Similar
results were obtained (Fig. 4B). The reduced HCV protein expression in OPN knockdown
cells was rescued in the presence of OPN overexpression (Fig. 4B, compare lane 5 to
lane 6). In addition, we observed reduced HCV NS3, NS5A, and core expression in the
presence of BFA (Fig. 4B, compare lane 7 to lane 8). The detection of OPN using
anti-Flag and anti-OPN antibodies showed the overexpression and rescued levels of
OPN (Fig. 4B). In contrast, we did not observe any significant change in OPN expression
in the presence of BFA (Fig. 4B, compare lane 8 to lane 7).

To demonstrate if OPN knockdown or overexpression has an effect on HCV infec-
tivity, cell culture supernatant collected from Fig. 4A were incubated with naive Huh7.5
cells and the cellular lysates were immunoblotted using anti-NS3, anti-NS5A, anti-core,
and anti-tubulin antibodies. We observed reduced HCV protein expression in OPN
knockdown cells which was rescued upon OPN-fl overexpression (Fig. 4C, compare lane
5 to lane 6). Moreover, the rescued effect of OPN was impaired in the presence of BFA
(Fig. 4C, compare lane 7 to lane 8).

To further demonstrate if OPN knockdown or overexpression affects HCV assembly,
the cells from Fig. 4A were lysed using freeze-thaw cycles as described in Materials and
Methods. The supernatants were collected and incubated with naive Huh7.5 cells, and
the cellular lysates were subjected to Western blot analysis using the desired antibod-
ies. The findings regarding HCV infectivity (Fig. 4C) and assembly (Fig. 4D) were similar,
and collectively, they suggest that OPN specifically regulates HCV replication, protein
expression, infectivity, and assembly.

Colocalization of endogenous OPN with HCV proteins. It is well established that

HCV NS proteins assemble to form ribonucleoprotein complex (RNP) to facilitate HCV
RNA replication (2). Since we observed that knockdown of OPN reduced HCV replica-
tion and overexpression of OPN rescued HCV replication (Fig. 1 and 4), we hypothesized
that OPN may interact with HCV NS proteins and regulate HCV replication. To deter-
mine if OPN associates with HCV NS proteins and facilitate HCV RNA replication, we
performed colocalization studies. Mock- and HCV-infected cells at day 7 postinfection
were immunostained with anti-OPN, anti-NS5A, anti-NS5B, and anti-NS3 antibodies. We
observed colocalization of OPN with these HCV NS proteins in HCV-infected cells (Fig.
5A to F), suggesting a possible role for OPN in activation of the HCV replication process.
In addition, we also observed that OPN associates with HCV core protein, indicating a
possible role for OPN in HCV assembly (Fig. 5G and H).

Interaction of OPN with HCV proteins. To demonstrate the interaction of OPN

with HCV proteins, cellular lysates from mock- and HCV-infected cells were immuno-
precipitated using anti-OPN antibody, followed by Western blotting using anti-NS5A,
anti-NS5B, anti-NS3, and anti-core antibodies. The results show that OPN was able to
pull down these HCV proteins (Fig. 6A). Similarly, we performed reverse coimmuno-
precipitation (co-IP) using representative HCV NS protein, anti-NS3, and one HCV
anti-core antibody and conducted Western blot analysis using anti-OPN antibody. The
results show that HCV proteins were able to pull down OPN in HCV-infected cells, in
contrast to control IgG (Fig. 6A, bottom blots). Similarly, we observed the interaction of
OPN with HCV NS proteins in HCV subgenomic replicon-expressing cells, K2040 cells
(Fig. 6B). In contrast, we did not observe OPN interactions with core in K2040 cells,
which do not express HCV core (Fig. 6B). Collectively, these results suggest the
interaction of OPN with HCV NS proteins, indicating a functional role for OPN in HCV
replication; however, OPN=s interactions with HCV core protein indicate a possible role
for OPN in HCV assembly.
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OPN colocalizes with NS5A and NS4A/B in the ER. Recent studies suggest that
HCV induces double membrane vesicles (DMVs), in which viral NS proteins and RNA are
protected from host defense processes and participate in HCV RNA replication (40).
Studies also suggest that only combined expression of all HCV NS proteins can induce
DMVs, in which NS5A plays critical role apart from NS4B (4, 40). To determine if OPN
associates with NS5A and NS4 in the ER and regulates HCV replication, mock- and
HCV-infected cells were immunostained with anti-OPN, anti-PDI (ER marker), anti-HCV
NS5A, and anti-NS4 antibodies. The results show colocalization of OPN with NS5A and

FIG 5 Colocalization of OPN with HCV proteins. (A, C, E, and G) Mock- and HCV-infected cells (day 7) were fixed and
permeabilized as described in Materials and Methods. The cells were immunostained using anti-OPN, anti-NS5A,
anti-NS5B, anti-NS3, and anti-core antibodies for 1 h at room temperature, followed by incubation with secondary
antibodies for OPN (anti-goat Alexa Fluor 546), NS5A and NS5B (anti-rabbit Alexa Fluor 488), and NS3 and core
(anti-mouse Alexa Fluor 488). DAPI was used as a nuclear stain and is shown in blue. Boxed areas were enlarged
and white arrows represent the colocalization of OPN with HCV proteins (NS5A, NS5B, NS3, and core) in yellow.
Magnification: �60. (B, D, F, and H) A minimum of 10 cells were analyzed in 3 different optical regions to calculate
the averages of the colocalization (yellow spots) using Pearson’s correlation coefficient. Error bars indicate SDs. *,
P � 0.05.
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NS4A/B in the ER in HCV-infected cells, in contrast to mock-infected cells (Fig. 7A to D,
white dots indicated by white arrows). In contrast, we did not observe the colocaliza-
tion of OPN with EEA1 (endosome marker), used as a negative control (Fig. 7E, absence
of yellow dots). However, colocalization of OPN with NS5A is shown in magenta in Fig.
7E and quantified in Fig. 7F. Taken together, these results suggest that HCV-induced
OPN associates with NS5A and NS4A/B in the ER and may stimulate HCV RNA replica-
tion.

HCV induces association of OPN with LDs. LDs are believed to be the site of HCV
assembly where HCV core and NS5A proteins colocalize (7, 9). Interestingly, the role of
OPN in HCV assembly has not been explored. Our results show a reduction in HCV

FIG 6 OPN interacts with HCV proteins. (A) Equal amounts of cellular lysates from mock- and HCV-
infected Huh7.5 cells were immunoprecipitated with anti-OPN (1:100 dilution) and immunoblotted with
anti-NS5A, anti-NS5B, anti-NS3, and anti-core antibodies (lanes 1 and 2). Isotype anti-goat IgG was used
as a control (lane 3). (B) Cellular lysates from Huh7 and K2040 cells were immunoprecipitated using
anti-OPN and Western blotted (WB) with the above-named HCV antibodies (lanes 1 and 3), including
isotype control goat IgG (lane 2). Cellular lysates from HCV-infected cells and K2040 cells were utilized
to perform reverse co-IP using anti-NS3 and anti-core antibodies and immunoblotted with anti-OPN (A
and B). Right panels show the input controls.
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assembly in HCV-infected cells transfected with siOPN (Fig. 4D). To demonstrate if OPN
associates with LDs and facilitates HCV assembly, mock- and HCV-infected cells were
immunostained with antibodies against OPN, HCV NS5A, and HCV core and LD-specific
staining dye BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene). We observed in-
creased LD formation in HCV-infected cells compared to that in mock-infected cells
(Fig. 8A and C), which supports our recent finding related to HCV-induced LD formation
(41). The results show substantial colocalization of OPN with LDs and NS5A in HCV-

FIG 7 Colocalization of OPN with NS5A and NS4 in the ER. (A, C, and E) Mock-infected (Huh7.5) and HCV-infected cells (day 7) were
permeabilized and immunostained using anti-NS5A, anti-NS4, anti-PDI (ER marker), anti-EEA1 (endosome marker), and anti-OPN
antibodies for 1 h at room temperature. The cells were incubated with secondary antibodies for NS5A (anti-rabbit Alexa Fluor 633),
PDI and EEA1 (anti-rabbit Alexa Fluor 488), OPN (anti-goat Alexa Fluor 546 for panels A and E and Alexa Fluor 633 for panel C), and
NS4 (anti-mouse Alexa Fluor 546). DAPI was used as a nuclear stain and is shown in gray. Boxed areas were enlarged and white arrows
show the colocalization of OPN with NS5A or NS4 in the ER (white dots) (A and C). Magenta color represents the colocalization of OPN
with NS5A in HCV-infected cells and shown by white arrows (E). Magnification: �60. (B, D, and F) The mean fluorescent intensities were
analyzed for NS5A-ER-OPN, OPN-ER-NS4A/B, and NS5A-OPN (white/magenta spots) for three different fields, with a minimum of 10
cells each, with the metamorph pixel intensity calculator. Error bars represent SDs. **, P � 0.01. (G) Panel showing the possible color
combination where Y, W, M, and S represent yellow, white, magenta, and cyan, respectively.
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infected cells compared to mock-infected cells (Fig. 8A and B, white puncta shown by
red arrows). Similarly, we also observed colocalization of OPN with LDs and core (Fig.
8C and D, white puncta shown by red arrows). The graphs in Fig. 8B and D show mean
fluorescent intensity of colocalization of OPN-LD-NS5A/core. The colocalization of OPN
with LD and core suggests a possible role for OPN in HCV assembly, whereas colocal-
ization of OPN with LD and NS5A suggests a possible role for OPN in the recruitment
of NS5A to LDs, the site of HCV assembly. Collectively, these observations suggest that
HCV-induced OPN might be critical to facilitate HCV assembly.

Association of OPN with LD in close proximity to ER during HCV infection. The
ER membrane or DMVs have been revealed to be the site of HCV replication (3, 40),
whereas LDs are thought to participate in HCV assembly (7, 9). To decipher if HCV-
induced OPN bridges LDs and ER and facilitates HCV assembly, mock- and HCV-infected
cells were immunostained using anti-OPN, anti-PDI, and anti-core antibodies plus
BODIPY dye. We observed substantial colocalization of OPN with LDs in close proximity
to the ER in HCV-infected cells compared to mock-infected cells (Fig. 9A and B, white
puncta shown by red arrows). The HCV infection was shown by HCV core (Fig. 9A,
rightmost column, magenta). The graph in Fig. 9B shows mean fluorescent intensity of
colocalization of OPN-LD-ER.

Colocalization of OPN with HCV NS5A and core. Since HCV core and NS5A have
been shown to be involved in HCV assembly (7, 9, 40), we sought to determine if OPN
associates with HCV NS5A and core to facilitate virus assembly. Mock- and HCV-infected
cells were immunostained using anti-OPN, anti-core, and anti-NS5A antibodies. In
contrast to the case with mock-infected cells, confocal imaging revealed substantial
colocalization of OPN, NS5A, and core in HCV-infected cells (Fig. 9C, bottom image in
“Enlarge” column). The graph in Fig. 9D shows mean fluorescent intensity of colocal-
ization of OPN-core-NS5A. Collectively, these results suggest that OPN may bridge LDs
and ER and associate with HCV NS5A and core to facilitate the HCV assembly.

FIG 8 Colocalization of OPN with LDs, NS5A, and core. (A and C) Mock- and HCV-infected cells (day 7) were
permeabilized and immunostained using BODIPY dye (LD marker) as well as anti-OPN, anti-NS5A, and anti-core
antibodies for 1 h at room temperature. The cells were washed and incubated with secondary antibodies for NS5A
(anti-rabbit Alexa Fluor 633), core (anti-mouse Alexa Fluor 633), and OPN (anti-goat Alexa Fluor 546). BODIPY dye
was visualized at 488 nm. DAPI was used as a nuclear stain and is shown in gray. Red arrows indicate the
colocalization of OPN with LDs and NS5A/core proteins in white. Magnification: �60. (B and D) The mean
fluorescent intensities were analyzed for LD-OPN-NS5A/core (white spots) for three different fields with a minimum
of 10 cells each with the metamorph pixel intensity calculator. Error bars represent SDs. * or **, P � 0.05 or P �
0.01, respectively.
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DISCUSSION

HCV replication and assembly occur at the interface of LDs and ER membranes (7).
However, the exact details of these processes are still obscure. In this study, we defined
the important relationship among OPN, HCV proteins, the ER, and LDs. Our compre-
hensive studies demonstrate the role of OPN in HCV replication as well as assembly
processes. HCV RNA replicates in a specialized membranous compartment or DMVs
derived from altered ER membranes (3, 7, 40), and HCV virion assembly occurs at the
surface of LDs (7, 42). Studies show that HCV NS2, NS3, NS4A/B, NS5A, and NS5B are
involved in HCV replication (2). HCV core and NS5A have been shown to associate with
LDs for virus assembly (7, 9). Moreover, HCV NS5A is believed to transport the HCV RNA
genome from RCs to LD surfaces, where HCV core initiates HCV RNA encapsidation (4,
7). Previously, several host factors, such as annexin A2, early endosomal proteins (Rab5,
EEA1, and PI4-kinase III alpha), and ER- and Golgi complex-associated proteins (RAB1B,
TBC1D20, and RAB7L1), have been shown to be associated at the sites of HCV RNA
replication (16–19). In addition, TIP47, DGAT-1, TBC1D20, Rab1, Rab18, AP2M1, and
phospholipase A2 are known to play important roles in the HCV assembly process
(10–15). These studies support a model in which viral and host proteins may promote
the interaction between the ER and LDs.

Previously, OPN has been studied extensively in the context of tumor metastasis,
and it has been detected in the plasma of patients with HCV-associated HCC (26, 27).
OPN exists in the form of the extracellular matrix as well as secreted multifunctional
cytokine (23–27). Recently, we have shown induction and proteolytic cleavage of
full-length OPN (�75 kDa) into various cleaved products (�55, �42, and �36 kDa) in

FIG 9 Colocalization of OPN with LDs and ER. (A) Mock- and HCV-infected cells (day 7) were immunostained using
BODIPY dye, anti-OPN, anti-PDI, and anti-core antibodies for 1 h at room temperature, followed by incubation with
secondary antibodies for OPN (anti-goat Alexa Fluor 546), PDI (anti-rabbit Alexa Fluor 405), and core (anti-mouse
Alexa Fluor 633). BODIPY dye was visualized at 488 nm. Red arrows indicate the colocalization of OPN with LDs and
ER in white. HCV core represents HCV infection in cells and is shown in magenta (right panel). (B) The mean
fluorescent intensities were analyzed for the colocalization of OPN-LD-ER (white spots) for three different fields with
a minimum of 10 cells each with the metamorph pixel intensity calculator. Error bars represent SDs. *, P � 0.05.
(C) Colocalization of OPN with NS5A and core. Mock- and HCV-infected cells (day 7) were immunostained with
anti-OPN, anti-NS5A, and anti-core antibodies for 1 h at room temperature, followed by incubation with secondary
antibodies for OPN (anti-goat Alexa Fluor 488), NS5A (anti-rabbit Alexa Fluor 633), and core (anti-mouse Alexa Fluor
546). Boxed areas were enlarged, and red arrows indicate the colocalization of OPN with NS5A and core in white.
Magnification: �60. (D) The mean fluorescent intensities were analyzed for the colocalization of OPN-core-NS5A
(white spots) for three different fields with a minimum of 10 cells each with the metamorph pixel intensity
calculator. Error bars represent SDs. *, P � 0.05.
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HCV-infected cells (21). We and others have also demonstrated that secreted OPN binds
to �V�3, a widely studied member of the family of �V� integrins, and the cell surface
adhesion molecule CD44, to initiate cellular signals that enable EMT and tumor
progression (21–23, 26, 27). In vivo studies have shown that liver from HCV-infected
patients exhibits EMT gene expression, which may expose or alter gap junction proteins
important for HCV entry or cell-to-cell transmission of HCV (43). Interestingly, our recent
studies demonstrated a potential role for OPN in HCV-induced EMT (21, 22). However,
the role of OPN in the HCV life cycle has not been explored.

In the present study, we demonstrated that the activation of OPN regulates HCV
replication and assembly, which is consistent with previous observations reports of
OPN regulation of HIV-1 replication (34). Studies have shown that OPN ligands induce
HCV replication, whereas an inhibitor of OPN (OPN aptamers) represses HCV replication
(28). A striking observation made in our studies is the regulation of HCV replication by
endogenous OPN as well as secreted forms of OPN through �V�3 integrin- and
CD44-mediated signaling pathways. OPN is also known to be involved in various
pathophysiological events and has been studied as a secreted protein (23–27). In this
study, we have observed a significant reduction in HCV protein expression as well as
HCV RNA replication in HCV-infected cells expressing siOPN, si�3, and siCD44 which
was further rescued by endogenous OPN overexpression.

Our recent studies suggested that secreted OPN binding with receptors �V�3 and
CD44 in HCV-infected cells or incubation of uninfected cells with exogenous rOPN
activates several signaling molecules, such as FAK, Src, and Akt, to induce EMT and cell
migration (21, 22). In this study, we observed increased HCV replication, protein
expression, infectivity, and assembly in the presence of rOPN. Also, we found reduced
expression of NS5A in the presence of FAK inhibitor and neutralization of secreted OPN,
implying that OPN binding to �V�3 and CD44 could follow the signaling pathways to
stimulate HCV RNA replication similar to those it does in EMT (21, 22). This area of
investigation needs more in-depth study, which we are carrying out. We have further
performed viral infectivity assays to show that HCV infectious titer as well as RNA copy
number drastically decreases in the absence of OPN compared to that in wild-type cells
(Fig. 3). Collectively, our observations indicate a critical role for both endogenous and
secreted OPN in HCV replication through binding with �V�3 and CD44.

It has been suggested that the ER-derived membranous web or DMVs is the
specialized site formed mainly by HCV NS4B, whereas HCV NS proteins NS3 to NS5B
assemble to facilitate HCV replication (2, 40). HCV NS5A is one of the nonstructural
proteins which are involved in HCV replication (6). Here we report for the first time the
association of OPN with HCV NS5A, NS5B, NS3, and core. Moreover, we observed OPN=s
association with NS5A and NS4 in the ER, implying that OPN might interact with HCV
NS proteins to facilitate ribonucleoprotein (RNP) complex formation, which is required
for productive HCV replication, as shown for several other host proteins previously
(16–19).

Lipid droplets have been shown to participate in the assembly of several pathogens,
including HCV (9). HCV core is known to coat the surface of LDs, a critical step for the
recruitment of viral RNA replication complexes to the vicinity of LDs, and this process
is essential for the encapsidation of viral RNA into progeny virions (7, 9). HCV NS5A has
been proposed to function as a vehicle to transport RNA from the ER, an HCV
replication site, to LDs and plays a vital role in RNA replication and viral assembly (4, 7).
A striking observation in our study is that OPN associates with LDs and the ER, and also
associates with NS5A and core together, which strongly indicates a role for OPN in HCV
replication and assembly (Fig. 9). Previous studies suggest that HCV exploits an
extensive network of host factors for productive infection and propagation and links
the host factors in the assembly of various viruses, for example, HIV (44). It may be
possible that HCV-induced OPN along with HCV NS5A and core acts as a bridge
between the ER and LDs to facilitate virus assembly, which needs further investigation.
These observations are consistent with earlier studies in which PLA2G4C has also been
shown to bridge the steps of RNA replication and HCV assembly by translocation of
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replication complexes to LDs (15). TIP47, a host protein, functions as a bridging protein
in HIV and HCV (10, 44) and also has been shown to be required for the dengue virus
capsid protein to associate with LDs and promote viral assembly (45). A recent report
also supports our finding: the authors have shown that phosphatidylserine-specific
phospholipase A1, a host factor, is involved in HCV assembly (46).

In summary, we have investigated the role of OPN in HCV replication and assembly.
We have also identified a dual and unique role for endogenous OPN as well as secreted
OPN in HCV replication and assembly (Fig. 10). Endogenous OPN associates with HCV
proteins, whereas secreted OPN binds to �V�3 and CD44 in an autocrine/paracrine
manner and stimulates HCV replication and assembly. In addition, we have demon-
strated potential involvement of endogenous OPN in HCV replication and assembly
through the association of OPN with LDs along with viral proteins NS5A, NS4A/B, and
core in the ER (Fig. 10). HCV protein(s) and OPN association represents a unique target
for development of antivirals because it is more difficult for HCV to develop escape
mutations against therapeutics that target host factors. These findings of HCV host
dependencies may lead to novel antiviral strategies and help to facilitate further
insights into viral pathogenesis and potential therapeutic targets.

MATERIALS AND METHODS
Plasmids, antibodies, and reagents. Wild-type (J6/JFH-1) and replication-defective (JFH-1/GND)

HCV genotype 2a cDNAs were obtained from Charles Rice (Rockefeller University, NY). Full-length
Flag-OPN DNA (pDest490-OPN-a) was purchased from Addgene, Cambridge, MA.

All antibodies were purchased and used according to the manufacturers’ protocols: anti-HCV NS3 and
anti-HCV NS5A (Virogen, Watertown, MA), anti-HCV NS5B (Alexis Biochemicals, Plymouth Meeting, PA),
antiactin and anti-�-tubulin (Sigma, St. Louis, MO), anti-HCV core (Thermo Scientific Inc., Rockford,
IL), anti-HCV NS4 (Abcam, Cambridge, MA), anti-human OPN (R & D Systems, Inc., Minneapolis, MN),
anti-integrin �V�3, anti-PDI (ER marker), anti-EEA1 (endosome marker; Cell Signaling Technology,

FIG 10 Model illustrating the role of OPN in HCV replication and assembly. Recently, we have shown the
induction of OPN via Ca2� signaling in the ER, induction of ROS in the mitochondria, activation of kinases
(MAPK, PI3K, and MEK1/2), and transcription factors AP-1 and SP-1 in HCV-infected cells (21). The
precursor form of the OPN is cleaved via activation of calpain proteases, and the cleaved forms are
secreted out of the cells (21, 22). In this study, we show that activated endogenous OPN interacts with
HCV nonstructural proteins (NS3, NS4A/B, NS5A, and NS5B) in the ER to facilitate HCV replication (steps
1 and 2). In addition, OPN also interacts with HCV NS5A, core, and LDs to regulate HCV assembly process
(steps 3 and 4). Interestingly, the secreted forms of OPN bind to cell surface receptors �V�3 and CD44
to regulate HCV replication and assembly through FAK-mediated increased expression of HCV NS and
core proteins.
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Danvers, MA), and anti-CD44 (anti-HCAM) (Santa Cruz Biotechnology, Dallas, TX). The control siRNA and
siRNAs against OPN, CD44, and integrin �V�3 were purchased from Santa Cruz Biotechnology. Human
recombinant OPN (rOPN) and lipid droplet staining dye BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene) were purchased from R & D Systems, Inc., Minneapolis, MN, and Invitrogen, CA, respec-
tively. FAK inhibitor (PF573228) was purchased from Sigma Chemicals. Anti-HCV NS5A (rabbit
polyclonal) antibody used for immunostaining was a generous gift from Craig Cameron, Pennsyl-
vania State University, PA.

Cell lines. The human hepatoma cell line Huh7 and subline Huh7.5 were obtained from A. Siddiqui,
The University of California, San Diego (UCSD), CA, and C. Rice, Rockefeller University, NY, respectively.
These cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum, 100 U of penicillin/ml, and 100 �g of streptomycin sulfate/ml. K2040 cells stably expressing
HCV subgenomic replicon (a gift from Michael Gale, University of Washington, Seattle, WA) were also
cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 500 �g of G418 per ml. K2040
is the Huh7 cell line which contains an adaptive mutation of lysine at position 2040 in the HCV
subgenomic replicon. The cells were incubated at 37°C in a 5% CO2 incubator.

HCV cell culture infection system and titration of infectious HCV. J6/JFH-1 RNA was in vitro
transcribed and electroporated into Huh7.5 cells as described previously (47). The cell-free virus was
propagated in Huh7.5 cell culture as described previously (48). The expression of HCV proteins in
HCV-infected cells was analyzed using Western blotting. HCV cell culture supernatants were collected at
appropriate time points and were used to infect naive Huh7.5 cells at a multiplicity of infection (MOI) of
1 for 5 to 6 h at 37°C and 5% CO2 (47, 48). The viral titer in culture supernatant was expressed as FFU/ml,
which was observed by the average number of HCVNS5A-positive foci detected at the highest dilutions
as defined previously (48). The cell culture supernatant collected from Huh7.5 cells expressing JFH-1/GND
(replication-defective virus) was used as a negative control.

HCV-infected cells at day 4 postinfection were transfected with siRNA for 72 h; however, day 5
postinfection cells were incubated with rOPN for 48 h to maintain day 7 postinfection at the time of cell’s
harvesting.

The focus-forming unit assay was performed, from the supernatants collected from HCV-infected
OPN-silenced Huh7.5 cells at different time points (24 h, 48 h, and 72 h postinfection), by infecting naive
Huh7.5 cells in 8-well chambered glass slides (Thermo Scientific, IL). The cells were incubated with
supernatant for 5 to 6 h at 37°C, followed by replacements with fresh DMEM. The HCV infection was
determined 3 days postinfection by immunofluorescence staining for HCV-NS5A protein and the viral
titer expressed as the focus-forming units per milliliter of supernatant.

Immunoprecipitation and Western blotting. For immunoprecipitation, mock- and HCV-infected
cells were lysed in cell lysis buffer (142.5 mM KCl, 5 mM MgCl2, 10 mM HEPES [pH 7.2], 1 mM EGTA, 1%
NP-40, protease inhibitor cocktail [10 �l/ml; Thermo Scientific, IL], 1 mM ATP, and 1 mM dithiothreitol
[DTT]) for 30 min on ice. Cellular lysates were immunoprecipitated using anti-OPN (10 �g/ml) overnight
at 4°C. The immune complexes were incubated with protein G-Sepharose (GE Healthcare, Piscataway, NJ)
for 1 h at 4°C, washed 3 or 4 times using the above-described lysis buffer containing 0.6% NP-40, and
boiled in SDS sample buffer for 5 min.

For Western blot analysis, mock-infected (Huh7.5) and HCV-infected cells were harvested and cellular
lysates were prepared by incubation in radioimmunoprecipitation (RIPA) lysis buffer (50 mM Tris [pH 7.5],
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM sodium orthovanadate, 1 mM
sodium formate, 10 �l/ml of protease inhibitor cocktail) for 30 min on ice. Equal amounts of protein from
cellular lysates were subjected to SDS-PAGE. Gels were electroblotted onto nitrocellulose membranes
(Thermo Scientific, IL) in transfer buffer (25 mM Tris, 192 mM glycine, and 20% methanol). The
nitrocellulose membranes were incubated for 1 h in blocking buffer (20 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 0.1% Tween 20, 5% dry milk), probed with primary antibody for 1 h at room temperature, and
washed twice for 4 to 5 min with blocking buffer without milk, followed by incubation with secondary
antibody for 1 h at room temperature. After an additional washing step with blocking buffer, immuno-
blots were visualized by the Odyssey infrared imaging system (Li-Cor Biosciences, Lincoln, NE). The fold
change of protein band intensity was analyzed by Odyssey infrared imaging system software.

For HCV assembly experiments, trypsinized cells were washed with phosphate-buffered saline (PBS)
by centrifugation at 1,500 rpm and cell pellets were resuspended in complete DMEM. The cells were
lysed by freeze-thaw cycling (4 times) on dry ice and a 37°C water bath as described previously (49).
Furthermore, cells were centrifuged at 4,000 rpm, and collected supernatants were incubated with naive
cells for 6 h and replaced with fresh medium for further incubation. The cellular lysates were Western
blotted to examine the HCV assembly processes.

Quantitative real-time RT-PCR. Total RNA was extracted from mock- and HCV-infected cells using
TRIzol (Invitrogen, CA). HCV RNA was quantified by real-time RT-PCR using an ABI PRISM 7500 sequence
detector (Applied Biosystems, CA). Amplifications were conducted in triplicate using HCV-specific primers
and 6-carboxyfluorescein (FAM)- and tetrachloro-6-carboxyfluorescein (TAMRA)-labeled probes (Applied
Biosystems). The sequences for the primers and probes were designed using Primer Express software
(Applied Biosystems). HCV sense primer (5=-CGGGAGAGCCATAGTGG-3=), antisense primer (5=-AGTACCA
CAAGGCCTTTCG-3=), and TaqMan probe (5=-FAM-CTGCGGAACCGGTGAGTACAC-TAMRA-3=) were used.
Amplification reactions were performed in a 25-�l mix using RT-PCR core reagent kit and template RNA.
Reactions were performed in a 96-well spectrofluorometric thermal cycler under the following condi-
tions: 2 min at 50°C, 30 min at 60°C, 10 min at 95°C, and 44 cycles of 20 s at 95°C and 1 min at 62°C.
Fluorescence was monitored during every PCR cycle at the annealing step. At the termination of each
PCR run, the data were analyzed using the automated system and amplification plots were generated.
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To determine the HCV RNA copy number, standards ranging from 101 to 108 copies/�g were used for
comparison.

RNA interference. Mock- and HCV-infected cells were transfected with control siRNA (sicontrol),
siOPN, siCD44, and si�3 according to the manufacturer’s protocols (Santa Cruz Biotechnology). Each
siRNA consisted of a pool of three to five target-specific 19- to 25-nucleotide (nt) siRNAs designed to
knock down expression of the targeted gene. For siRNA transfections, two solutions were prepared. For
solution A, 60 pmol of siRNA duplex was mixed with 100 �l of siRNA transfection medium. For solution
B, 6 �l of transfection reagent was added to 100 �l of siRNA transfection medium. Solutions A and B were
incubated at room temperature for 20 min and then were combined and incubated again for 20 min at
room temperature. The combined solutions were then added to the cells and incubated for 5 to 7 h at
37°C and 5% CO2, and then transfection solution was replaced with 3 ml of complete DMEM with 10%
FBS.

Laser scanning confocal microscopy. Mock- and HCV-infected cells on coverslips were washed with
PBS, fixed with 4% paraformaldehyde for 10 min at room temperature, permeabilized for 5 min using
0.2% Triton X-100, and blocked for 45 min with 5% bovine serum albumin (BSA) in PBS. Next, the cells
were incubated with primary antibody against the specific protein for 1 h at room temperature or
overnight at 4°C, followed by incubation with Alexa Fluor-labeled secondary antibody (Molecular Probes)
for 1 h. For LD immunostaining, the above-described blocked cells were incubated with BODIPY (20 �M)
for 30 min at room temperature. After a washing with PBS, cells were mounted with antifade reagent
DAPI (4,6-diamidino-2 phenylindole) (Invitrogen, CA) and examined under a laser scanning confocal
microscope (Olympus FV10i).

Pearson’s correlation coefficients were calculated for quantitative colocalization measurement using
ImageJ software. Values can range from 1 to �1, with 1 indicating a complete positive correlation, �1
a negative correlation, and 0 no correlation.

The mean fluorescent intensities were analyzed for three different fields with a minimum of 10 cells
each with the metamorph pixel intensity calculator. The mean colocalization pixel intensities were
measured with respect to the uninfected control in a graph, and a paired t test was used to obtain the
P values.

Statistical analysis. Error bars show the standard deviations of the means of data from three
individual trials. Two-tailed unpaired t tests were used to compare experimental settings to those of the
respective controls. In all tests, a P value of �0.05 was considered statistically significant.
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