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ABSTRACT Hepatitis C virus (HCV) requires multiple receptors for its attachment to
and entry into cells. Our previous studies found that human syndecan-1 (SDC-1),
SDC-2, and T cell immunoglobulin and mucin domain-containing protein 1 (TIM-1)
are HCV attachment receptors. Other cell surface molecules, such as CD81, Claudin-1
(CLDN1), Occludin (OCLN), SR-BI, and low-density lipoprotein receptor (LDLR), func-
tion mainly at postattachment steps and are considered postattachment receptors.
The underlying molecular mechanisms of different receptors in HCV cell-free and
cell-to-cell transmission remain elusive. In the present study, we used a clustered
regularly interspaced short palindromic repeat (CRISPR)-Cas9 technology, gene-specific
small interfering RNAs, and a newly developed luciferase-based reporter system to
quantitatively determine the importance of individual receptors in HCV cell-free and
cell-to-cell transmission. Knockouts of SDC-1 and SDC-2 resulted in remarkable re-
ductions of HCV infection and cell attachment, whereas SDC-3 and SDC-4 knockouts
did not affect HCV infection. Defective HCV attachment to SDC-1 and/or SDC-2
knockout cells was completely restored by SDC-1 and SDC-2 but not SDC-4 expres-
sion. Knockout of the attachment receptors SDC-1, SDC-2, and TIM-1 also modestly
decreased HCV cell-to-cell transmission. In contrast, silencing and knockout of the
postattachment receptors CD81, CLDN1, OCLN, SR-BI, and LDLR greatly impaired
both HCV cell-free and cell-to-cell transmission. Additionally, apolipoprotein E was
found to be important for HCV cell-to-cell spread, but very-low-density lipoprotein
(VLDL)-containing mouse serum did not affect HCV cell-to-cell transmission, although
it inhibited cell-free infection. These findings demonstrate that attachment receptors
are essential for initial HCV binding and that postattachment receptors are impor-
tant for both HCV cell-free and cell-to-cell transmission.

IMPORTANCE The importance and underlying molecular mechanisms of cell surface
receptors in HCV cell-free and cell-to-cell transmission are poorly understood. The
role of some of the HCV attachment and postattachment receptors in HCV infection
and cell-to-cell spread remains controversial. Using CRISPR-Cas9-mediated knockouts
of specific cellular genes, we demonstrate that both SDC-1 and SDC-2, but not
SDC-3 or SDC-4, are bona fide HCV attachment receptors. We also used a newly de-
veloped luciferase-based reporter system to quantitatively determine the importance
of attachment and postattachment receptors in HCV cell-to-cell transmission. SDC-1,
SDC-2, TIM-1, and SR-BI were found to modestly promote HCV cell-to-cell spread.
CD81, CLDN1, OCLN, and LDLR play more important roles in HCV cell-to-cell trans-
mission. Likewise, apolipoprotein E (apoE) is critically important for HCV cell-to-cell
spread, unlike VLDL-containing mouse serum, which did not affect HCV cell-to-cell
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spread. These findings suggest that the mechanism(s) of HCV cell-to-cell spread dif-
fers from that of cell-free infection.

KEYWORDS hepatitis C virus, attachment receptor, postattachment receptor,
infection, cell-to-cell transmission, cell-free infection

Hepatitis C virus (HCV) is a hepatotropic virus, resulting in acute and chronic
hepatitis, cirrhosis, and hepatocellular carcinoma (HCC) in humans. It contains a

single-stranded and positive-sense RNA genome and a cellular membrane-derived
envelope. The viral RNA genome is approximately 9.6 kb long and is composed of the
5= untranslated region (UTR), a large open reading frame (ORF) encoding a polyprotein
precursor of about 3,000 amino acids, and the 3= UTR (1). The viral polyprotein is co-
and/or posttranslationally cleaved by cellular peptidases and viral proteases into struc-
tural (core, E1, E2, and p7) and nonstructural (NS) viral proteins (NS2, NS3, NS4A, NS4B,
NS5A, and NS5B) (2). Based on the similarity of the HCV genome organization to those
of Flavivirus, Pestivirus, and Pegivirus, it is classified as a separate genus, Hepacivirus, in
the Flaviviridae family (3, 4).

HCV enters cells via receptor-mediated endocytosis (5). A number of cell surface
molecules have been identified as HCV receptors and/or coreceptors. Based on their
distinct functions, they can be divided into two different groups, attachment receptors
and postattachment receptors. Several previous studies have shown that heparan
sulfate (HS) proteoglycans (HSPGs) play an important role in HCV infection (6–9). HSPGs
are composed of a core protein such as syndecans (SDCs) (SDC-1 to -4), glypicans
(glypican-1 [GPC1] to GPC6), perlecan (HSPG2), or agrin and one or more HS glycos-
aminoglycan (GAG) chains (10). Our previous work demonstrated that SDC-1, SDC-2,
and T cell immunoglobulin and mucin domain-containing protein 1 (TIM-1) are major
receptors for HCV attachment to the cell surface (11, 12). HCV attachment to cells is
mediated primarily by the binding of cellular apolipoprotein E (apoE) and phosphati-
dylserine (PS) incorporated on the viral envelope to SDC-1/SDC-2-containing HSPGs
and TIM-1 on the surface of hepatocytes, respectively (12–15). Postattachment recep-
tors include CD81, Claudin-1 (CLDN1), Occludin (OCLN), SR-BI, and low-density lipopro-
tein receptor (LDLR), which specifically interact with the viral envelope glycoproteins E1
and E2 (16–18). Postattachment receptors are important for HCV cell entry and uncoat-
ing but do not play any role in cell attachment (13). Other cellular factors were also
found to enhance HCV infection, including phosphatidylinositol 3-kinase (PI3K)–Akt
(19), cell death-inducing DFFA-like effector b (CIDEB) (20), Niemann-Pick C1 (NPC1L1)
(21), transferrin receptor 1 (TfR1) (22), epidermal growth factor receptor (EGFR), and
ephrin receptor A2 (EphA2) (23). However, the precise functions and underlying mo-
lecular mechanisms of so many different postattachment receptors and other cellular
factors in HCV infection remain unknown.

HCV infection occurs in two different forms, cell-free and cell-to-cell transmission.
Cell-free transmission is the major route (�90%) of HCV infection, which can be blocked
by E1/E2-specific monoclonal antibodies. Cell-cell transmission is responsible for the
spread of HCV between neighboring cells and is not affected by HCV-neutralizing
antibodies (24, 25). Thus, it is thought that cell-to-cell transmission may contribute to
the escape of the host immune response against HCV, resulting in persistent infection.
Recently, several studies suggested that some of the postattachment receptors are
important for HCV cell-to-cell transmission, including CD81, CLDN1, OCLN, and SR-BI
(26–29). Additionally, apoE is implicated in HCV cell-to-cell transmission (30, 31).
Whether attachment receptors play a role in HCV cell-to-cell spread has not been
experimentally examined.

In the present study, we used clustered regularly interspaced short palindromic
repeat (CRISPR)-Cas9 gene-specific editing technology and small interfering RNAs
(siRNAs) to interrogate the importance of each HCV attachment and postattachment
receptor in HCV cell-free and cell-to-cell transmission. The results obtained from our
present study demonstrate that both SDC-1 and SDC-2, but not SDC-3 or SDC-4, are
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HCV attachment receptors, unlike a previous report indicating that SDC-4 is an HCV
attachment receptor (32). More significantly, we found that all three attachment
receptors (SDC-1, SDC-2, and TIM-1) modestly enhanced HCV cell-to-cell spread. All
postattachment receptors (CD81, CLDN1, OCLN, SR-BI, and LDLR) tested here were
confirmed to play important roles not only in cell-free but also in cell-to-cell transmis-
sion. Similarly, apoE is a cellular factor important for HCV cell-to-cell transmission, but
very-low-density lipoprotein (VLDL)-containing mouse serum had no effect on HCV
cell-to-cell spread. These findings suggest that a different form(s) of HCV particles is
likely responsible for cell-to-cell spread in vitro and in vivo.

RESULTS
Knockout of the SDC-1 and SDC-2 genes but not the SDC-3 or SDC-4 gene

reduces HCV cell attachment and infection. We previously found that SDC-1 served
as a major HCV attachment receptor and that SDC-2 also affected HCV entry to a much
lesser extent, as determined by siRNA-mediated silencing of syndecan expression (11).
In contrast, another research group later argued that SDC-4 principally mediates HCV
entry by interacting with apoE (32). To clarify the role of SDCs in HCV infection, we used
the CRISPR-Cas9 gene-editing system to specifically knock out SDC-1, SDC-2, SDC-3,
and SDC-4 individually as well as both SDC-1 and SDC-2 (33). Individual SDC-specific
single-guard RNAs (sgRNAs) were expressed from lentiCRISPRv2 lentiviruses upon
transduction into Huh-7.5 cells. A number of Huh-7.5 cell clones were selected with
puromycin. Knockouts of SDC-1, SDC-2, SDC-3, and SDC-4 in puromycin-resistant
Huh-7.5 cell clones were initially determined by DNA sequence analysis. The results
showed that a 7-nucleotide (nt) deletion (nt 211 to 217) of the ORF was found in the
SDC-1 knockout Huh-7.5 cells. SDC-2, SDC-3, and SDC-4 gene knockout Huh-7.5 cells
contain a 76-nt deletion (nt 194 to 69), a 10-nt deletion (nt 622 to 631), and a 16-nt
deletion (nt 574 to 589), respectively (Fig. 1A). To create SDC-1 and SDC-2 double-
knockout cell lines, the SDC-2 knockout cell line was used for transduction with the
lentiCRISPRv2-blasticidin/SDC-1 lentivirus. A Huh-7.5 cell clone contained a single
nucleotide insertion in the sgRNA-targeting region (between nt 215 and 216) of the
SDC-1 ORF, besides a 76-nt deletion in the SDC-2 ORF, as shown by DNA sequencing
results (Fig. 1A). sgRNA-mediated nucleotide deletion and insertion could result in new
ORFs by retaining the N-terminal regions prior to the deletion. To confirm the knockout
of SDC-1, SDC-2, SDC-3, and SDC-4, Western blot (WB) analysis was carried out (Fig. 1B).
SDC-1, SDC-2, SDC-3, and SDC-4 were not detected in their corresponding knockout cell
lines by WB analysis. Additionally, we determined the levels of expression of the
attachment receptor TIM-1 and the postattachment receptors CD81, CLDN1, OCLN, and
SR-BI in the SDC knockout cell lines. Clearly, the levels of CD81, CLDN1, OCLN, SR-BI, and
TIM-1 were similar among parent and SDC knockout Huh-7.5 cells (Fig. 1B).

To determine the importance of SDCs in HCV infection, a single-cycle HCV growth
assay was initially used to compare the efficiencies of HCV infection among parent and
individual SDC knockout Huh-7.5 cell lines. Huh-7.5 cells were infected with cell
culture-grown HCV (HCVcc) at a multiplicity of infection (MOI) of approximately 10. At
24 h postinfection (p.i.), HCV-infected cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer. The levels of NS5A were determined by WB analysis. Strikingly, the
levels of NS5A were reduced in SDC-1 knockout and SDC-1/SDC-2 double knockout
Huh-7.5 cells by �90% (Fig. 2A), consistent with our previous findings with SDC-1-
silencing Huh-7.5 cells (11). The SDC-2 knockout also resulted in a reduction of the
NS5A level by 75% (Fig. 2A), suggesting its importance for HCV infection. However,
SDC-3 and SDC-4 knockouts did not significantly affect HCV infection (Fig. 2A), in
contrast to findings reported by others that SDC-4 is a principal mediator of HCV entry
(32). To further confirm the role of SDC-1 and SDC-2 in HCV infection, we used Renilla
luciferase-expressing HCV for infection, which is more sensitive and more quantitative
than WB analysis. In a single-cycle HCV growth assay (Fig. 2B), the SDC-1 knockout
reduced Renilla luciferase expression by more than 80%. The SDC-2 knockout decreased
HCV infection by about 50%, similar to the knockout of TIM-1, which is another HCV
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attachment receptor, as shown by our recent work (12). Again, SDC-3 and SDC-4
knockouts did not have a significant effect on infection by Renilla luciferase-expressing
HCV (Fig. 2B). Additionally, we used previously described CLDN1 and OCLN knockout
Huh-7.5 cells as controls. Similar to previous findings (34), CLDN1 and OCLN knockouts
in Huh-7.5 cells ablated HCV infection (Fig. 2B). These results were further validated by
experiments using a multiple-cycle HCV growth assay (Fig. 2C). At each time point (24 h,
48 h, and 72 h p.i.), SDC-1, SDC-2, and SDC-1/SDC-2 knockouts resulted in reductions of
luciferase activity by 85%, 72%, and 95%, respectively (Fig. 2C). Taken together, these
results demonstrate that both SDC-1 and SDC-2 are important for HCV infection.

Our previous study demonstrated that SDC-1 is a major HCV attachment receptor
(11). Thus, we sought to directly determine the effects of SDC-1 and SDC-2 knockouts
on HCV attachment. Parent and SDC-1 and SDC-2 knockout Huh-7.5 cells were incu-
bated with HCV at 37°C for 1 h or on ice for 2 h. HCV can bind but is unable to enter

FIG 1 CRISPR-Cas9-induced knockout of SDC genes in Huh-7.5 cell lines. (A) Summary of target gene
sequences in SDC knockout Huh-7.5 cell lines. DNAs extracted from SDC gene knockout cells were used
for PCR amplification of the target gene using the primers described in Table 1. PCR DNA fragments were
subject to DNA sequence analysis. DNA sequences of wild-type and gene knockout Huh-7.5 cells were
compared. The SDC-1 gene knockout (SDC-1�/�), SDC-2�/�, SDC-3�/�, and SDC-4�/� contain a 7-nt
deletion (�7), a 76-nt deletion (�76), a 10-nt deletion (�10), and a 16-nt deletion (�16), respectively. The
positions flanking the nucleotide deletion are highlighted by numbers below the nucleotides beginning
from the first nucleotide of the ORF. SDC-1�/� SDC-2�/� has a 1-bp insertion (�1) between nucleotides
215 and 216 of the SDC-1 ORF besides a 76-nt deletion in the SDC-2 gene. (B) Detection of expression
of SDC-1 to -4, TIM-1, and postattachment receptors (CD81, CLDN1, OCLN, and SR-BI) by WB in SDC-1 to
-4 knockout Huh-7.5 cells. �-Actin was used as an internal control. The knockout of SDC-1 to -4 is
highlighted at the top, and individual proteins are indicated on the right.

Fan et al. Journal of Virology

July 2017 Volume 91 Issue 13 e00280-17 jvi.asm.org 4

 on July 23, 2017 by P
E

K
IN

G
 U

N
IV

E
R

S
IT

Y
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


Receptors for HCV Cell-Free and Cell-Cell Transmission Journal of Virology

July 2017 Volume 91 Issue 13 e00280-17 jvi.asm.org 5

 on July 23, 2017 by P
E

K
IN

G
 U

N
IV

E
R

S
IT

Y
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


cells when incubated on ice. Unbound virus was removed by washing with phosphate-
buffered saline (PBS) three times. The virion RNA (vRNA) of HCVcc attached to cells was
extracted and quantified by using a real-time reverse transcription-quantitative PCR
(qRT-PCR) method (12). Similar to the above-described results for HCV infection,
knockouts of the SDC-1 and SDC-2 genes in Huh-7.5 cells decreased the levels of HCV
vRNA by 70% to 85% when assayed at 37°C or on ice (Fig. 2D). On the contrary,
knockout of the SDC-3 gene or the SDC-4 gene did not significantly affect HCV
attachment based on similar levels of HCV vRNA in SDC-3 and SDC-4 knockout Huh-7.5
cells compared to those in parent Huh-7.5 cells (Fig. 2D). Collectively, these findings
demonstrate that both SDC-1 and SDC-2, but not SDC-3 and SDC-4, are HCV attach-
ment receptors.

To exclude a possible effect of SDC-1 and SDC-2 gene knockouts on HCV RNA
replication, a subgenomic HCV RNA replicon expressing a Gaussia luciferase reporter
was transfected into parent and SDC-1/SDC-2 knockout Huh-7.5 cells. At 24 h, 48 h, and
72 h posttransfection (p.t.), the levels of Gaussia luciferase expression were determined
by using a Gaussia luciferase assay kit. The results show that the levels of Gaussia
luciferase expression at each time point are similar among parent and SDC-1 and SDC-2
knockout cells (Fig. 2E), suggesting that SDC-1 and SDC-2 knockouts did not affect viral
RNA replication.

Restoration of HCV attachment and infection in SDC-1 and SDC-2 knockout
cells by ectopic expression of SDC-1 and SDC-2 but not SDC-4. To exclude possible
off-target effects associated with CRISPR-Cas9-mediated gene knockouts, we sought to
determine whether the ectopic expression of SDC-1 and SDC-2 would restore HCV
infection and attachment in SDC-1 and SDC-2 knockout Huh-7.5 cells. Recombinant
adenoviruses expressing SDC-1 and SDC-2 were previously constructed and used for
their ectopic expression (11). A recombinant adenovirus expressing lacZ was used as a
negative control. SDC-1 or SDC-2 knockout Huh-7.5 cells were infected with recombi-
nant adenoviruses, which was followed by HCV infection. At 24 h p.i., the levels of the
HCV NS5A, SDC-1, and SDC-2 proteins were determined by WB analysis. Both SDC-1 and
SDC-2 were expressed in SDC-1- and SDC-2-deficient cells to levels comparable to those
in parent Huh-7.5 cells (Fig. 3A and B). As a result, HCV infection was fully restored to
that observed in parent Huh-7.5 cells by the ectopic expression of SDC-1 and SDC-2,
respectively, as shown by the level of NS5A expression (Fig. 3A and B). In contrast, the

FIG 2 Effects of specific gene knockouts on HCV cell-free infection and cell attachment. (A) Effects of
individual knockouts of SDC-1 to -4 on HCV cell-free infection. Parent and individual SDC-1 to -4 knockout
Huh-7.5 cells in 12-well cell culture plates were infected with HCV at an MOI of 10 at 37°C for 2 h.
Unbound HCV was removed by washing with 1� PBS three times. The HCV-infected cells were incubated
at 37°C for 24 h. Cell lysates were collected for the detection of NS5A by WB analysis using monoclonal
antibody 9E10. (B) Effects of individual knockouts of SDC-1 to -4 on infection by Renilla luciferase-
expressing HCV (HCV-Rluc). Parent Huh-7.5, CLDN1 knockout (CLDN1�/�), OCLN knockout (OCLN�/�),
and individual SDC-1 to -4 knockout (SDC-1�/�, SDC-2�/�, SDC-3�/�, and SDC-4�/�) Huh-7.5 cells in
48-well cell culture plates were infected with HCV-Rluc at 37°C for 2 h. Unbound HCV was removed by
washing with 1� PBS. HCV-infected cells were incubated at 37°C for 24 h. Cell lysates were collected for
the detection of Renilla luciferase. Average values from triplicate samples were used for the calculation
of relative levels of luciferase as a percentage of the control, considering the level of luciferase in parent
Huh-7.5 cells as 100%. (C) Determination of HCV-Rluc infection by measuring luciferase activity at
different time points p.i. HCV infection was done in the same way as described above for panel B. The
levels of Renilla luciferase expression were determined at 24 h, 48 h, and 72 h p.i. and were converted
to a percentage of the control, with the level of luciferase expression in parent Huh-7.5 cells at each time
point as 100%. (D) Effects of individual SDC1-4 gene knockouts on HCV attachment. An HCV attachment
assay was carried out by incubation of HCV with parent Huh-7.5 or individual SDC-1 to -4 knockout
Huh-7.5 cells at an MOI of 10 at 37°C for 1 h or on ice for 2 h. Unbound HCV was removed by washing
with 1� PBS three times. Total RNAs were extracted with TRIzol reagent. The vRNA levels of cell-bound
HCV particles were quantified by a real-time qRT-PCR method. Mean values from three different
experiments were converted to a percentage of the control, considering the HCV vRNA level in parent
Huh-7.5 cells as 100%. (E) Effects of individual SDC1-4 gene knockouts on HCV RNA replication. Gaussia
luciferase-expressing subgenomic HCV RNA of HCV JHF1 was transfected into parent Huh-7.5, SDC-1�/�,
SDC-2�/�, and SDC-1�/�/SDC-2�/� Huh-7.5 cells in 48-well cell culture plates using DMRIE-C reagent
(Invitrogen). At 24, 48, and 72 h p.t., HCV RNA-transfected cells were lysed for the measurement of
Gaussia luciferase activity. The relative levels of luciferase expression were converted to a percentage of
the control, as described above for panels B and C. *, P � 0.05; **, P � 0.01.
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FIG 3 Restoration of HCV attachment and infection in SDC-1�/� and/or SDC-2�/� Huh-7.5 cells by
ectopic expression of SDC-1 and SDC-2 but not SDC-4. (A) Restoration of HCV infection in SDC-1�/�

Huh-7.5 cells by ectopic SDC-1 expression. SDC-1�/� Huh-7.5 cells in 12-well cell culture plates were
infected with either a recombinant adenovirus expressing a lacZ gene (Ad/LacZ) or human SDC-1
(Ad-hSDC-1). At 48 h p.i., Ad/LacZ- or Ad-hSDC1-infected SDC-1�/� Huh-7.5 cells were infected with HCV
at an MOI of 10 at 37°C for 2 h, with parent Huh-7.5 cells as a positive control. Twenty-four hours after
HCV infection, cell lysates were collected for the detection of NS5A by WB analysis. (B) Rescue of HCV
infection in SDC-2�/� cells by ectopic SDC-2 expression. The experiments were done in the same way as
described above for panel A except that SDC-2�/� cells and a recombinant adenovirus expressing human
SDC-2 (Ad-hSDC-2) were used. (C and D) Restoration of HCV cell attachment by ectopic SDC-1 (C) and
SDC-2 (D) expression. SDC-1�/� and SDC-2�/� Huh-7.5 cells were infected with Ad/LacZ and Ad-hSDC-1
or Ad-hSDC-2, respectively. After 48 h p.i., adenovirus-infected SDC-1�/� and SDC-2�/� cells were
incubated with HCV at an MOI of 10 at 37°C for 1 h or on ice for 2 h. Unbound HCV was removed by
washing with 1� PBS three times. Total RNAs were extracted with TRIzol reagent. The vRNA levels of
cell-bound HCVs were quantified by using a real-time qRT-PCR method. Average values from three

(Continued on next page)
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negative-control adenovirus expressing LacZ did not rescue HCV infection. Similarly,
the ectopic expression of SDC-1 and SDC-2 rescued defective HCV cell attachment in
SDC-1 and SDC-2 knockout Huh-7.5 cells when an HCV attachment assay was carried
out either at 37°C or on ice (Fig. 3C and D), as the nucleotide deletion in the SDC-4 ORF
could result in a new ORF potentially encoding most of the SDC-4 protein with an
additional 21 random amino acids at the C terminus. To further validate the possible
role of SDC-4 in HCV infection, SDC-1 knockout and SDC-1/SDC-2 double knockout cells
were used for the ectopic expression of SDC-1 and SDC-4, respectively. Similar to the
above-described results (Fig. 3A and C), ectopically expressed SDC-1 rescued HCV
infection in SDC-1 knockout or SDC-1/SDC-2 double knockout cells. However, the
ectopic expression of SDC-4 did not restore HCV infection, similar to the negative LacZ
control (Fig. 3E). Taken together, these findings demonstrate that both SDC-1 and
SDC-2, but not SDC-4, are bona fide HCV attachment receptors.

Development of a luciferase-based reporter system for quantification of HCV
cell-to-cell spread. We previously developed an mCherry-based dual-reporter system
for real-time monitoring of HCV cell-free and cell-to-cell transmission (34). In the
dual-reporter system, a reversible tetracycline-controlled transcriptional activator (rtTA)
is expressed as a fusion protein with mitochondrial antiviral signaling protein (MAVS).
An HCV NS3/4A protease recognition peptide was inserted between the rtTA and
MAVS. The rtTA is transported to the nucleus after cleavage by the HCV NS3/4A
protease and then activates mCherry gene transcription in the presence of doxycycline
(Dox). Thus, mCherry expression could be visualized in HCV-infected cells (34). To
precisely quantify HCV cell-free and cell-to-cell spread, we modified the dual-reporter
system by replacing the mCherry gene with a firefly luciferase gene. The firefly
luciferase-based reporter was introduced into Huh-7.5 cells by lentiviral transduction,
resulting in a luciferase reporter cell line designated NIrD-fluc-sc4. This cell line ex-
presses a high level of firefly luciferase only when it is infected with HCV in the presence
of doxycycline. Firefly luciferase activity was undetectable in the absence of either HCV
infection or doxycycline (Fig. 4A). The NIrD-fluc-sc4 cell line was then used as recipient
cells to determine the optimal conditions for the quantification of HCV cell-to-cell
spread. The parameters examined included coculture time (Fig. 4A), MOIs used for
infection of donor cells (Fig. 4B), the ratio between donor and recipient cells (Fig. 4C),
and methods for blocking HCV cell-free infection (Fig. 4D). As described in Materials and
Methods, parent Huh-7.5 cells infected with HCV at 24 h p.i. were cocultured with
NIrD-fluc-sc4 cells. The level of firefly luciferase activity was highest 48 h after coculture
of donor and recipient cells (Fig. 4A). The level of firefly luciferase activity was lower at
72 h p.i. because of the HCV-induced cytopathic effect (cell death). The level of firefly
luciferase activity was also closely correlated with the increasing MOIs used for infection
of donor cells (Fig. 4B). The ratios between donor and recipient cells were also critical
for HCV cell-to-cell spread. A 1:4 ratio of donor to recipient cells was optimal for HCV
cell-to-cell spread (Fig. 4C). Several previous studies suggested that HCV-specific neu-
tralizing antibodies could efficiently block HCV cell-free infection but not cell-to-cell
transmission (24, 25). It was also found that different cell culture-adapted HCV strains
have different sensitivities to neutralizing antibodies (35–37). Therefore, we compared
2% methylcellulose in the medium with various concentrations of an E2 monoclonal
antibody (CBH5) for blocking cell-free HCV infection. It turned out that 2% methylcel-
lulose blocked HCV cell-free infection as efficiently as did 10 �g/ml of CBH5, resulting

FIG 3 Legend (Continued)
independent experiments were calculated as a percentage of the control. The level of HCV vRNA in
parent Huh-7.5 cells was considered 100%. (E) Determination of restoration of HCV infection by ectopic
expression of SDC-1 or SDC-4 in SDC-1�/� and SDC-1�/�/SDC-2�/� Huh-7.5 cells. SDC-1�/� and
SDC-1�/�/SDC-2�/� Huh-7.5 cells in 12-well cell culture plates were infected with Ad/LacZ, Ad/hSDC-1,
and Ad/hSDC-4, similarly to the experiments described above for panels A and B. At 48 h p.i., cells were
infected with HCV at an MOI of 1. Forty-eight hours after HCV infection, cells were lysed, and the levels
of NS5A were determined by WB analysis in the same way as described above for panels A and B. Mock,
uninfected cells. *, P � 0.05; **, P � 0.01.
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in a �90% reduction of HCV infectivity (Fig. 4D). Therefore, a coculture time of 48 h, an
MOI of 10 for HCV infection of donor cells, a 1:4 ratio of donor to recipient cells, and
culture medium containing 2% methylcellulose were subsequently used as the optimal
conditions to determine the effects of cell surface receptors on HCV cell-to-cell spread.

Enhancement of HCV cell-to-cell spread by attachment receptors. The role of
the attachment receptors SDC-1, SDC-2, and TIM-1 in HCV cell-to-cell spread has not
been experimentally examined, although they are important for HCV infection (11, 12).
To determine the importance of attachment receptors in HCV cell-to-cell spread, two
different cell culture model systems were used. Initially, firefly luciferase-expressing
NIrD-fluc-sc4 cells were used as recipient cells, which were transfected with pcDNA6/
Rluc (as an internal control) and SDC-1-, SDC-2-, SDC-3-, SDC-4-, and TIM-1-specific
SmartPool siRNAs. HCV-infected Huh-7.5 cells were used as donor cells. At 24 h p.t. and
at 24 h p.i., respectively, donor and recipient cells at a ratio of 1:4 were cocultured in
the presence of 2 �g/ml of doxycycline and Dulbecco’s modified Eagle’s medium
(DMEM) containing 2% methylcellulose for 48 h. The levels of Renilla and firefly
luciferase activities were determined by using a Dual-Glo luciferase assay system. As
expected, the levels of SDC-1, SDC-2, and TIM-1 were significantly reduced by their
corresponding SmartPool siRNAs (Fig. 5A). Likewise, the firefly luciferase activity was
reduced by the knockdown of SDC-1, SDC-2, and TIM-1 expression by about 24%,
suggesting that attachment receptors modestly enhance HCV cell-to-cell spread (Fig.
5B). However, the knockdown of SDC-3 and SDC-4 expression did not affect HCV
cell-to-cell spread (Fig. 5B), consistent with the findings derived from HCV attachment
and infection assays (Fig. 2 and 3). Similar results were observed with SDC-1, SDC-2,
SDC-3, SDC-4, and TIM-1 knockout Huh-7.5 cells that were transduced with the lenti-
NIrD-fluc lentivirus as recipient cells (data not shown).

Importance of postattachment receptors for HCV cell-to-cell spread. It was
previously reported that the postattachment receptors CD81, CLDN1, OCLN, and SR-BI
are all involved in HCV cell-to-cell transmission (24–26, 29, 38, 39). However, their
importance in HCV cell-to-cell spread was somewhat controversial based on findings
from different studies, probably due to the lack of a more quantitative assay system
(24–26, 28, 29, 38, 39). Therefore, we used the above-described luciferase-based cell

FIG 4 Optimization of a luciferase-based reporter system for quantification of HCV cell-to-cell spread. Our
previously described dual-reporter system for monitoring HCV infection (34) was modified by replacing
the mCherry gene with a firefly luciferase gene. A stable Huh-7.5 cell line, designated NIrD-fluc-sc4, was
constructed by using the newly modified reporter plasmid. This novel reporter cell line was used to
optimize the conditions for the quantification of HCV cell-to-cell spread. The parameters for optimization
included the coculture time of HCV donor and recipient cells, the MOI used for HCV infection of donor
cells, the ratio between HCV donor and recipient cells, and restriction of HCV cell-free dissemination.
NIrD-fluc-sc4 cells, serving as HCV recipient cells, were transfected with a DNA vector expressing Renilla
luciferase as a control for normalization, whereas Huh-7.5 cells were infected with HCV as donor cells. At
24 h p.t. and at 24 h p.i., respectively, HCV donor and recipient cells were mixed and cocultured in the
presence or absence of 2 �g/ml of Dox and a 2% methylcellulose overlay. (A) HCV cell-to-cell spread at
different time points (24 h, 48 h, and 72 h) of coculture of HCV donor and recipient cells. Cell lysates
collected at 24 h, 48 h, and 72 h p.i. were used for measurement of both Renilla and firefly luciferase
activities with the Dual-Glo luciferase assay system. Uninfected cells (Dox only) and coculture of HCV
donor and recipient cells without Dox (HCV only) served as negative controls. (B) Dependence of HCV
cell-to-cell spread on HCV infection of donor cells. Huh-7.5 cells were infected with HCV at different MOIs
(0 to 10) (x axis) and then cocultured with pcDNA6/TR-Rluc-transfected NIrD-fluc-sc4 recipient cells for
48 h in the presence of 2 �g/ml of Dox. The levels of Renilla luciferase and firefly luciferase expression
were determined as described above for panel A. (C) Determination of the optimal ratio between HCV
donor and recipient cells. Huh-7.5 cells were infected with HCV at an MOI of 10 for 24 h. HCV-infected
Huh-7.5 cells were then cocultured with pcDNA6/TR-Rluc-transfected NIrD-fluc-sc4 cells at different ratios
(8:1, 4:1, 2:1, 1:1, 1:2, 1:4, and 1:8) of donor to recipient cells in the presence of 2 �g/ml of Dox and a 2%
methylcellulose overlay. After 48 h of coculture, cells were harvested for the measurement of Renilla and
firefly luciferase activities. (D) Blockade of HCV cell-free dissemination by E2-specific monoclonal anti-
body CBH5 (60) or 2% methylcellulose. HCV-infected Huh-7.5 cells (MOI of 10) were cocultured with
pcDNA6/TR-Rluc-transfected NIrD-fluc-sc4 cells in the presence of Dox (2 �g/ml) and CBH5 (10 �g/ml) or
a 2% methylcellulose overlay. After 48 h of coculture, cells were lysed for the quantification of Renilla and
firefly luciferase expression. The relative levels of firefly luciferase (average values derived from three
experiments) were normalized to the levels of Renilla luciferase (average values derived from three
experiments) and converted to a percentage of the control, considering the conditions with the highest
level of firefly luciferase expression as 100%. *, P � 0.05; **, P � 0.01.
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culture system to reevaluate the role of key postattachment receptors in HCV cell-to-
cell spread. All five known postattachment receptors, CD81, CLDN1, OCLN, SR-BI, and
LDLR, were downregulated by using gene-specific siRNAs in the NIrD-fluc-sc4 cell line
prior to coculture with HCV-infected Huh-7.5 donor cells. SmartPool siRNAs specific for
CLDN1, OCLN, CD81, SR-BI, and LDLR significantly knocked down the expression of their
corresponding gene, resulting in a reduction of protein expression by up to 75% (Fig.
6A). As a result, the firefly luciferase activity was reduced to various degrees by siRNAs
specific for different postattachment receptors. The silencing of CLDN1 and OCLN
decreased HCV cell-to-cell spread by 55% and 65%, respectively. The knockdown of the
expression of both the CD81 and LDLR genes decreased HCV cell-to-cell spread by
nearly 50%. It appears that SR-BI is the least important postattachment receptor for HCV
cell-to-cell spread, considering a 20% reduction of HCV cell-to-cell spread by the
downregulation of its expression (Fig. 6B). These results suggest that there are different
mechanisms of HCV cell-free and cell-to-cell transmission. HCV receptors at the tight
junction play an important role in the mediation of HCV cell-to-cell spread.

Effects of apoE and VLDL-containing mouse serum on HCV cell-to-cell spread.
Previous studies suggested that apoE is important for HCV cell-to-cell spread (30, 31,
40). We confirmed the role of apoE in HCV cell-to-cell spread using the newly devel-
oped NIrD-fluc-sc4 cell line (Fig. 4). Previous studies with short hairpin RNA (shRNA)-
mediated apoE silencing suggested that apoE is involved in HCV cell-to-cell transmis-
sion (30, 31, 40), as apoE also plays an important role in HCV assembly. It was not clear
whether the effect of shRNA-mediated apoE silencing on HCV cell-to-cell spread was

FIG 5 Enhancement of HCV cell-to-cell spread by attachment receptors. NIrD-fluc-sc4 cells were trans-
fected with pcDNA6/TR-Rluc (as an internal control) and SDC-1, SDC-2, SDC-3, SDC-4, or TIM-1 gene-
specific SmartPool siRNAs (50 nM). Huh-7.5 cells were infected with HCV at an MOI of 10. At 24 h p.t. and
at 24 h p.i., respectively, HCV-infected Huh-7.5 donor cells and NIrD-fluc-sc4 recipient cells at a ratio of
1:4 were cocultured in the presence of 2 �g/ml of Dox and a 2% methylcellulose overlay for 48 h. (A)
Determination of SDC-1, SDC-2, SDC-3, SDC-4, and TIM-1 expression by WB analysis. �-Actin was used as
an internal control. (B) Effects of siRNA-mediated silencing of SDC-1, SDC-2, SDC-3, SDC-4, and TIM-1 on
HCV cell-to-cell spread. Renilla and firefly luciferase activities were determined by using a Dual-Glo
luciferase assay system. Relative firefly luciferase expression was calculated as a percentage of the control
after normalization to Renilla luciferase expression, considering the level of firefly luciferase expression
in cells transfected with a nonspecific control siRNA (siNSC) as 100%. Average values from three different
experiments are plotted.
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due to a reduction of HCV production or apoE-mediated infection. Therefore, we tested
an apoE-blocking monoclonal antibody in the HCV cell-to-cell transmission assay, which
inhibits only HCV attachment, as demonstrated by our previous studies (13, 15). The
results show that the apoE-blocking monoclonal antibody suppressed HCV cell-to-cell
spread in a dose-dependent manner, resulting in up to an 80% reduction of firefly
luciferase expression (Fig. 7A). apoE is known to mediate HCV attachment by binding
to HSPGs on the cell surface of hepatocytes, similar to the mechanism of action of
VLDL-containing serum in the inhibition of HCV infection (41). Thus, we sought to
determine the effect of mouse serum, which potently blocked HCV infection (41), on
HCV cell-to-cell spread. Surprisingly, the mouse serum did not significantly affect the
levels of firefly luciferase expression (Fig. 7B), suggesting that it does not restrict HCV
cell-to-cell transmission, even though it effectively inhibited HCV cell-free infection
(data not shown) (41).

DISCUSSION

Virus infection is ubiquitously mediated by initial binding (attachment) to cell
surface receptors and subsequent receptor-mediated endocytic internalization, vesic-
ular tracking, membrane fusion, and uncoating (42). Most viruses infect cells through
viral protein-mediated binding to cell surface receptors. In most cases, the same
receptors are used for both virus attachment and cell entry. In contrast, HCV uses
cellular components instead of viral envelope proteins for its initial cell attachment,
including apoE and PS incorporated on the viral envelope (12, 13, 15, 43). apoE binds

FIG 6 Effects of siRNA-induced knockdown of postattachment receptors on HCV cell-to-cell spread.
NIrD-fluc-sc4 cells were transfected with pcDNA6/TR-Rluc (as an internal control) and CD81-, CLDN1-,
OCLN-, SR-BI-, and LDLR-specific SmartPool siRNAs at a 50 nM concentration. Huh-7.5 cells were infected
with HCV at an MOI of 10. At 24 h p.t. and at 24 h p.i., respectively, HCV-infected Huh-7.5 cells were
cocultured with siRNA-transfected NIrD-fluc-sc4 cells in the presence of 2 �g/ml of Dox and a 2%
methylcellulose overlay for 48 h. (A) Determination of CD81, CLDN1, OCLN, SR-BI, and LDLR expression
by WB analysis using specific antibodies. �-Actin was used as a control. (B) Influence of postattachment
receptors on HCV cell-to-cell spread. After coculture of HCV donor and recipient cells, the levels of Renilla
and firefly luciferases were determined by using a Dual-Glo luciferase assay system. Relative levels of
firefly luciferase expression in HCV recipient cells were calculated after normalization to the Renilla
luciferase control and were converted to a percentage of the control, considering the level of firefly
luciferase expression in NSC siRNA-transfected cells as 100%.
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to cell surface HSPGs (13, 15, 43), whereas PS interacts with TIM-1 (12), both of which
mediate HCV attachment. Thus, HSPGs and TIM-1 are considered HCV attachment
receptors (9, 12, 44). The HCV envelope proteins E1 and E2 are responsible for
interacting with other cell surface receptors such as CD81, CLDN1, OCLN, SR-BI, and
LDLR (16, 45–49), which function mainly at postattachment steps such as internaliza-
tion, membrane fusion, and uncoating prior to the release of the viral RNA genome to
the cytosol (9, 16, 50–53). Accordingly, HCV receptors can be divided into attachment
and postattachment receptors based on their different ligand-binding properties and
distinct functions during HCV infection.

Our previous studies suggested that SDC-1, one of the HSPG core proteins, serves as
the major HCV attachment receptor (11). Consistent with the siRNA-mediated silencing
of SDC-1 expression (11), SDC-1 gene knockout in Huh-7.5 cells reduced HCV cell
attachment and infection by 80% (Fig. 1 and 2), which could be fully restored by ectopic
SDC-1 expression (Fig. 3). Additionally, results from the present study demonstrate that
SDC-2 also plays an important role in HCV attachment and infection (Fig. 1 and 2),
which was neglected in our previous report based on the modest reduction of HCV cell
attachment in SDC-2-silencing cells (11). In the present study, SDC-2 gene knockout was
shown to cause a more detrimental effect on HCV infection, resulting in a decrease of
HCV cell attachment by about 70% (Fig. 2). Ectopic SDC-2 expression completely
rescued HCV cell attachment and infection in SDC-2 knockout Huh-7.5 cells (Fig. 3).
However, we did not reproduce those observations suggesting that SDC-4 principally

FIG 7 Effects of apoE and VLDL-containing mouse serum on HCV cell-to-cell spread. HCV-infected
Huh-7.5 cells were cocultured with pcDA6/TR-Rluc-transfected NIrD-fluc-sc4 cells at a ratio of 1:4 in the
presence of different concentrations (0, 6.25, 12.5, 25, and 50 �g/ml) of apoE-blocking monoclonal
antibody mAb23 (A) or various percentages (0%, 2.5%, 5%, and 10%) of mouse serum (B). Normal mouse
IgG (mIgG) was used as a control for the apoE monoclonal antibody. After 48 h of coculture, the levels
of Renilla and firefly luciferase expression were determined and converted to a percentage of the control
in the same way as described in the legends of Fig. 5 and 6.
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mediated HCV entry, as previously reported by others (32), nor did SDC-3 or SDC-4 gene
knockout affect HCV cell attachment or infection (Fig. 1 and 2), suggesting that SDC-3
and SDC-4 do not play any role in HCV infection. These results are in line with our
previous findings that SDC-1 and SDC-2, but not SDC-3 and SDC-4, are important for
HCV attachment and infection (11). The ectopic expression of SDC-4 also failed to
restore the defect of HCV infection in SDC-1 knockout and SDC-1/SDC-2 double
knockout cells (Fig. 3E). The importance of SDC-1 and SDC-2 for HCV attachment and
infection was not due to their higher levels of expression. We quantified the mRNA
levels of SDC-1, SDC-2, SDC-3, and SDC-4 using a real-time qRT-PCR method. The
relative levels of SDC-1, SDC-2, SDC-3, and SDC-4 mRNAs in Huh-7.5 cells were 1.7-, 10-,
1-, and 21-fold, respectively (results not shown). Strong support for the importance of
SDC-1 and SDC-2 in HCV cell entry also comes from two elegant studies recently
reported by others (54, 55). Zhang et al. demonstrated that the expression of both
SDC-1 and SDC-2 is transcriptionally regulated by SMAD6 and SMAD7 (55). The siRNA-
mediated silencing of the SMAD6 gene resulted in the downregulation of SDC-1 and
SDC-2 expression and, consequently, reduced HCV cell entry and infection. Conversely,
the overexpression of SMAD6 increased SDC-1 and SDC-2 expression and therefore
enhanced HCV infection. The expressions of SMAD6, SMAD7, and SDC-1 were also
upregulated in liver biopsy samples of chronic hepatitis C patients, suggesting a
physiological relevance of SDC-1 for HCV infection (55). Interestingly, SDC-1 was found
to interact with CD81 in primary and transformed human hepatocytes, providing a
direct link between attachment and postattachment receptors (54). It was previously
shown that CD81 could form a complex with another postattachment receptor, CLDN1
(56, 57). Thus, attachment receptors may co-opt postattachment receptors by forming
functional complexes that govern HCV cell entry. Interestingly, SDC-4 is a cytoplasmic
protein and does not localize to the cell membrane of primary human hepatocytes,
unlike SDC-1, CD-81, and CLDN-1, as demonstrated by confocal microscopy (54).
Collectively, these findings suggest that both SDC-1 and SDC-2, but not SDC-3 or SDC-4,
are bona fide HCV attachment receptors in vitro and in vivo.

Like many other viruses (58), HCV can spread to neighboring cells via direct
cell-to-cell contact besides cell-free dissemination. All known attachment and postat-
tachment receptors are required for efficient HCV cell-free transmission (Fig. 2 and data
not shown) (59). HCV cell-free infection can be effectively blocked by HCV E1/E2-
specific neutralizing antibodies (60, 61). In contrast, HCV cell-to-cell spread is resistant
to HCV E1/E2 antibody-mediated neutralization (24, 25), suggesting that cell-to-cell
spread is mechanistically different from cell-free infection. However, the importance
and underlying molecular mechanisms of cell surface receptors in HCV cell-to-cell
spread remain elusive, with controversial observations even among different studies
(24–26, 28, 29, 38, 39). Previous studies on HCV cell-to-cell spread relied mainly on the
visualization of HCV-infected cells by immunofluorescence microscopy. The discrep-
ancy in different results on the requirement of cellular factors for HCV cell-to-cell spread
was likely due to the lack of a sensitive and quantitative assay system. With this in mind,
we developed and optimized a luciferase-based reporter system to quantify HCV
cell-to-cell spread. Firefly luciferase was expressed only in recipient cells (NIrD-fluc-4sc)
when HCV spread from HCV-infected Huh-7.5 donor cells (Fig. 4A and B). HCV cell-free
transmission was completely restricted by either a methylcellulose overlay or an
E2-specific monoclonal antibody, CBH5 (Fig. 4D). Therefore, the level of firefly luciferase
expression directly reflects the magnitude of HCV cell-to-cell spread. This reporter
system can accurately and quantitatively measure HCV cell-to-cell spread. Using this
reporter system, we found that the siRNA-mediated knockdown or CRISPR-Cas9-
induced gene knockout of SDC-1, SDC-2, or TIM-1 resulted in about a 20% reduction of
HCV cell-to-cell spread (Fig. 5 and data not shown). Again, SDC-3 and SDC-4 gene
knockdowns or knockouts did not affect HCV cell-to-cell spread, similar to their
ineffectiveness in HCV attachment and cell-free infection (Fig. 2). These findings sug-
gest that the attachment receptors SDC-1, SDC-2, and TIM-1 can modestly promote
HCV cell-to-cell spread. Similarly, silencing of the SR-BI gene and an SR-BI-specific
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inhibitor, BLT-1, decreased HCV cell-to-cell spread by about 20% (Fig. 6 and data not
shown). SR-BI was implicated in HCV cell-to-cell spread (25, 26, 39, 62), although its
importance in HCV cell-free and cell-to-cell spread also depends on the virus strain (26,
63). On the contrary, other postattachment receptors, such as CLDN1, OCLN, CD81, and
LDLR, appeared to be more important for HCV cell-to-cell spread. The siRNA-mediated
silencing of CLDN1, OCLN, CD81, and LDLR resulted in a �50% decrease in HCV
cell-to-cell spread (Fig. 6). The knockout of the CLDN1 and OCLN genes reduced HCV
cell-to-cell spread by 60% to 80% (data not shown), suggesting that these two
postattachment receptors at the tight junction are the most important receptors for
HCV cell-to-cell spread among all attachment and postattachment receptors tested in
this study. The importance of CD81 and LDLR in HCV cell-to-cell spread falls between
SR-BI and the tight-junction receptors CLDN1 and OCLN (Fig. 6). Even though postat-
tachment receptors are important for efficient HCV cell-to-cell spread, the lack of an
individual receptor did not ablate it. The occurrence of a significant portion (20% to
50%) of HCV cell-to-cell spread in the absence of an individual postattachment receptor
suggests a distinct mechanism independent of cell-free infection, which strictly de-
pends on the postattachment receptors.

Several previous studies suggested that apoE is involved in HCV cell-to-cell spread
(30, 31, 40). We confirmed the importance of apoE in HCV cell-to-cell spread using the
newly developed luciferase reporter system in conjunction with an apoE-blocking
monoclonal antibody. The apoE-blocking antibody mAb23 blocked HCV cell-to-cell
spread by up to 80% (Fig. 7A), similar to its inhibition of HCV cell-free infection (13, 14,
64). apoE is known to mediate HCV attachment by binding to cell surface HSPGs, with
the core proteins SDC-1 and SDC-2 serving as the major HCV attachment receptors (11,
13, 15, 43, 65). Surprisingly, HCV cell-to-cell spread was not affected by VLDL-containing
mouse serum (Fig. 7B), which was previously shown to potently inhibit HCV attachment
and cell-free infection similarly to human serum (41). VLDL in mouse and human sera
would compete with apoE incorporated on the HCV envelope for HSPG binding. The
failure of VLDL-containing serum to block HCV cell-to-cell spread may explain the
pathological characteristics observed in liver biopsy samples of chronic hepatitis C
patients. About 7% to 20% of hepatocytes were detected for HCV infection and
replication in the liver of hepatitis C patients. HCV-infected hepatocytes were found in
clusters, suggesting the spread of the virus from cell to cell (66). We speculated that
plasma VLDL serves as a restriction factor for HCV cell-free dissemination in vivo (41).
The resistance of HCV cell-to-cell spread to VLDL may also contribute to persistent HCV
infection in vivo. Additionally, the opposing effects of apoE and VLDL-containing mouse
serum on HCV cell-to-cell spread suggest that different mechanisms are involved in
HCV cell-free and cell-to-cell spread.

The underlying molecular mechanism of HCV cell-free and cell-to-cell spread re-
mains an area of intense investigation in HCV research. HCV cell-to-cell spread accounts
for less than 10% of total HCV infection, at least in vitro (Fig. 4). It may play a more
prominent role in HCV persistence in vivo (39). The above-described discrepancy in
receptor dependence between HCV cell-free and cell-to-cell transmission suggests that
there are different virus particles involved in different routes of virus spread. HCV
particles produced in cell culture are highly heterogeneous in size (ranging from 40 nm
to 100 nm in diameter) and pleomorphic, with vesicular particles resembling exosomes,
as revealed by cryo-electron microscopy (67, 68). A number of studies demonstrated
that exosomes produced from HCV-infected hepatocytes in cell culture and in hepatitis
C patients were infectious (69–73). More significantly, exosome-associated HCV parti-
cles contain apoE, are resistant to HCV-neutralizing antibodies, and are less dependent
on HCV receptors (69, 71, 73). Therefore, it is possible that exosome-associated HCV
particles are responsible for HCV cell-to-cell spread, which is also dependent on apoE
and less dependent on HCV attachment and postattachment receptors, unlike HCV
cell-free infection. It was reported previously that an intracellular cholesterol transport
inhibitor and knockdown of autophagy could inhibit the release of exosome-
dependent HCV particles (74, 75). It will be interesting to determine whether inhibitors
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of the exosomal pathway will have therapeutic value for hepatitis C by blocking HCV
cell-to-cell transmission.

MATERIALS AND METHODS
Viruses and cell culture. The cell culture-adapted HCV strain of genotype 2a (JFH1) was grown in

Huh-7.5 cells, as described in our previous work (76, 77). This cell culture-grown HCV is designated HCVcc.
Huh-7.5, the lentivirus packaging cell line HEK293T, and the adenovirus packaging cell line AD293
(Agilent Technologies) were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 0.1 mM
nonessential amino acids (Sigma), 100 U/ml of penicillin, and 100 �g/ml of streptomycin at 37°C in a 5%
CO2 incubator.

Antibodies and reagents. HCV NS5A monoclonal antibody (9E10) was provided by Tim Tellinghu-
isen. �-Actin monoclonal antibody (AC15) and human SDC-2 monoclonal antibody (1B2) were obtained
from Sigma-Aldrich. Human SDC-1 (DL101), SDC-4 (5G9), and CD81 (5A6) monoclonal antibodies were
purchased from Santa Cruz. Human SDC-3 monoclonal antibody (AF3539) and TIM-1 monoclonal
antibody (MAB1750) were obtained from R&D Systems. CLDN1 (catalog no. 71-7800)-, OCLN (catalog no.
71-1500)-, and SR-BI (catalog no. 486800)-specific rabbit polyclonal antibodies were obtained from
Invitrogen. LDLR-specific monoclonal antibody (HL1) was provided by Jin Ye (78). HCV E2-specific
neutralizing antibody (CBH5) was provided by Steven Foung (60). The Western blotting ECL substrate
was obtained from Bio-Rad. Gene-specific siRNAs and nonspecific control (NSC) siRNA were synthesized
by Dharmacon. The Dual-Luciferase Reporter Assay system was purchased from Promega. One-Step
qRT-PCR kits were obtained from Thermo Fisher Scientific.

Plasmid construction. The lentiCRISPRv2-blasticidin plasmid was made by replacing the puromycin-
resistant gene in the lentiCRISPRv2 vector (33) with a blasticidin-resistant gene. sgRNAs specifically
targeting the SDC-1, SDC-2, SDC-3, and SDC-4 genes were designed based on the protocols described
at the website of Feng Zhang (http://crispr.mit.edu/). All sgRNAs were designed with minimal potential
off-target effects according to bioinformatics analysis (33). A pair of oligonucleotides was used for the
construction of the lentiCRISPRv2-puromycin and lentiCRISPRv2-blasticidin vectors expressing SDC-1,
SDC-2, SDC-3, and SDC-4 sgRNAs (Table 1). Two oligonucleotides were initially treated with T4 polynu-
cleotide kinase and then annealed in T4 DNA ligation buffer. The double-stranded oligonucleotides
were cloned into BsmBI-digested lentiCRISPRv2-puromycin (Addgene) and the above-described
lentiCRISPRv2-blasticidin plasmids by using T4 DNA ligase. The ligation mixture was transformed into
Stbl3 competent cells (TransGen Biotech). Plasmid DNAs were prepared by using a miniprep DNA
isolation kit (Qiagen). The resulting lentiCRISPRv2-SDC-1, lentiCRISPRv2-SDC-2, lentiCRISPRv2-SDC-3, and
lentiCRISPRv2-SDC-4 plasmids were confirmed by DNA sequence analysis. To better quantify HCV
infection, the previously described HCV dual-reporter system (pLenti-NIrD) (34) was modified by replac-
ing the mCherry gene with a firefly luciferase gene. The firefly luciferase gene was amplified by PCR using
oligonucleotide primers Fluc-F-XbaI (5=-TGCTCTAGAATGGAAGACGCC-3=) and Fluc-R-MluI (5=-CGACGCG
TTTACACGGCGATCT-3=). The resulting PCR DNA fragment was digested with the restriction enzymes XbaI
and MluI and inserted into the pLenti-NIrD plasmid between the XbaI and MluI sites. A Renilla luciferase
gene was amplified by PCR and inserted into the pcDNA6-RT vector (Invitrogen) between the HindIII and
EcoRI restriction enzyme sites, resulting in a Renilla luciferase-expressing vector designated pcDNA6/TR-
Rluc. A subgenomic JFH1 replicon expressing a Gaussia luciferase reporter was made for the measure-
ment of HCV RNA replication. The Gaussia luciferase gene was fused with a blasticidin resistance gene
in subgenomic JFH1 replicon plasmid pSGR-JFH1-BLAST, as described previously (79). The Gaussia
luciferase-expressing replicon plasmid is designated pSGR-JFH1-Blast/Gluc.

Recombinant lentivirus production. HEK293T cells in 6-well plates were transfected with 0.58 �g
of pVSVg, 1.25 �g of psPAX2, and 0.83 �g of lentiCRISPR vectors expressing Cas9 and SDC-1, SDC-2,
SDC-3, and SDC-4 sgRNAs by using Lipofectamine 2000 according to the manufacturer’s instructions
(Invitrogen). Similarly, the lentivirus expressing HCV-inducible firefly luciferase (lenti-NIrD-fluc) was
constructed by transfecting 4 �g of the pLenti-NirD-fluc vector, 0.4 �g of pVSVg, and 4 �g of pR8.74
DNAs into HEK293T cells. At 72 h p.t., the supernatant was collected and filtered through a 0.45-�m
low-protein-binding membrane unit (Millipore). The resulting recombinant lentiviruses were aliquoted
and stored at �80°C in a freezer.

Construction of SDC knockout cell lines. Huh7.5 cells in 100-mm cell culture dishes were trans-
duced with lentiCRISPRv2-puromycin lentiviruses expressing SDC-1, SDC-2, SDC-3, and SDC-4 sgRNAs.
Cell clones were selected with 2 �g/ml of puromycin for 2 to 3 weeks. Individual cell clones were
transferred to 24-well cell culture plates for expansion. Genomic DNAs were extracted from each cell
clone and used for PCR amplification of each specific gene using primers complementary to both sides

TABLE 1 Oligonucleotide primers used for construction of SDC gene sgRNAs and sequencinga

Gene sgRNA forward primer sequence sgRNA reverse primer sequence
Forward primer for PCR of
target gene

Reverse primer for PCR of
target gene

SDC-1 CACCGGAGACGTGGGAATAGCCGTC AAACGACGGCTATTCCCACGTCTCC GACAGCTCTCCTTGTCCATTT TAGGACCAACCCACTCAATTTC
SDC-2 CACCGGTTCTGTATATTCAGCGTCG AAACCGACGCTGAATATACAGAACC AGACTACCCACAGACACC AGACTAGGACCACCTCAA
SDC-3 CACCGTAAGGACCACTGGCGTACGG AAACCCGTACGCCAGTGGTCCTTAC GCCTGGATTCAACCTCATAG CCTTCTCAACACCCTCACC
SDC-4 CACCGTCACGCGTAGAACTCATTGG AAACCCAATGAGTTCTACGCGTGAC CACAGGCAGTGGTGATGG TCAGTATGGGCTTGAGGG
aSequences are in the 5=-to-3= direction.
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of the sgRNA targeting region. PCR products were used for DNA sequence analysis. The knockout of
specific genes was further validated by Western blotting. To make SDC-1 and SDC-2 double knockout cell
lines, SDC-2 knockout Huh-7.5 cells were transduced with lentiCRISPRv2-blasticidin lentivirus expressing
an SDC-1-specific sgRNA. The knockout of both SDC-1 and SDC-2 was validated by DNA sequence
analysis and Western blotting.

Construction of a stable Huh-7.5 cell line with an HCV dual-reporter system expressing firefly
luciferase. Parent and gene-specific knockout Huh-7.5 cells were transduced with the above-described
lenti-NIrD-fluc lentivirus. Parent Huh-7.5 cells transduced with lenti-NIrD-fluc were selected with 10
�g/ml of blasticidin. Individual Huh-7.5 cell clones were picked and screened for HCV-inducible firefly
luciferase expression. Individual cell clones were infected with HCV and then incubated with medium in
the presence or absence of 2 �g/ml of Dox. The levels of firefly luciferase in NIrD-fluc-containing Huh-7.5
cells with or without HCV infection in the presence or absence of 2 �g/ml of Dox were determined by
using a luciferase assay kit from Promega. One Huh-7.5 cell clone, designated NIrD-fluc-sc4, was chosen
based on its high level of firefly luciferase expression only when infected with HCV. This stable
NIrD-fluc-sc4 Huh-7.5 cell line was used for the study of HCV cell-cell transmission. Gene-specific
knockout Huh-7.5 cells were also transduced with lenti-NIrD-fluc and incubated with blasticidin for 8
days. The pool of lenti-NIrD-fluc-transduced Huh-7.5 cells with a specific gene knockout was used for
determining the effects of cellular gene knockout on HCV cell-cell transmission.

siRNA-mediated silencing of cellular genes. Parent and NIrD-fluc-sc4 Huh-7.5 cells were trans-
fected with 50 nM gene-specific siRNAs or NSC siRNA by using the RNAiMax transfection reagent
(Invitrogen), as previously described (11). At 48 h p.t., the levels of mRNA and protein of each targeted
cellular gene were determined by a qRT-PCR method and Western blotting, respectively, using the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or �-actin as an internal
control. The effects of siRNA-mediated gene silencing on HCV infection and cell-cell transmission were
subsequently determined by using HCV infection and cell-cell transmission assays.

HCV attachment and infection assays. Parent Huh-7.5 cells and SDC knockout Huh-7.5 cells were
seeded into 12-well cell culture plates. An HCV attachment assay was carried out by incubating Huh-7.5
cells with HCVcc at an MOI of 10 on ice for 2 h or at 37°C for 1 h. Unbound HCV was removed by washing
with 1� PBS three times. Total RNA was extracted with TRIzol reagent (Invitrogen) and used for the
quantification of HCV vRNA by a real-time qRT-PCR method. HCV infection was conducted by incubation
of HCVcc with Huh-7.5 cells at 37°C for 1.5 h. The HCV-infected cells were then washed with PBS and
incubated with fresh DMEM at 37°C for 24 h (single-cycle growth). The HCV-infected Huh-7.5 cells were
lysed in RIPA buffer (50 mM Tris-HCl [pH 7.5], 150 mM sodium chloride, 1% Nonidet P-40, 0.5% sodium
deoxycholate) for the detection of HCV NS5A and cellular proteins by Western blotting using specific
monoclonal antibodies. Total RNA was extracted from HCV-infected cells with TRIzol reagent and was
used for the quantification of positive-stranded HCV RNA by qRT-PCR.

HCV cell-to-cell transmission. Parent Huh-7.5 cells in 100-mm cell culture dishes were infected with
HCV at an MOI of 10. After 24 h p.i., HCV-infected Huh-7.5 cells were trypsinized and used for HCV cell-cell
transmission experiments. The HCV-infected Huh-7.5 cells are designated HCV donor cells. NIrD-fluc-sc4
Huh-7.5 cells and lenti-NIrD-fluc-transduced Huh-7.5 cells with specific gene silencing or knockout were
used as recipient cells. In order to normalize parent and gene knockout cell lines, pcDNA6/TR-Rluc
plasmid DNA was transfected into recipient cells as a control. At 24 h p.t., cells were trypsinized and
collected. HCV cell-to-cell transmission was done by mixing a total of 5 � 104 cells/well of the
above-described HCV donor and recipient cells at a predetermined optimal ratio in 48-well cell culture
plates. Cell numbers were determined by using a TC20 automated cell counter (Bio-Rad). After 2 h of
incubation at 37°C (cell attachment), cell culture medium was replaced with fresh DMEM containing 10%
FBS, 2% methylcellulose, and 2 �g/ml of doxycycline. After 48 h of coculture, the levels of Renilla and
firefly luciferase expression in the recipient cells were quantified by using the Dual-Glo luciferase assay
system (Promega) according to the manufacturer’s instructions.

Transfection of subgenomic HCV replicon RNA expressing Gaussia luciferase. The pSGR-JFH1-
Blast/Gluc plasmid was linearized by XbaI digestion and blunted by treatment with mung bean nuclease
(NEB). The subgenomic HCV RNAs were transcribed in vitro by using a RiboMAX T7 RNA transcription kit
(Promega) and purified with a Qiagen RNeasy RNA isolation kit. Parent and gene-specific knockout
Huh-7.5 cells in 12-well tissue culture plates were transfected with 1 �g/well of SGR-Blast/Gluc RNA
mixed with 2 �l DMRIE-C reagent in Opti-MEM (Invitrogen). At 24 h, 48 h, and 72 h p.t., RNA-transfected
cells were lysed for the quantification of Gaussia luciferase expression using BioLux Gaussia luciferase
assay kits (New England BioLabs) to determine any effect of the specific gene knockout on HCV RNA
replication.

Ectopic expression of SDC-1, SDC-2, and SDC-4 with recombinant adenoviruses. Recombinant
adenoviruses expressing SDC-1, SDC-2, and SDC-4 were described in our previous work (11). To
ectopically express SDC-1, SDC-2, or SDC-4, SDC-1 or SDC-2 knockout Huh-7.5 cells in 12-well plates were
infected with adenoviruses at an MOI of 10 at 37°C for 6 h. The virus-infected cells were washed with 1�
PBS and incubated with fresh DMEM. At 48 h p.i., the adenovirus-infected Huh-7.5 cells were subse-
quently used for HCV attachment and infection assays as described above.

Western blot analysis. Protein concentrations of cell lysates were determined by using a protein
assay reagent (Bio-Rad). Twenty micrograms of total protein for each sample was loaded onto 10%
SDS-PAGE gels, followed by electrophoresis and protein transfer onto a polyvinylidene difluoride (PVDF)
membrane. After blocking with 5% nonfat milk, the membrane was incubated with primary antibodies
specific for viral NS5A or cellular genes as indicated. Proteins were visualized with horseradish peroxidase
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(HRP)-conjugated anti-mouse or anti-rabbit secondary antibodies and a chemiluminescence (ECL) sub-
strate (Bio-Rad).

Quantification of HCV RNAs by real-time qRT-PCR. Total RNAs in HCV-infected or HCV-bound cells
were extracted with TRIzol reagent. The levels of positive-strand RNA were quantified by a real-time
qRT-PCR method using HCV-specific primers and a TaqMan probe as previously described (12). Cellular
GAPDH mRNA was used as an internal control and was quantified by using a mixture of primers and a
probe from Life Technology.

Statistical analysis. All data were analyzed by using GraphPad Prism5 software (GraphPad Software
Inc.). A P value of �0.05 was considered a statistically significant difference. Vector NTI was used to
analyze the sequencing results.
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