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ABSTRACT Infectious bursal disease virus (IBDV) is a double-stranded RNA (dsRNA)
virus. Segment A contains two overlapping open reading frames (ORFs), which en-
code viral proteins VP2, VP3, VP4, and VP5. Segment B contains one ORF and en-
codes the viral RNA-dependent RNA polymerase, VP1. IBDV ribonucleoprotein com-
plexes are composed of VP1, VP3, and dsRNA and play a critical role in mediating
viral replication and transcription during the virus life cycle. In the present study, we
identified a cellular factor, VDAC1, which was upregulated during IBDV infection and
found to mediate IBDV polymerase activity. VDAC1 senses IBDV infection by interact-
ing with viral proteins VP1 and VP3. This association is caused by RNA bridging, and
all three proteins colocalize in the cytoplasm. Furthermore, small interfering RNA
(siRNA)-mediated downregulation of VDAC1 resulted in a reduction in viral polymer-
ase activity and a subsequent decrease in viral yield. Moreover, overexpression of
VDAC1 enhanced IBDV polymerase activity. We also found that the viral protein VP3
can replace segment A to execute polymerase activity. A previous study showed
that mutations in the C terminus of VP3 directly influence the formation of VP1-VP3
complexes. Our immunoprecipitation experiments demonstrated that protein-protein
interactions between VDAC1 and VP3 and between VDAC1 and VP1 play a role in
stabilizing the interaction between VP3 and VP1, further promoting IBDV polymerase
activity.

IMPORTANCE The cellular factor VDAC1 controls the entry and exit of mitochondrial
metabolites and plays a pivotal role during intrinsic apoptosis by mediating the re-
lease of many apoptogenic molecules. Here we identify a novel role of VDAC1,
showing that VDAC1 interacts with IBDV ribonucleoproteins (RNPs) and facilitates
IBDV replication by enhancing IBDV polymerase activity through its ability to stabi-
lize interactions in RNP complexes. To our knowledge, this is the first report that
VDAC1 is specifically involved in regulating IBDV RNA polymerase activity, providing
novel insight into virus-host interactions.
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Infectious bursal disease (IBD) is a serious viral disease of young chickens that causes
severe immunosuppression and damages the lymphoid cells in the bursa of Fabricius.

The virus responsible for IBD, infectious bursal disease virus (IBDV), is a nonenveloped,
bisegmented, double-stranded RNA (dsRNA) virus belonging to the Avibirnavirus genus
within the Birnaviridae family (1). The genome of the virus includes two segments of
dsRNA: segments A and B (2). In segment A, there are two overlapping open reading
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frames (ORFs); the small ORF encodes the viral protein VP5, and the large one encodes
a polyprotein that is self-cleaved by the viral protease VP4 to form pVP2, VP4, and VP3
(3, 4). Segment B contains a single ORF that encodes the viral RNA-dependent RNA
polymerase (RdRp), VP1 (5). The VP3 protein is known to be a scaffolding protein with
multiple roles which can interact with multiple proteins, including both host cell
proteins and viral proteins. A study showed that interaction between VP3 and host
cellular ribosomal protein L4 (RPL4) can effectively promote the replication of IBDV (6).
In the viral life cycle, in addition to being a self-interacting protein (7), VP3 also interacts
with pVP2 during particle morphogenesis (8), with VP1 as a transcriptional activator (9),
and with VP1 and the dsRNA genome to compose ribonucleoprotein (RNP) complexes
(10).

IBDV RNP complexes act as capsid-independent functional units during the IBDV
replication process (11), and they are fully competent for initiating the IBDV replication
process. The three components of IBDV RNPs colocalize to the same structure and are
involved directly in RNA synthesis (12, 13). Although researchers have performed
functional analyses to characterize the IBDV RNP complexes (12), the mechanism by
which RNPs are involved in IBDV replication and whether cellular factors participate in
the activity of RNPs require further investigation. In this study, we identify a host
protein that interacts with VP1 and VP3 and enhances IBDV polymerase activity.

In mammals, voltage-dependent anion channel protein 1 (VDAC1) is the most
abundant isoform of VDAC and is therefore the most extensively studied of the
isoforms (14). VDAC1 is located in the outer mitochondrial membrane (OMM) of all
eukaryotes (15) and serves as a gatekeeper for the entry and exit of mitochondrial
metabolites, thus controlling cross talk between mitochondria and the cytosol (16). In
recent years, studies on VDAC1 have focused on the bioenergetics of metabolism (17)
and apoptosis (18). Data show that VDAC1 contributes to metabolism by mediating the
ATP/ADP exchange across the OMM as well as the binding and channeling of mito-
chondrial ATP directly to hexokinase (HK) (19); the VDAC1-HK association protects
cancer cells from cell death. During apoptosis, VDAC1 mediates the release of many
apoptogenic molecules, such as cytochrome c, from mitochondria to the cytosol via
OMM permeabilization (19). A previous study suggested that VDAC1 upregulates
cytochrome c and decreases the release of cytoplasmic Ca2� in a nasopharyngeal
carcinoma cell line during Epstein-Barr virus (EBV) infection (20). However, the role of
VDAC1 in the progression of IBDV infection remains to be elucidated.

To understand the host response to IBDV infection and the interaction between
virus and host, we performed labeling of differentially abundant proteins in IBDV-
infected cells and mock-infected cells by use of isobaric tags for relative and absolute
quantification (iTRAQ), and the results indicated that VDAC1 is upregulated during IBDV
infection. We then studied the role of VDAC1 in the progression of IBDV infection, and
the results showed that VDAC1 knockdown by treatment of DF-1 cells with specific
small interfering RNAs (siRNAs) impaired IBDV growth. Furthermore, we demonstrated
that the effects of VDAC1 on IBDV replication are dependent on its involvement in
mediating IBDV polymerase activity. We found that VDAC1 regulates IBDV polymerase
activity by stabilizing the interaction between VP1 and VP3. Our results provide new
insight into the IBDV replication strategy.

RESULTS
Endogenous VDAC1 expression is upregulated by IBDV infection. To under-

stand the host response to IBDV infection and the interaction between the virus and its
host, we performed iTRAQ labeling of differentially abundant proteins in IBDV-infected
and mock-infected cells, and the results showed that viral infection alters the abun-
dance of VDAC1 (data not shown), consistent with the results of previous studies (21,
22). To further verify the relationship between VDAC1 and IBDV infection, we infected
DF-1 and 293T cells with IBDV at a multiplicity of infection (MOI) of 1. Then, at 12, 24,
or 36 h postinfection, we collected cell cultures to detect VDAC1 protein expression by
Western blotting and mRNA expression by quantitative real-time PCR (qRT-PCR). The
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results showed that IBDV infection increased the protein expression of VDAC1, resulting
in levels up to 4-fold higher than those in mock-infected DF-1 cells (Fig. 1A and B). IBDV
infection also resulted in increased VDAC1 levels in 293T cells (Fig. 1D and E), indicating
that the observed upregulation of endogenous VDAC1 was not cell type specific. In
IBDV-infected DF-1 cells, the expression of VDAC1 mRNA was also upregulated, reflect-
ing changes similar to those observed at the protein level (Fig. 1C). These results
indicate that IBDV infection induces upregulation of endogenous VDAC1 expression.

RNAi-mediated knockdown of VDAC1 impairs IBDV replication. To further study
the role of VDAC1 in the replication of IBDV, we used three VDAC1-specific siRNAs and
found that one significantly reduced cellular levels of VDAC1 (Fig. 2A and B). We then
knocked down VDAC1 in DF-1 cells by use of this competent siRNA and infected the
cells with the IBDV Gt strain (MOI � 1). At different time points postinfection, we
examined the viral loads in the supernatants and cell cultures of IBDV-infected cells by
performing a 50% tissue culture infective dose (TCID50) assay. The results showed that
knockdown of VDAC1 resulted in 5-fold, 6-fold, and 32-fold decreases in intracellular
viral yields at 12, 24, and 36 h postinfection, respectively (Fig. 2C). Corresponding
decreases in extracellular viral yields were observed at the same time points, with
decreases of 5-fold, 4-fold, and 7-fold, respectively (Fig. 2D). At the same time, expres-
sion levels of viral proteins VP5, VP3, pVP2, and VP1 were detected by Western blotting,
and downregulation of all viral proteins was observed in VDAC1 knockdown cells (Fig.
2E to I). Furthermore, we determined the relative expression of viral RNA by qRT-PCR
and found that the viral RNA abundances of VP5, pVP2, and VP1 were downregulated

FIG 1 IBDV infection upregulates the expression of VDAC1. (A) IBDV infection causes upregulation of VDAC1
expression in DF-1 cells. DF-1 cells were mock infected or infected with IBDV at an MOI of 1. Cells were harvested
at 12, 24, and 36 h postinfection (p.i.) and then analyzed by Western blotting with anti-VDAC1 and -VP3 antibodies.
(B) Relative intensities of VDAC1 in DF-1 cells. �-Actin was used as a protein loading control. Representative results
are shown, with bars representing the intensities of VDAC1/actin normalized to the control condition. (C) IBDV
infection causes upregulation of VDAC1 mRNA expression in DF-1 cells. DF-1 cells were mock infected or infected
with IBDV at an MOI of 1. Cells were harvested at 24 and 36 h postinfection and then analyzed by qRT-PCR. (D) IBDV
infection causes upregulation of VDAC1 expression in 293T cells. 293T cells were infected and analyzed as
described for panel A. (E) Relative intensities of VDAC1 in 293T cells. �-Actin was used as a protein loading control.
Representative results are shown, with bars representing the intensities of VDAC1/actin normalized to the control
condition. Data are means and SD for three independent experiments. *, P � 0.05; **, P � 0.01; ****, P � 0.0001
versus control (unpaired t test).
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in VDAC1 knockdown cells compared to the levels in scrambled siRNA-treated control
cells (Fig. 2J to L). In conclusion, these data indicate that RNA interference (RNAi)-
mediated knockdown of VDAC1 impairs IBDV replication.

VDAC1 interacts with both VP1 and VP3 of IBDV RNP complexes. We decided to
further analyze the possible mechanisms underlying the influence of VDAC1 on the
progression of IBDV replication by searching for viral proteins that interact with VDAC1.
Thus, we cotransfected 293T cells with FLAG-VDAC1 and MYC-GtVP1, HA-GtVP2, HA-
GtVP3, HA-GtVP4, HA-GtVP5, or HA-GtpVP2. We then performed coimmunoprecipita-
tion 48 h after transfection. When lysates of cells expressing both a viral protein and
FLAG-VDAC1 were immunoprecipitated with a hemagglutinin (HA) or Myc antibody,
FLAG-VDAC1 was detected in the precipitate, indicating that a particular viral protein
interacted with VDAC1. The results showed that the viral protein VP5, which interacts
with VDAC2 (23), displayed no interaction with VDAC1, while viral proteins VP1 and VP3
interacted with VDAC1 (Fig. 3A, C, and E). To confirm that the interactions occur in both
directions, we performed an immunoprecipitation assay with a VDAC1 antibody and
then performed Western blotting with an HA or Myc antibody. As shown in Fig. 3B, D,
and F, VDAC1 could be associated specifically with VP1 and VP3 but not with VP5. These
results demonstrate that VDAC1 interacts with VP1 and VP3 but not with VP5.

Furthermore, to verify whether VP1 and VP3 accumulate in locations where VDAC1
is present, colocalizations were observed by confocal microscopy. Briefly, DF-1 cells
were transfected with plasmids expressing HA-VP3 and/or FLAG-VDAC1. The cells were
fixed at 24 h posttransfection and incubated with DAPI (4=,6-diamidino-2-phenylindole),
mouse anti-HA antibody, and/or rabbit anti-VDAC1 antibody. As shown in Fig. 3G,
VDAC1 was found in the cytoplasm (a to d), and VP3 accumulated at the same positions
as those of VDAC1 (e to h), suggesting that VP3 colocalized with VDAC1 in the
cytoplasm (i to l). Next, we tested for colocalization of VDAC1 with VP1 by using
confocal microscopy; we observed that VP1 was distributed in the cytoplasm and also
exhibited colocalization with VDAC1 in the cytoplasm (Fig. 3H).

A previous study showed that the VP1 binding domain of VP3 maps to 16 residues
at the C-terminal end of VP3 (24). To determine which region of VP3 is responsible for
interacting with VDAC1, three different deletion mutants fused to HA tags were
constructed: the VP3-CΔ30 and VP3-CΔ100 mutants lack 30 and 100 amino acids from
the C-terminal end, respectively, and the VP3-NΔ100 mutant lacks 100 amino acids
from the N-terminal end of VP3. Each VP3 mutant was expressed with VDAC1 in 293T
cells, and the ability of each to interact with VDAC1 was examined by immunoprecipi-
tation. The results showed that mutant VP3-NΔ100 was able to interact with VDAC1;
however, mutants VP3-CΔ30 and VP3-CΔ100 exhibited no interactions with VDAC1,
suggesting that the VDAC1 interaction domain of VP3 is located within the last 30
amino acids of the carboxyl terminus of VP3 (Fig. 3I and J). In conclusion, the results
obtained from immunoprecipitation and confocal microscopy experiments show that
VDAC1 interacts with IBDV VP1-VP3 complexes.

RNA bridges interactions between VDAC1 and IBDV VP1-VP3 complexes. VP3 is
an RNA binding protein capable of binding both single-stranded RNA and dsRNA (25).
Hence, we sought to determine whether the VDAC1-VP1 or VDAC1-VP3 association was
caused by protein interactions or RNA bridging. We treated cells transfected with

FIG 2 Knockdown of VDAC1 inhibits replication of IBDV. (A) Effects of VDAC1 RNAi on the expression of endogenous VDAC1. DF-1 cells were transfected
with siRNA (RNAi#1, RNAi#2, or RNAi#3) or scrambled siRNA (Sc.). Cell lysates were harvested 48 h after the second transfection and examined by Western
blotting with anti-VDAC1 antibody. Endogenous �-actin expression was used as an internal control. (B) Relative intensities of VDAC1 in knockdown cells.
�-Actin was used as a protein loading control. Representative results are shown, with bars representing the intensities of VDAC1/actin normalized to the
control condition. (C and D) Scrambled RNAi cells and VDAC1 RNAi cells were infected with IBDV at an MOI of 1. At different time points (12, 24, and 36
h) after IBDV infection, the infectious viral loads in the cell cultures (C) or supernatants (D) were determined by TCID50 analysis using 96-well plates. (E)
Scrambled RNAi cells and VDAC1 RNAi cells were infected as described for panels C and D. Cells were harvested 12 and 24 h after infection and examined
by Western blotting with antibodies against VP1, pVP2, VP3, and VP5. Endogenous �-actin expression was used as an internal control. (F to I) Relative
intensities of viral proteins VP5 (F), VP3 (G), pVP2 (H), and VP1 (I) in VDAC1 siRNA-treated cells. (J to L) Control RNAi cells and VDAC1 RNAi cells were infected
as described for panels C and D. Cells were harvested 12 and 24 h after infection, and RNA levels of VP5 (J), pVP2 (K), and VP1 (L) were determined by
qRT-PCR. Data are means and SD for three independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001 versus control (two-way
ANOVA).
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FIG 3 VDAC1 interacts with viral proteins VP1 and VP3 but not with VP5. (A) 293T cells were transfected with VP5 and
VDAC1 expression plasmids. Cell lysates were prepared 48 h after transfection, immunoprecipitated (IP) with anti-HA
antibody, and immunoblotted with anti-FLAG or anti-HA antibody. (B) 293T cells were transfected as described for panel
A. Cell lysates were prepared 48 h after transfection, immunoprecipitated with anti-VDAC1 antibody, and immunoblotted
with anti-FLAG or anti-HA antibody. (C) 293T cells were transfected with VP1 and VDAC1 expression plasmids. Cell lysates
were prepared 48 h after transfection, immunoprecipitated with anti-Myc antibody, and immunoblotted with anti-FLAG or
anti-Myc antibody. (D) 293T cells were transfected as described for panel C. Cell lysates were prepared 48 h after
transfection, immunoprecipitated with anti-VDAC1 antibody, and immunoblotted with anti-FLAG or anti-Myc antibody. (E)
293T cells were transfected with VP3 and VDAC1 expression plasmids. Cell lysates were prepared 48 h after transfection,
immunoprecipitated with anti-HA antibody, and immunoblotted with anti-FLAG or anti-HA antibody. (F) 293T cells were
transfected as described for panel E. Cell lysates were prepared 48 h after transfection, immunoprecipitated with
anti-VDAC1 antibody, and immunoblotted with anti-FLAG or anti-HA antibody. (G) DF-1 cells were transfected with VP3
and/or VDAC1 for 24 h and then fixed and processed for dual labeling. Cell nuclei were counterstained with DAPI (blue).
VP3 (green) and VDAC1 (red) proteins were visualized by immunostaining with monoclonal anti-HA and polyclonal
anti-VDAC1 antibodies, respectively, and were analyzed using confocal microscopy. Bars, 10 �m. (a to d) Location of
VDAC1; (e to h) location of VP3; (i to l) location of VP3 and VDAC1. VP3 staining is shown in green, and VDAC1 staining
is shown in red; areas of colocalization in merged images are shown in yellow. (H) DF-1 cells were transfected with VP1
and/or VDAC1 for 24 h and then fixed and processed for dual labeling. Cell nuclei were counterstained with DAPI (blue).
VP1 (green) and VDAC1 (red) proteins were visualized by immunostaining with monoclonal anti-Myc and polyclonal
anti-VDAC1 antibodies, respectively, and were analyzed using confocal microscopy. Bars, 10 �m. (a to d) Location of

(Continued on next page)
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VDAC1 plus VP1 or VDAC1 plus VP3 with RNase T1 and RNase A. As shown in Fig. 4C,
RNase treatment led to complete digestion of internal RNA. We then performed
immunoprecipitation assays with HA or Myc antibody, followed by Western blotting
with the VDAC1 antibody. We found that before RNase digestion, VDAC1 was detected
in the precipitate for cells expressing VP1 plus VDAC1 or VP3 plus VDAC1; however,
VDAC1 was not detected in either precipitate following digestion with RNase (Fig. 4A
and B). These findings suggest that the VDAC1-VP1 and VDAC1-VP3 associations are
caused by viral and/or cellular RNA bridging.

Overexpression of VDAC1 enhances IBDV polymerase activity, and knockdown
of VDAC1 suppresses IBDV polymerase activity. VP1-VP3 complexes have been
shown to be involved in polymerase activation, during which VP3 binding promotes a
conformational change that removes the steric blockade of the VP1 active site (9). To

FIG 3 Legend (Continued)
VDAC1; (e to h) location of VP1; (i to l) location of VP1 and VDAC1. VP1 staining is shown in green, and VDAC1 staining
is shown in red; areas of colocalization in merged images are shown in yellow. (I) Schematic representing the genes
encoding the full-length VP3 protein and truncated VP3 molecules (CΔ30, CΔ100, and NΔ100). The numbers after “Δ”
indicate the numbers of amino acids deleted from the C-terminal or N-terminal end of VP3. (J) Interaction between VDAC1
and truncated VP3 proteins. We transfected 293T cells with full-length HA-VP3 or truncated HA-VP3 molecules. Cell lysates
were prepared 48 h after transfection, immunoprecipitated with anti-HA antibody, and immunoblotted with anti-FLAG or
anti-HA antibody.

FIG 4 RNA bridges the interaction between VDAC1 and IBDV VP1-VP3 complexes. (A) 293T cells were
transfected with VP1 and/or VDAC1 expression plasmids. Cell lysates were prepared 48 h after transfec-
tion, and then lysates with VDAC1-VP1 association were subjected to RNA digestion with RNase A and
RNase T1 for 1 h at room temperature. Untreated cells were used as controls. All lysates were used for
immunoprecipitation (IP). IP was performed with anti-Myc antibody, and lysates were immunoblotted
with anti-FLAG or anti-Myc antibody. (B) 293T cells were transfected with VP3 and/or VDAC1 expression
plasmids, and lysates of the VDAC1-VP3 cotransfection mixture were subjected to RNA digestion with
RNase A and RNase T1 for 1 h at room temperature. Untreated cells were used as controls. All lysates were
used for immunoprecipitation (IP). IP was performed with anti-HA antibody, and lysates were immuno-
blotted with anti-FLAG or anti-HA antibody. (C) A portion of each sample was analyzed for RNA content
by electrophoresis on a 1% agarose gel. Lanes: �, samples without RNA digestion; �, samples with RNA
digestion.
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determine the role of VDAC1 in RNP complexes, we measured IBDV polymerase activity.
In a previous study, researchers established a luciferase assay for detecting IBDV
polymerase activity in DF-1 cells (26); here we used a similar method to assess
polymerase activity in 293T cells exhibiting overexpression or knockdown of VDAC1.
These cells were then transfected with IBDV-dependent luciferase reporter plasmids.
The results showed that overexpression of VDAC1 enhances IBDV polymerase activity
(Fig. 5A and B). In addition, VP3 was used to replace segment A in the polymerase
activity detection system, and the results showed that VP3 was able to replace segment
A to execute polymerase activity (Fig. 5C and D). Moreover, we used three VDAC1-
specific siRNAs and found that one significantly reduced cellular levels of VDAC1 (Fig.
5E and F). Knockdown of VDAC1 led to a 4-fold decrease in IBDV polymerase activity
(Fig. 5G and H).

VDAC1 enhances IBDV polymerase activity through its ability to stabilize
interactions in RNP complexes. IBDV RNPs are composed of viral proteins VP1 and
VP3 as well as dsRNA. The stability of the RNP components is considered to be a factor
in mediating IBDV polymerase activity. As mentioned above, the VP1 binding domain
of VP3 is located in the 16 residues at the C-terminal end of VP3 (24), and we found that
the 30 amino acids at the C-terminal end of VP3 are responsible for interacting with
VDAC1. To test the possibility that an increase in polymerase activity was due to a
stabilizing effect of VDAC1 on IBDV RNPs, we transfected cells with a VDAC1-specific

FIG 5 VDAC1 enhances IBDV polymerase activity in vitro. (A and B) Polymerase activity assays were performed with 293T cells expressing
an IBDV segment B-driven luciferase minigenome system including segment A, segment B, TK, and VDAC1 or empty vector. VDAC1, VP1,
and VP3 protein expression was analyzed by Western blotting. (C and D) Polymerase activity assays were performed as described for
panels A and B, but with VP3 instead of segment A. VDAC1, VP1, and VP3 protein expression was analyzed by Western blotting.
Endogenous �-actin expression was used as an internal control. (E) Effects of VDAC1 RNAi on the expression of endogenous VDAC1. 293T
cells were transfected with specific siRNA (RNAi#1, RNAi#2, or RNAi#3) or a control. Cell lysates were harvested 48 h after the second
transfection and examined by Western blotting with anti-VDAC1 antibody. Endogenous �-actin expression was used as an internal control.
(F) Relative intensities of VDAC1 in VDAC1 siRNA-treated cells. �-Actin was used as a protein loading control. Representative results are
shown, with bars representing the intensities of VDAC1/actin bands normalized to the control condition. (G and H) 293T cells were
transfected with scrambled control or VDAC1 siRNA. Polymerase activity assays were performed 36 h after transfection as described for
panels C and D. VDAC1, VP1, and VP3 protein expression was analyzed by Western blotting. Endogenous �-actin expression was used as
an internal control.
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siRNA or a scrambled siRNA control, and 36 h later, we transfected cells with the
plasmids HA-VP3 and MYC-VP1. We then performed an immunoprecipitation assay to
detect an interaction between VP1 and VP3. When lysates of cells expressing both VP1
and VP3 were immunoprecipitated with the Myc antibody, VP3 was detected in the
precipitates, indicating that VP1 interacts with VP3. Levels of VP3 detected in the
precipitates of VDAC1 knockdown cells were lower than those in the precipitates of
scrambled siRNA-treated cells (Fig. 6A and B). Moreover, when lysates of cells were
immunoprecipitated with HA antibody, VP1 was detected in the precipitates, and levels
of VP1 detected in the precipitates of VDAC1 knockdown cells were lower than those
in the precipitates of scrambled siRNA-treated cells (Fig. 6C and D). These findings
demonstrate that knockdown of VDAC1 weakens the interaction between VP1 and VP3
in both directions. This indicates that the observed increase in viral polymerase activity
may be due to the stabilizing effect of VDAC1 on IBDV RNP complexes.

DISCUSSION

Virus-encoded RdRp is a significant component in the life cycle of RNA viruses, being
responsible for both genome replication and transcription. IBDV ribonucleoprotein
(RNP) complexes are formed by the RdRp, the genome segments, and the dsRNA-
binding VP3 polypeptide, and the RNP complexes execute viral dsRNA replication and
transcription (11). The C-terminal end of VP3 is necessary for mediating VP1 and dsRNA
binding and for modulating the activity of polymerase. Until now, rarely have cellular
factors been identified as being involved in IBDV replication through mediating poly-
merase activity (27). In this study, we provide further evidence for the involvement of
a cellular factor, VDAC1, which plays a role in enhancing IBDV polymerase activity
during IBDV replication through its ability to stabilize interactions in RNP complexes.

VDAC1 is a pore-forming protein found in the OMM of all eukaryotes (15), and its
expression is associated with many diseases (19, 28). Studies have shown that the
expression of VDAC1 is much higher in tumor cells than in normal cells (29–31), and the
increased expression of VDAC1 serves as an important factor in the process of
mitochondrion-mediated apoptosis (19, 32–35). Viruses are known to modulate apop-
tosis at the mitochondrial level via multiple strategies (36–40). Previously, VDAC2 (a
member of the VDAC family) was reported to be involved in regulating IBDV replication
through modulating VP5-induced apoptosis (23, 41). In this study, we demonstrated
that the expression of VDAC1 is upregulated following IBDV infection. In order to reveal

FIG 6 VDAC1 expression enhances IBDV polymerase function through its ability to stabilize the interaction between VP1
and VP3. (A) 293T cells were transfected with scrambled control or VDAC1 siRNA. Cells were transfected with VP1 and VP3
36 h later. Cell lysates were prepared 36 h after transfection, immunoprecipitated with anti-Myc antibody, and immuno-
blotted with anti-Myc, anti-VDAC1, or anti-HA antibody. (B) Relative intensities of VP3 in VDAC1 siRNA-treated cells. �-Actin
was used as a protein loading control. Representative results are shown, with bars representing the intensities of VP3/actin
bands normalized to the control condition. (C) 293T cells were transfected as described for panel A. Cell lysates were
prepared, immunoprecipitated with anti-HA antibody, and immunoblotted with anti-Myc, anti-VDAC1, or anti-HA antibody.
(D) Relative intensities of VP1 in VDAC1 siRNA-treated cells. �-Actin was used as a protein loading control. Representative
results are shown, with bars representing the intensities of VP1/actin bands normalized to the control condition. Data are
means and SD for three independent experiments. *, P � 0.05; ****, P � 0.0001 versus control (unpaired t test).
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the role of VDAC1 in the progress of IBDV replication, we first examined whether VDAC1
is involved in virus growth. Our results showed that knockdown of VDAC1 impairs IBDV
replication, as viral loads, viral RNA abundances, and expression of viral proteins were
much lower in VDAC1 knockdown cells than in scrambled siRNA-treated control cells.
We therefore sought to elucidate the mechanisms of action of VDAC1. Although we
found that knockdown of VDAC1 reduced IBDV-induced apoptosis and inhibited the
activities of caspase-9 and caspase-3 (data not shown), we could not distinguish an
effect on virus replication from a direct effect on apoptosis, because a viral replication
reduction means that the cell receives less of the stimulatory signal to induce apoptosis.
To illustrate this point, we identified the interactions between viral proteins and VDAC1.
The viral proteins VP2 and VP5, which are associated with apoptosis, displayed no
interaction with VDAC1, indicating that the mechanisms of action of VDAC1 in the
process of IBDV replication are not directly related to apoptosis (Fig. 3A and B and data
not shown). Interestingly, we found that both VP1 and VP3, the components of IBDV
RNPs, interacted with VDAC1, and we also found that RNA bridges the interaction
between VDAC1 and IBDV VP1-VP3 complexes. Both of these results indicate that
VDAC1 may play a vital role in modulating polymerase activity.

To support this hypothesis, a minigenome assay was performed by overexpressing
and knocking down VDAC1. The results indicate that overexpression of VDAC1 en-
hances polymerase activity, and in contrast, knockdown of VDAC1 reduces polymerase
activity. How does the VDAC1 protein regulate IBDV polymerase activity? RNA and the
VP1 and VP3 proteins can bind to VDAC1, and the three components of IBDV RNP
complexes display a stable structure in which the dsRNA genome is wrapped with VP3
molecules and both ends of the dsRNA molecules are bound covalently with VP1 (12,
42); moreover, VP1 interacts with VP3 at the C-terminal tail of VP3. Considering the
structure of RNPs and the fact that the VDAC1 binding domain of VP3 is located in the
last 30 amino acids at the C-terminal end of the protein, together with our observation
that the presence of VDAC1 can increase the polymerase activity of IBDV in vitro, we
speculate that VDAC1 likely plays a role in modulating the formation of RNP complexes.
A complementary immunoprecipitation approach led us to the conclusion that VDAC1
is necessary and sufficient for stabilizing the interaction between VP1 and VP3. Our
findings in this study further provide novel insight into virus-host interactions that are
specifically involved in stimulating viral RNA polymerase activities.

In conclusion, we have newly identified a member of the VDAC family, VDAC1, as an
enhancer of IBDV replication. Our detailed molecular analysis revealed that VDAC1
interacts with IBDV RNP complexes and enhances viral RNA polymerase activity
through its ability to stabilize the interaction between VP3 and VP1. These results not
only increase our knowledge of host factors involved in regulating the IBDV RNA
polymerase but also provide novel insight into our functional understanding of VDAC1
during viral infection.

MATERIALS AND METHODS
Cells, viruses, and antibodies. DF-1 (immortal chicken embryo fibroblast) cells and 293T human

embryonic kidney cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA)
supplemented with 10% fetal bovine serum (FBS), 1% glutamine (Gibco), and 1% penicillin-streptomycin
(Gibco) in a 5% CO2 incubator. Primary chicken embryo fibroblast (CEF) cells were prepared from
9-day-old specific-pathogen-free chicken embryos. The animal experiment was approved by the Com-
mittee of the Ethics of Animal Experiments at the Harbin Veterinary Research Institute, Chinese Academy
of Agricultural Sciences. The Gt strain of IBDV was identified and preserved in our laboratory. Antibodies
used in the study included mouse anti-FLAG M2 (F1804; Sigma, USA), rabbit anti-FLAG (F2555; Sigma),
rabbit anti-VDAC1/Porn (ab15895; Abcam, United Kingdom), rabbit anti-HA (H6908; Sigma), mouse
anti-HA (H9658; Sigma), mouse anti-�-actin monoclonal antibody (MAb) (A1978; Sigma), mouse anti-Myc
(M4439; Sigma), rabbit anti-Myc (SAB4300319; Sigma), goat anti-mouse IgG(H�L)–Alexa Fluor 488
(A-11008; Invitrogen, USA), goat anti-rabbit IgG(H�L)–Alexa Fluor 633 (A-21070; Invitrogen), IRDye
800CW– goat anti-mouse IgG(H�L) (926-32210; LiCor Bio-Sciences, USA), and IRDye 800CW– goat anti-
rabbit IgG(H�L) (926-32211; LiCor Bio-Sciences).

IBDV infection and titration. For viral infection, DF-1 cells were grown to approximately 90%
confluence and washed once with phosphate-buffered saline (PBS); the cells were then incubated in 1
ml DMEM with 2% FBS, and dilute viruses were incubated with cells for 1.5 h. Subsequently, the viral
inoculum was removed, and cells were maintained with DMEM containing 10% FBS at 37°C until
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collection. The primary CEF cultures were used to titrate infectious progeny virus after various treat-
ments. Infected cell cultures and supernatants were harvested at different time points (12, 24, and 36 h)
after infection, and the titers of infectious viral progeny present in the cultures and supernatants were
determined in terms of TCID50/100 �l, using the Reed-Muench formula (43). All experiments were
repeated three times, and the means and standard deviations were calculated.

Construction of plasmids. IBDV VP2, VP3, VP4, VP5, and pVP2 were cloned by inserting the viral
genes of the IBDV Gt strain into the pCAGGS plasmid, with an HA tag inserted at the N terminus of the
expressed proteins. IBDV VP1 was constructed with a Myc tag at the C terminus. VDAC1 was cloned from
the cDNA of DF-1 cells by use of specific primers and was cloned into the pCAGGS plasmid with a FLAG
tag. Truncated expression plasmids for VP3 (VP3-CΔ30, amino acids [aa] 1 to 227; VP3-CΔ100, aa 1 to 157;
and VP3-NΔ100, aa 101 to 257) were cloned by inserting the corresponding genes into the pCAGGS
plasmid with an HA tag at the C terminus. For luciferase assays, the expression plasmids were generated
as part of a previously established RNA polymerase II reverse genetics system (44).

Transfection and siRNA knockdown. DF-1 cells were transfected at 80% confluence by use of
X-tremeGENE HP DNA transfection reagent (Sigma) according to the manufacturer’s instructions. Three
siRNAs specifically targeting the VDAC1 mRNA of Gallus or Homo sapiens were designed by the
Genechem Company (China) to study viral replication and polymerase function. The siRNAs for knock-
down of VDAC1 in DF-1 cells included RNAi#1 (sense, 5=-GUAGCUUGGAAACCAAAUATT-3=), RNAi#2
(sense, 5=-AUAUGGGCUGAUGUUCACGTT-3=), RNAi#3 (sense, 5=-CGGAAUAGCAGCCAAGUAUTT-3=), and a
negative control (sense, 5=-UUCUCCGAACGUGUCACGUTT-3=). The siRNAs for knockdown of VDAC1 in
293T cells included RNAi#1 (sense, 5=-CUGACGUUUACAGAGAAAUTT-3=), RNAi#2 (sense, 5=-GCGACAUG
GAUUUCGACAUTT-3=), and RNAi#3 (sense, 5=-GCGGCUCCAUUUACCAGAATT-3=). siRNA transfections
were performed using RNAiMAX (Invitrogen) according to the manufacturer’s instructions. Double
transfections were performed at 24-h intervals. Twenty-four hours after the second transfection, cells
were harvested for further analysis. The siRNA with the highest knockdown efficiency was chosen for
evaluation of the influence of VDAC1 on IBDV replication and polymerase function. For the replication
study, siRNA-transfected cells were infected with the IBDV Gt strain at a multiplicity of infection (MOI) of
1 and cultured for an addition 12, 24, or 36 h. The supernatants and cell cultures were then collected to
detect viral titers of IBDV. For the polymerase function study, Gt-Luc reporter plasmids were transfected
into siRNA-transfected cells for another 36 h.

Coimmunoprecipitation and Western blot analysis. First, 293T cells were seeded into 6-well plates
and cultured for at least 12 h before being transfected with pCAGGS-HA-VP5, pCAGGS-HA-VP3, pCAGGS-
MYC-VP1, and/or pCAGGS-FLAG-VDAC1 by use of X-tremeGENE HP DNA transfection reagent (Sigma).
Next, 48 h after transfection, transfected cells were lysed in Pierce IP buffer (Thermo Fisher Scientific, USA)
containing protease inhibitor cocktail (Roche, Switzerland). Supernatants were obtained by centrifuga-
tion and were incubated with 2 �g anti-HA or anti-Myc mouse MAb or anti-VDAC1 rabbit polyclonal
antibody at 4°C for 6 to 8 h. After incubation with antibody, 25 �l of protein G Sepharose beads (Roche)
was added, and the samples were incubated at 4°C overnight. Beads were washed five times with PBS
containing protease inhibitor cocktail and then boiled with 2� SDS loading buffer for 10 min. Subse-
quently, the samples were fractionated by electrophoresis on 12% SDS-polyacrylamide gels, and resolved
proteins were transferred onto nitrocellulose membranes. After blocking with 5% skim milk, the
membranes were incubated with rabbit anti-Myc, rabbit anti-HA, and mouse anti-FLAG antibodies,
followed by IRDye 800CW– goat anti-mouse IgG secondary antibody and IRDye 800CW– goat anti-rabbit
IgG secondary antibody. The membrane blots were scanned using an Odyssey infrared imaging system.

Confocal microscopy assay. To verify the interaction between VP3 and VDAC1, DF-1 cells were
transfected with pCAGGS-FLAG-VDAC1 and/or pCAGGS-HA-VP3 for 24 h. At the same time, pCAGGS-
FLAG-VDAC1 and/or pCAGGS-MYC-VP1 was also transfected into DF-1 cells for 24 h to determine the
interaction between VDAC1 and VP1. The cells were washed with PBS three times and fixed with 4%
formaldehyde for 30 min, followed by permeabilization with 0.1% Triton X-100 in PBS for 15 min. Samples
were rinsed with PBS and blocked with 5% skim milk in PBS at 37°C for 1 h before being incubated with
anti-VP3 (1:500) and anti-VDAC1 (1:100) antibodies or anti-Myc (1:200) and anti-VDAC1 (1:100) antibodies
diluted in PBS for 1 h at 37°C. The cells were washed three times with PBS and then incubated with the
Alexa 488 –anti-mouse and Alexa 633–anti-rabbit (1:1,000) secondary antibodies. Finally, cells were
stained with DAPI (Beyotime, China) at 25°C for 20 min. After staining, the cells were washed several
times and examined using a Leica SP2 confocal microscope system (Leica Microsystems, Germany).

qRT-PCR. Total RNA was extracted using an RNeasy minikit (Qiagen, Germany), and 2 �g of RNA was
reverse transcribed into cDNA by use of a SuperScript III reverse transcription system (Invitrogen) in a
20-�l reaction mixture. cDNA was analyzed by qRT-PCR using Thunderbird probe qPCR mix (Toyobo,
Japan). Specific primers and TaqMan probes for chicken actin as well as for IBDV VP1, pVP2, and VP5 were
synthesized by Invitrogen (China). TaqMan probes for chicken VDAC1 were designed by Life Technolo-
gies, USA. qRT-PCR was performed under the following cycling conditions: 95°C for 1 min for initial
denaturation, followed by 40 cycles of 95°C for 15 s for denaturation, 60°C for 1 min, and collection of
PCR product signals. All controls and infected samples were examined in triplicate on the same plate.
cDNA quantities were normalized to actin cDNA quantities measured from the same samples.

IBDV minigenome system for detection of polymerase activity. Human 293T cells were seeded
into 12-well plates. After 24 h, cells were transfected with an expression plasmid (1 �g of pCAGGS-
FLAG-VDAC1 or empty vector), the vector pRL-TK (200 ng), 1 �g each of RNA polymerase plasmids
pCAGGS-GtB, pCAGGS-GtA, and/or pCAGGS-GtVP3, and the luciferase reporter genome plasmid
pCAGGS-Luc-Gt by use of X-tremeGENE HP DNA transfection reagent (Sigma). The pRL-TK vector was
used as an internal control to correct for differences in both transfection and harvest efficiencies.
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Thirty-six hours after transfection, cells were lysed and analyzed by use of a dual-luciferase reporter assay
kit according to the manufacturer’s instructions (Promega, USA).

RNAi#2, targeting the VDAC1 mRNA of H. sapiens, and the negative siRNA control were transfected
into 293T cells by use of RNAiMAX according to the manufacturer’s instructions. Double transfections
were performed at 24-h intervals; 24 h after the second transfection, cells were transfected with the
pRL-TK vector (200 ng), 1 �g each of RNA polymerase plasmids pCAGGS-GtB and pCAGGS-GtVP3, and the
luciferase reporter genome plasmid pCAGGS-Luc-Gt. Finally, 36 h after transfection, cells were harvested
for analysis of polymerase activity.

Statistical analysis. Data are presented as means � standard deviations (SD). For some experiments,
the significance of the variability between different groups was determined by two-way analysis of
variance (ANOVA), using GraphPad Prism software (version 6.0). P values of �0.05 were considered
statistically significant and are marked with asterisks in figures. For other experiments, the statistical
analyses were done with the unpaired t test. P values of �0.05 were considered significant.
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