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Although genotype-dependency of PI4KB involved in HCV replication has been reported, the mechanism
underlying that is unknown. In this study, we found that NS5A and PI4KB competed for association of
acyl-coenzyme A binding domain containing protein 3 (ACBD3), which inhibited HCV replication. ACBD3
bind to GT1b NS5A with a higher affinity than to GT2a NS5A, which was consistent with higher co-local-
ization between PI4KB and phosphatidylinositol 4-phosphate (PI4P) in GT1b HCV-infected cells than that
in GT2a HCV-infected cells. These results suggested that NS5A could rob the preexisting ACBD3/PI4KB

ﬁg’ggds" complex to form NS5A/ACBD3 complex and PI4KB could relocate to the viral RNA replication sites to facil-
HCV itate HCV replication. Our findings not only revealed the anti-HCV function of ACBD3, but also shed
NS5A mechanistic light on how ACBD3 was manipulated by NS5A from different GT of HCV.

PI4P © 2014 Elsevier B.V. All rights reserved.
PI4KB

Upregulation of intracellular phosphatidylinositol 4-phosphate
(PI4P) level has been demonstrated to be an essential step for hep-
atitis C virus (HCV) replication (Bianco et al., 2012; Hsu et al., 2010;
Reiss et al., 2011; Tai and Salloum, 2011; Zhang et al., 2012). Phos-
phatidylinositol 4-kinase A (PI4KA) is recruited and activated by
HCV NS5A protein to synthesize PI4P in the HCV replication area
(Berger et al., 2011; Lim and Hwang, 2011; Reiss et al,, 2011).
PI4P phosphatase Sac1 is dislocated from the site of HCV replica-
tion by COPI vesicular transport to maintain high levels of PI4P
(Li et al., 2014). Although PI4KB contributes to the induction of
PI4P and promotes viral replication for picornaviruses such as
poliovirus (Arita et al., 2011; Hsu et al., 2010) and Aichi virus
(Sasaki et al., 2012), the involvement of PI4KB in HCV replication
is controversial. Some studies reported that PI4KB is required for
HCV replication (Borawski et al., 2009; Zhang et al., 2012) and oth-
ers suggested that it is not (Arita et al., 2011; Berger et al., 2011).
This inconsistency might be due to the study of different HCV
genotypes. Interestingly, viral replication of genotype 1b (GT1b)
HCV were more greatly reduced than that of genotype 2a (GT2a)
HCV upon silencing PI4KB (Borawski et al., 2009; Reiss et al.,

Abbreviations: HCV, hepatitis C virus; PI4P, phosphatidylinositol 4-phosphate;
ACBD3, acyl-coenzyme A binding domain containing protein 3; Co-IP, co-immuno-
precipitation; GST, glutathione-S-transferase.
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2011). The mechanism underlying this genotype difference
remains elusive.

Recently, acyl-coenzyme A binding domain containing protein 3
(ACBD3) was reported to be a novel PI4KB binding partner (Sasaki
etal., 2012). Several studies have demonstrated that picornaviruses
co-opted the ACBD3-PI4KB axis for replication but utilize different
cellular mechanisms to manipulate the system. ACBD3 is required
for Aichi virus replication through recruiting PI4KB to viral replica-
tion area (Sasaki et al., 2012). Greninger et al. showed that poliovi-
rus RNA replication is reduced upon silencing ACBD3 (Greninger
et al., 2012), while Teoule et al. found that poliovirus RNA replica-
tion is significantly increased upon ACBD3 suppression (Teoule
et al., 2013). Dorobantu et al. demonstrated that ACBD3 depletion
enhanced Coxsackievirus B3 RNA replication (Dorobantu et al.,
2014). How ACBD3 regulates HCV replication is unknown.

To elucidate the role of ACBD3 in HCV replication, we treated
ORG cells harboring a full-length GT1b HCV RNA and Renilla lucifer-
ase reporter with small interfering RNA (siRNA) targeting ACBD3
(ACBD3, 5'- GGAUGCAGAUUCCGUGAUU-3') or control siRNA and
monitored the expression level of viral proteins or Renilla luciferase
reporter activities. At 72 h after treatment, the protein level of
ACBD3, but not actin as a loading control, was significantly
decreased (Fig. 1A). Upon ACBD3 depletion, the level of viral pro-
teins NS3 was increased. Likewise, silencing ACBD3 with siRNA
reduced the relative Renilla luciferase activities normalized with cell
viability assessed by the cellular ATP levels (Fig. 1B). Next, viral pro-
tein was examined in ORG6 cells transfected with plasmid expressing
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Fig. 1. ACBD3 inhibits HCV replication. (A) OR6 cells were treated with siRNA targeting ACBD3 or control siRNA for 72 h and then cell lysates were analyzed by
immunoblotting with indicated antibodies. (B) OR6 cells were treated with siRNA targeting ACBD3 or control siRNA for 72 h and then Renilla luciferase activity and cellular
ATP levels were measured. Relative luciferase activity was normalized with cellular ATP levels. Data were represented the average + SD. ***P < 0.0001. (C) OR6 cells were
transfected with GFP-ACBD3 or empty vector for 48 h and then cell lysates were analyzed by immunoblotting with indicated antibodies. (D) OR6 cells were transfected with
GFP-ACBD3 or empty vector for 48 h and then Renilla luciferase activity and cellular ATP levels were measured. Relative luciferase activity was normalized with cellular ATP
levels. Data were represented the average + SD. ***P < 0.0001. (E) Huh 7.5.1 cells were treated with siRNA targeting ACBD3 or control siRNA for 72 h and then infected with
JFH1 (moi = 1) for another 72 h. Cell lysates were analyzed by immunoblotting with indicated antibodies.
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Fig. 2. ACBD3 associates with HCV NS5A protein. (A) Co-immunoprecipitation assays in OR6 cells with mouse anti-ACBD3 and control mouse IgG. Input (5% of total cell
lysates) and immunoprecipitated proteins were analyzed by immunoblotting with indicated antibodies. (B) Co-immunoprecipitation assays in JFH1-infected Huh 7.5.1 cells
with mouse anti-ACBD3 and control mouse IgG. Input (5% of total cell lysates) and immunoprecipitated proteins were analyzed by immunoblotting with indicated antibodies.
(C) Schematic diagram of different constructs of ACBD3 fused to GST. (D) Lysates from 293T cells transfected with construct expressing FLAG-tagged NS5A of JFH1 were pulled
down by different domains of ACBD3 fused to GST tag or GST alone. Input represented 5% cell lysates. GST or GST fusion proteins were marked by * in bottom panel.
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Fig. 3. ACBD3 binds to GT1b NS5A with a higher affinity than to GT2a NS5A. (A) OR6 cells (GT1b) or JFH1-infected Huh7.5.1 cells (GT2a) were stained with indicated
antibodies. Scale bar, 10 um. (B) Correlation coefficients of signals from NS5A and ACBD3 were analyzed using Volocity to represent the colocalization between NS5A and
ACBD3 in OR6 cells (GT1b) or JFH1-infected Huh7.5.1 cells (GT2a). Data were collected from at least 20 cells for each condition and represented the average + SD.
***P < 0.0001. (C) Lysates from 293T cells transfected with constructs expressing FLAG-tagged NS5A of GT1b or GT2a were pulled down by GST-ACBD3 or GST. Input
represented 3% of total cell lysates. GST or GST-ACBD3 was marked by *. (D) The blots of three independent experiments of (C) were quantified using Image]. Relative binding
affinity of NS5A and ACBD3 was normalized by blot signal of Input and GST fusion protein. (E) Lysates from 293T cells transfected with constructs expressing FLAG-tagged
NS5A of GT1b or GT2a were pulled down by GST-ACBD3(116-327) or GST. Input represented 5% of total cell lysates. GST or GST-ACBD3(116-327) was marked by *.

GFP-ACBD3 or mock transfection. At 48 h after transfection with
GFP-ACBD3, the level of HCV NS3 protein was reduced (Fig. 1C).
Overexpression of GFP-ACBD3 also reduced the relative Renilla
luciferase activities normalized with cell viability assessed by the
cellular ATP levels (Fig. 1D). Furthermore, knockdown of ACBD3
by siRNA significantly increased the protein level of core in JFH1-

infected Huh 7.5.1 cells (GT2a HCV) (Fig. 1E). Taken together, these
data demonstrate that ACBD3 plays a negative role in HCV
replication.

To investigate whether HCV protein(s) could physically associ-
ate with ACBD3, we performed ACBD3 immunoprecipitation with
mouse anti-ACBD3 antibody. We found that NS5A bind to ACBD3
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Fig. 4. NS5A competes with PI4KB for association with ACBD3. (A) Lysates from 293T cells transfected with construct expressing Myc-tagged PI4KB were pulled down by
different constructs of ACBD3 fused to GST tag or GST alone. Input represented 5% of total cell lysates. GST or GST fusion proteins were marked by *. (B) Lysates from 293T cells
transfected with construct expressing Myc-tagged PI4KB plus construct expressing FLAG-tagged NS5A of GT1b or GT2a or empty vector were pulled down by GST-ACBD3.
Input represented 5% of total cell lysates. GST or GST fusion proteins were marked by *. (C) OR6 cells (GT1b) or JFH1-infected Huh7.5.1 cells (GT2a) were stained with
indicated antibodies. Scale bar, 10 um. (D) Correlation coefficients of signals from ACBD3 and PI4KB were analyzed using Volocity to represent the colocalization between
ACBD3 and PI4KB in OR6 cells (GT1b) or JFH1-infected Huh7.5.1 cells (GT2a). Data were collected from at least 20 cells for each condition and represented the average + SD.
**P < 0.0001. (E) OR6 cells (GT1b) or JFH1-infected Huh7.5.1 cells (GT2a) were stained with indicated antibodies. Scale bar, 10 pm. (F) Correlation coefficients of signals from
PI4KB and PI4P were analyzed using Volocity to represent the colocalization between ACBD3 and PI4KB in ORG6 cells (GT1b) or JFH1-infected Huh7.5.1 cells (GT2a). Data were
collected from at least 20 cells for each condition and represented the average + SD. **P < 0.001. (G) Model for releasing PI4KB to generate PI4P. In uninfected cells, PI4KB binds
to ACBD3 through interaction with ACBD3 (top panel). In HCV-infected cells, viral protein NS5A competes with PI4KB for binding to ACBD3. The NS5A/ACBD3 complex is
formed as infection progresses, whereas PI4KB was released to produce PI4P (bottom panel).
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in OR6 cells, while core didn’t associate with ACBD3 (Fig. 2A). We
confirmed the interaction of NS5A and endogenous ACBD3 in JFH1-
infected Huh 7.5.1 cells (Fig. 2B). To determine the region of ACBD3
required for NS5A association, we performed an in vitro binding
assay using GST fused to ACBD3, ACBD3(1-277), ACBD3(116-
327), ACBD3(328-528), or GST alone (Fig. 2C). GST proteins were
prebound to glutathione beads and incubated with Huh 7.5.1 cell
lysates expressing FLAG-tagged NS5A from JFH1, and NS5A was
detected by immunoblotting with anti-FLAG antibodies. As shown
in Fig. 2D, GST-ACBD3 full length and GST-ACBD3(116-327), but
not ACBD3(1-277), ACBD3(328-528), or GST alone were able to
co-immunoprecipitate with NS5A-FLAG. These data demonstrate
that NS5A preferentially recognizes the GST-ACBD3(116-327)
fragment.

We further assessed the colocalization of ACBD3 and NS5A in
the context of viral infection. Surprisingly, NS5A of GT1b has higher
colocalization with ACBD3 than GT2a does (Fig. 3A and B). To com-
pare the binding affinity of ACBD3 to NS5A between GT1b and
GT2a, GST-ACBD3 was incubated with lysates from 293T cells
transfected with GT1b NS5A-FLAG or GT2a NS5A-FLAG. We found
that NS5A from GT1b had higher binding affinity with ACBD3 than
that from GT2a (Fig. 3C and D). Because NS5A preferentially recog-
nizes the GST-ACBD3(116-327) fragment, we compared the bind-
ing affinity of ACBD3(116-327) to NS5A between GT1b and GT2a,
and found that NS5A from GT1b had higher binding affinity with
ACBD3(116-327) than that from GT2a (Fig. 3E).

Earlier study suggests that GST-ACBD3(116-327) fragment is
the region associated with PI4KB (Sasaki et al., 2012). We used
GST pulldown experiments to confirm that ACBD3(116-327) frag-
ment was sufficient to bind PI4KB (Fig. 4A). Thus PI4KB and NS5A
share a common binding region on ACBD3. We asked whether
NS5A competed with PI4KB for association with ACBD3. Overex-
pression of NS5A-FLAG diminished the capacity of GST-ACBD3 to
capture PI4KB (Fig. 4B). Consistent with our previous studies
(Fig. 3C), ACBD3 captured more NS5A and less PI4KB in cells trans-
fected with GT1b NS5A than that in cells transfected with GT2a
NS5A. Next, we checked the localization of PI4KB and PI4P in
ORG6 or JFH1 infected Huh 7.5.1 cells by immunofluorescence stain-
ing. As shown in Fig. 4C and D, the colocalization efficiency
between PI4KB and PI4P in OR6 cells (GT1b) is higher than that
in JFH1 infected Huh 7.5.1 cells (GT2a). To examine the relation
between PI4KB and PI4P during HCV infection, we checked the
localization between PI4KB and PI4P in OR6 or JFH1 infected Huh
7.5.1 cells by immunofluorescence staining. As shown in Fig. 4E
and F, the colocalization efficiency between PI4KB and PI4P in
ORG cells (GT1Db) is higher than that in JFH1 infected Huh 7.5.1 cells
(GT2a).

Our GST-pulldown assays indicated that the PI4KB-binding
region of ACBD3 (aa 116-327) overlapped with the binding
domain for the NS5A (Fig. 2D). This implies that PI4KB is at least
partly blocked from the HCV RNA replication site through interac-
tion with ACBD3. We propose a model for the release of PI4KB to
the HCV RNA replication sites (Fig. 4G). ACBD3 negatively regulates
HCV replication by blocking PI4KB from exerting its function. The
viral NS5A protein could competitively bind ACBD3, unlocking its
inhibitory effect over PI4KB. As infection progresses, the NS5A
might rob the preexisting ACBD3/PI4KB complex to form the
NS5A/ACBD3 complex, thus releasing PI4KB to viral RNA replica-
tion sites to facilitate viral replication.

HCV is classified into 7 divergent genotypes that exhibit exten-
sive sequence variation (Smith et al., 2014). NS5A has been shown
to interact with many host proteins to regulate viral replication
and cellular signaling pathways. NS5A performs some functions
in a genotype-dependent manner. For example, NS5A from GT1
suppresses type I IFN responses more strongly than NS5A from
GT3 in conjunction with stronger binding to STAT1 (Kumthip

et al., 2012). Multiple genetic variants in NS5A alter the CsA sus-
ceptibility of HCV (Ansari and Striker, 2012; Fernandes et al.,
2010). In this study, we found that GT1b NS5A binds to ACBD3
with a higher affinity than GT2a NS5A. As a consequence, more
PI4KB was released from ACBD3 in GT1b HCV than GT2a HCV,
which will explain why PI4KB plays more dependency role in
GT1b virus than in GT2a virus. In conclusion, we identified ACBD3
to be a host restriction factor against HCV replication. ACBD3 plays
both genotype-dependant and genotype-independent antiviral
roles for HCV. The main point of this study is to demonstrate the
genotype-dependant role of ACBD3 to HCV. NS5A and PI4KB com-
pete for association of ACBD3 in a genotype-dependent manner.
Our findings shed mechanistic light on how ACBD3 is manipulated
by NS5A from different genotypes of HCV and will provide a new
anti-HCV strategy.
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