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Abstract Infectious bursal disease virus (IBDV) is the
etiological agent of a highly contagious disease in chick-
ens. In a recent report, proteasome inhibitor MG132 has
been shown to completely inhibit IBDV-induced apoptosis.
This raises the possibility that the ubiquitin—proteasome
pathway may be used by the virus to promote viral repli-
cation. In this study, we examined the interplay between
IBDV replication and the ubiquitin—proteasome pathway in
cultured cells. Treatment of DF-1 cells with the proteasome
inhibitors MG132 or lactacystin significantly decreased
virus release in the supernatant and prevented virus-in-
duced cytopathic effect. Inhibition of the ubiquitin—pro-
teasome pathway did reduce markedly viral RNA
transcription and protein translation but not affect virus
internalization. We also demonstrated that IBDV activates
caspase pathway via triggering the efflux of cytochrome ¢
in mitochondria into cytosol of infected cells. This activity
was dose-dependently reduced by proteasome inhibitor
treatment. Taken together, our data suggest that protea-
some inhibitor reduces IBDV replication through inhibition
of viral RNA transcription and protein synthesis, and thus
preventing IBDV-induced apoptosis.
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Introduction

Infectious bursal disease virus (IBDV) is the etiological
agent of infectious bursal disease (IBD), which is a highly
contagious disease in 3- to 15-weeks-old chickens. The virus
replicates in the cytoplasm of infected cells and targets the
precursors of antibody-producing B cells in the bursa of
Fabricius (BF). Infection by this virus leads to a severe
immunosuppression characterized by the destruction of B
cells present in the BF. The induced immunodepression in-
creases susceptibility to other pathogens [1]. Two distinct
serotypes (I and II) are recognized for IBDV. The serotype [
virus strains differ markedly in virulence, classic and very
virulent IBDV strains cause hemorrhagic inflammation of
the BF, whereas variant strains cause rapid bursal atrophy
without evoking an inflammation response [1, 2]. In contrast
to the serotype I, the serotype II viruses are naturally aviru-
lent for chickens [3]. IBD is one of the most important dis-
eases affecting the poultry industry worldwide.

IBDV is a member of the Birnaviridae family, and its
genome consists of two segments of double-stranded RNA,
designated A (=3.2 kb) and B (=2.8 kb). Segment A has two
partially overlapping open reading frames (ORFs). The
smaller ORF encodes VP35, a nonstructural protein of 17 kDa,
which is not required for viral replication [4]. The larger ORF
encodes a 110-kDa polyprotein precursor in the order NH,-
pVP2-VP4-VP3-COOH. The polyprotein appears to be
cotranslationally processed through the proteolytic activity of
the viral protease, VP4, to generate pVP2, VP4, and VP3
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[5-7]. pVP2, the VP2 precursor, is further processed at its C
terminus to become VP2 through the cleavage of three ala-
nine—alanine bonds and an alanine—phenylalanine bond [8].
VP2 and VP3 are structural proteins forming the virus capsid
[6]. Segment B encodes VP1 which is known as a multi-
functional protein with polymerase and capping enzyme
activities [9, 10].

To successfully infect a host, viruses have to both exploit
the cellular resources and at the same time avoid defense
reactions of the host organism. One of the common obstacles
facing a virus is the overwhelming stoichiometric imbalance
of the target proteins over those encoded by the virus. To
overcome this, many viruses have evolved the ability to
utilize the host protease machinery to direct cellular protein
degradation for their survival and replication [11]. 26S
proteasome is a large multi-subunit complex that selectively
degrades intracellular proteins. It is involved in a wide variety
of proteolytically mediated intracellular processes, such as
cell cycle progression, apoptosis, metabolic regulation, and
transcriptional control [12]. The majority of proteins that
target the proteasome are tagged with polyubiquitin, which
serves as a signal for their degradation. In the process of
protein degradation, substrates are first tagged by ubiquitin
by three enzymes, ubiquitin-activating enzyme (El en-
zyme), ubiquitin-conjugation enzyme (E2 enzyme), and
ubiquitin ligase (E3 ligase) [13]. The polyubiquitinated
proteins are then rapidly degraded by the proteasome. Recent
studies have implicated that the ubiquitin—proteasome
pathway might play key roles in virus infection and facili-
tates activities required for various aspects of the virus life
cycle, from entry [14] through replication [15, 16] and en-
hanced cell survival [11] to viral release [17, 18]. In addition,
proteasome inhibitors reduce the replication or progeny re-
lease of several viruses, including coxsackievirus B3 [19],
human cytomegalovirus [20], human immunodeficiency
virus type 1 [21], and Sendai virus [22].

IBDV has been previously shown to induce apoptosis
both in vitro and in vivo [23-27], and recently demon-
strated that IBDV-induced apoptosis was through activat-
ing caspases-3 and -9 activities which were completely
inhibited by treatment with proteasome inhibitor MG132
[28], suggesting that the proteasome inhibitor blocks
IBDV-induced apoptosis. But, whether inhibition of IBDV-
induced apoptosis by treatment with proteasome inhibitors
is associated with reduction of viral replication is still
unclear. However, these results raise the possibility that the
ubiquitin—proteasome pathway may be used during IBDV
infection to promote viral replication and infectivity. Thus,
in the present study, we attempted to explore the role of
proteasome inhibition in IBDV infectivity and the mecha-
nisms contribute to proteasome inhibitor suppression of
IBDV replication in cultured cells and then the relationship
between IBDV-induced apoptosis and viral replication.
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Materials and methods
Virus and cell culture

A DF-1 chicken embryo fibroblast (CEF) cell line [29] was
maintained in Dulbecco’s modified Eagle medium (DMEM)
(GIBCO) supplemented with 10% fetal bovine serum (FBS)
and 100 U/ml of penicillin G, and 100 pl/ml streptomycin at
39°C in a humidified 5% CO, incubator. The IBDV strain
LM [30], a CEF cells-adapted virus, was used in the study.

Virus infection

DF-1 cells were infected at a multiplicity of infection (MOI)
of 0.1-100 with IBDV strain LM for 60 min. Cells were
washed with PBS and cultured in fresh DMEM medium
containing 10% fetal calf serum. For inhibitor experiments,
DF-1 cells after adsorption with IBDV were incubated with
proteasome inhibitor MG132 or lactacysin (Calbiochem,
San Diego, CA) for 6 h. Cells were then incubated with 10%
DMEM medium without proteasome inhibitors.

TCIDs, assay

The amount of IBDV produced was measured on mono-
layers of DF-1 cells. Cell supernatant was serially diluted
and inoculated on monolayers of DF-1 cells. Following 1 h
of incubation, fresh DMEM medium was added and incu-
bated. Three days post-infection (p.i.), cytopathic effect
(CPE) was observed under a microscopy and virus titer was
determined as TCIDsq per 0.1 ml.

Cell viability assay

A modified 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymeth-
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS)
assay, which measures mitochondrial function, was used to
determine cell viability according to the manufacturer’s
instruction (Promega). Twenty-one hour p.., cells were
incubated for 2 h in MTS solution, and absorbance was
measured at 490 nm with an ELISA reader. The conversion
of MTS into the aqueous soluble formazan product is
accomplished by dehydrogenase enzymes found in meta-
bolically active cells. The quantity of formazan product as
measured is directly proportional to the number of living cells
in culture. IBDV-infected DF-1 cells were also examined for
morphological changes by phase-contrast microscopy.

Indirect fluorescence assay (IFA)

For infection, DF-1 cells grown on 96-well plate were
incubated with the IBDV strain LM for 60 min at 39°C at a
MOI of 20 TCIDsy and added to DMEM for incubation.
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Following the incubation at 39°C, cells at 18 h p.i. were
washed with PBS and fixed for 30 min at room temperature
(RT) with 4% paraformaldehyde (PFA) in PBS. After fix-
ation, the cells were blocked by PBS with 3% BSA at RT
for 1 h. Primary antibody, guinea pig anti-VP2 polyclonal
antibody, was diluted in PBS with 3% BSA and incubated
with the cells for 1 h at 37°C. After washing with PBS, the
cells were incubated with goat anti-guinea pig FITC-con-
jugated antibody (DAKO) diluted in PBS with 3% BSA for
1 h at 37°C. The cells were washed three times with PBS
and examined using a fluorescence microscopy.

Real-time RT-PCR

Total cell RNAs were prepared from virus-infected DF-1
cells 18 h after being treated with various concentrations of
MG132 by using Trizol RNA extract reagent (Invitrogen)
for reverse transcription (RT)-PCR. Real-time RT-PCR
assays for VP2 wused the VP2-F5 (5-CTGACTA
CCGGCATCGACA-3") and VP2-R3 (5-CCACTTGCC
GACCATGA-3’) primer pair, which target a 133-nucleo-
tide (nt) region of VP2, and were normalized with f-actin
primers (sense, 5-GAGAAATTGTGCGTGACATCA-3;
antisense, 5-CCTGAACCTCTCATTGCCA-3") in sepa-
rate reactions. RT reactions were performed with avian
myeloblastosis virus reverse transcriptase (Roche) using
antisense primers. The amplification protocol followed the
instructions of a LightCycler Fast Start DNA Master™"s
SYBR Green I kit (Roche). The PCR parameters consisted
of an initial denaturation at 94°C for 5 min, followed by
40 cycles of 94°C for 5 s, 55°C for 5 s and 72°C for 25 s.
Subsequent melting curve analysis and C7 value determi-
nation were performed using Roche LightCycler software
version 3.5. Each sample was run in triplicate. The relative
amount of target viral mRNA was normalized to that of
f-actin mRNA in the same sample.

Preparation of whole cell lysates and cytosolic extracts

DF-1 cells grown in T-75 flasks at 18 h of p.i. were collected
by centrifugation at 500 X g for 10 min. For whole cell
lysates preparation, the cell pellets were washed twice with
ice-cold PBS (pH 7.4) and lysed by vigorous vortexing in
100 pl of 6 M guanidine hydrochloride containing 250 mM
Tris—=HCI (pH 8.5), 10 mM EDTA, 150 mM f-mercapto-
ethanol, and 1 mM phenylmethylsulfonyl fluoride (PMSF).
Cytosolic extracts were prepared as previously described
[31]; the cell pellets were washed twice with ice-cold PBS
and resuspended with 400-500 pl of buffer (250 mM su-
crose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl,, | mM
EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM PMSF,
pH 7.5). The cells were homogenized and centrifuged twice

at 10,000 x g for 15 min at 4°C. The supernatants were
further centrifuged at 10,000 x g for 1 h at 4°C, and the
resulting supernatants (cytosolic extracts) were frozen as
aliquots at —80°C for subsequent experiments. The whole
lysates and cytosolic extracts were subjected to SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) and immuno-
blotting.

Western blot analysis

For the analysis of VP2 protein, the whole cell lysates were
resolved on 10% SDS-PAGE and blotted onto nitrocellu-
lose (NC) membranes (Stratagene) with a semidry transfer
cell (Bio-Rad Trans-Blot SD). The membranes were
blocked for 2 h at RT in blocking buffer TBST (20 mM
Tris—HCI [pH 7.4], 150 mM NacCl, 0.1% Tween-20) con-
taining 5% skim milk powder to prevent nonspecific
binding, and then incubated with guinea pig anti-VP2
antibody at RT for 2 h. For cytochrome ¢ detection, protein
samples from the cytosol extracts were resolved on 12%
SDS-PAGE and transferred to NC membranes as
described. The rabbit anti-cytochrome c¢ antibody (Santa
Cruz Biotechnology) diluted in blocking buffer. Then, the
membranes were washed three times with TBST, and
incubated for 1 h at RT with horseradish peroxidase-con-
jugated anti-guinea pig or rabbit secondary antibody
(DAKO) diluted in blocking buffer. After washing, the
membrane was reacted with 3,3’-diaminobenzidine tetra-
hydrochloride (Pierce, Rockford, IL, USA) substrate, and
then stopped with distilled water. As a load control,
monoclonal antibody against f-actin (Santa Cruz Bio-
technology) was also used in Western blot analysis.

Fluorimetric assay of caspase activity

Spectrofluorometric assays of proteolytic activity were
carried out using synthetic fluorogenic substrates 7-amino-
4-trifluoromethyl coumarin (AFC) to measure caspase-3
activity or 7-amino-methyl coumarin (AMC) to measure
caspase-9 activity. BD ApoAlert Caspase Fluorescent
Assay Kits (Clontech Laboratories, USA) were used to
determine caspase-3 and -9 activities. In brief, 80% con-
fluent monolayers of DF-1 cells grown on T-25 flasks were
infected with IBDV at a MOI of 20 TCIDs with or without
proteasome inhibitor MG132 treatment after infection.
After 18 h of p.i., cells were harvested at 400 x g for
5 min. Cells (2-3 x 10°%) were lysed in 50 pl of lysis buffer
on ice for 10 min and centrifuged at 16,000 x g for
10 min, and the supernatant was collected. A 50-pl
supernatant was added to an equal volume of 2Xx reaction/
DTT buffer supplemented with caspase-3 substrate DEVD-
AFC or caspase-9 substrate LEHD-AMC, and incubated at
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37°C for 2 h. The optical densities at 400 nm for caspase-3
and at 380 nm for caspase-9 were determined. The nano-
moles of AFC or AMC (released) expressed per hour was
calculated from the standard curve.

Results

Proteasome inhibitors reduce IBDV viral progeny
release and dose dependent

Viral infections frequently result in the degradation of
proteasome in the infected cells. To assess whether the
proteasome—ubiquitin system plays a role in IBDV infec-
tion, two chemically distinct proteasome inhibitors,
MG132 and lactacystin, were used to address the question.
The peptide-aldehyde MGI132 is a highly potent and
reversible inhibitor of the chymotryptic-like activity of the
proteasome [32]. In contrast, lactacystin is highly specific
and inhibits the proteasome irreversibly by its action on the
catalytic threonine of the 26S proteasome f3-subunits [32].
In a preliminary experiment, DF-1 cells were infected with
IBDV strain LM at a MOI of 20 TCIDs, and then incubated
with 50 uM of MGI132 for 2, 4, or 6 h treatment as
described elsewhere [28], the results indicated that viral
titer from supernatant of infected cells at 21 h after
infection was significantly decreased when incubated with

Fig. 1 Proteasome inhibition A

reduces IBDV release. (A) DF-1 1087
cells were infected with IBDV ‘_g 107
(MOI = 20) at 39°C for 1 h, S 106/
washed with PBS, and DS 1051
incubated with different o

concentrations of proteasome = 10
inhibitors, MG132 and B 10%
lactacystin, for 6 h, and washed = 102
with PBS, and then incubated 5 10"
with 10% DMEM medium o 100

without proteasome inhibitors. O © O N
Viral titers in the supernatants @‘b 07 AT @
of IBDV-infected DF-1 cells

were determined after 21 h p.i.
by TCIDs, assay. (B) DF-1 cells

were infected with different B 10°1 [mBDVaone
amounts of IBDV and then = 1071
treated with 20 uM of MG132 S 1061
for 6 h, and continued to 3
incubate at 39°C. Virus titers of a 10°
supernatants collected at 21 h g 104
p.i. as determined by TCIDsq 5 103
assay are shown. Values are £ 102
means + standard errors (SE) of 5
three independent experiments @ 10"

1004

SO

MG132 Treatment (LM)

MG132 for 6 h, as compared to that of incubation with the
proteasome inhibitor for 2 or 4 h (data not shown).
Therefore, in subsequent experiments, we treated infected
cells with proteasome inhibitors for 6 h. To determine
whether IBDV production was dose-dependently reduced
by proteasome inhibitor treatment, DF-1 cells were in-
fected with IBDV strain LM and then treated with various
concentrations of proteasome-specific inhibitors. At 6 h
after infection, the input proteasome inhibitors were re-
moved and replaced by growth medium without these
inhibitors. Supernatants were collected 21 h p.i., and the
amount of progeny virus was determined by titration using
TCIDsq assays on DF-1 cells (Fig. 1A). IBDV replication
in untreated cells resulted in the generation of a viral titer
of 10%° TCIDs/0.1 ml after 21 h p.i., whereas proteasome
inhibition reduced the titer of released virus in the super-
natant in a dose-dependent manner. MG132 and lactacystin
had very similar inhibitory effects on virus production.
These data indicated that proteasome inhibitors signifi-
cantly blocked IBDV production, suggesting that the pro-
teasome may play an important role in IBDV production.

In addition, we also used different amounts of IBDV to
infected DF-1 cells to determine the effect of proteasome
inhibitor MG132 on viral replication. Viral titers in the
supernatants harvested at 21 h p.i. were significantly
reduced by MG132 treatment (Fig. 1B), implying that the
effect is due to a reduction in virus growth rather than to a
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delay in virus release. Different amounts of input virus
change the absolute amount of progeny virus but do not
affect significantly the percentage of reduction of viral ti-
ters, indicating that the antiviral properties of proteasome
inhibitors are independent of the multiplicity of infection.

Proteasome inhibitors reduce IBDV-induced CPE

Many viruses are capable of inducing cell death, leading to
lysis of infected cells. In late stages of IBDV infections,
morphological changes, commonly known as CPE, can be
microscopically observed. IBDV-induced CPE is charac-
terized by cell rounding, shrinkage, deformation of nuclei,
chromatin condensation, detachment of infected cells from
the culture flask, and cell lysis and death.

We used MTS-based assay to test the cytotoxicity of the
proteasome inhibitor MG132. It was noted that throughout
all doses of the proteasome inhibitor used in this study, cell
viability assays and morphological assessment showed no
detectable cell death in DF-1 cells (data not shown). In

Fig. 2 Proteasome inhibitors
inhibit IBDV-induced CPE. (A)
DF-1 cells were infected with
IBDV (MOI = 50) and then
treated with various
concentrations of MG132 as
described in Materials and
methods. Cell viability was
assessed by the MTS assay at
21 h p.i. The values of MTS in
mock-infected cells in the
absence of MG132 were defined
as 100% survival. Values are
means + SE of three
independent experiments. (B)
Representative morphological
changes of DF-1 cells treated
with MG132 or DMSO at 21 h
p-i. by phase-contrast
microscopy. Bars, 10 pm

A

Mock-infected

IBDV + MG132 (20 uM)

Cell viability (% of control)

contrast, IBDV-induced CPE and cell death were dramat-
ically blocked after the addition of MG132 (Fig. 2A).

During infections of DF-1 cells with IBDV strain LM
using 50 TCIDsg/cell, a clear CPE was visible within 21 h
p-i. Figure 2B shows the morphology of DF1 cells infected
with IBDV. Mock-infected cells or cells treated with var-
ious amounts of MG132 showed typical spread-out shapes
and normal morphology. Addition of MG132 upon infec-
tion inhibited the formation of a visible CPE. Thus, the
CPE of the virus infection is prevented by the presence of
MG132.

The ubiquitin—proteasome system is involved in early
step of virus replication but does not block virus
internalization

To elucidate the mechanism of inhibition, we took advan-
tage of the reversible nature of MG132 to dissect the
potential targets of the proteasome inhibitor. DF-1 cells
were infected with IBDV and MG132 (20 uM) was added

IBDV (21 h p.i.)

120
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g
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and kept in the media for three different intervals, as shown
in Fig. 3A. The cells were incubated until 18 h p.i., and the
supernatants were collected for virus titration. Treatment
for 0-6 h resulted in significant reduction of virus yield (3-
log-unit reduction compared to the titer of the no-treatment
control). The virus titer of the group treated for 6-12 h was
1 log unit lower than the titer of the control sample. For
virus accumulate from 12 to 18 h p.i., only a slight reduc-
tion of the virus titer was observed. The virus titers from the
0Oto6h,6to 12 h, and 12 to 18 h treatment groups were
compared to that of the no-treatment control, indicating that
MG132 does not have significant effects on the late steps of
the viral life cycle. The result suggests that the ubiquitin—
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Fig. 3 (A) Effect of proteasome inactivation at increasing periods of
time after infection. DF-1 cells were infected with IBDV at a MOI of
20 TCIDsg/cell. Proteasomes were blocked at the indicated times by
the reversible MG132 (20 uM). The cells were washed to remove the
drug and further incubated until 18 h. The supernatants from the
indicated time points were collected and determined for virus titration
by TCIDs, assay. Values represent the mean of three independent
experiments. nt, not treated. (B) Effect of MG132 on virus
internalization. DF-1 cells preincubtaed for 3 h with or without
MG132 were incubated with IBDV at 4°C for 1 h (MOI of 20). After
cells were washed with medium, they were shifted to 39°C for one
more hour for virus internalization. Afterwards, the infected cells
were further incubated until 18 h. The supernatants were collected
and determined for virus titration by TCIDs, assay. Values represent
the mean of three independent experiments
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proteasome system is most likely involved at an early step
in the virus life cycle, since the inhibitory effect of MG132
was seen primarily in the 0—6 treatment group.

As described above, the proteasome inhibitor has an
inhibitory effect on IBDV infection at the early step. To
further reveal the possible mechanism of inhibition by
MGI132, the virus internalization assay was performed.
After 3-h pretreatment with MG132, the cells were incu-
bated with IBDV at 4°C for 1 h to allow virus binding and
then incubated at 39°C for an additional hour to allow virus
internalization. Afterwards, the fresh medium without
MG132 was added and the cells were further incubated at
39°C until 18 h p.i. The supernatants were collected for
virus titration. There was no difference in virus titer in the
presence or absence of the proteasome inhibitor (Fig. 3B).
This result suggests that the ubiquitin—proteasome system
is not involved in the virus internalization.

Reduction of IBDV viral transcription and protein
expression by protease inhibitor

To confirm that the effect of proteasome inhibitor on IBDV
viral production was through the reduction of IBDV RNA
levels, we performed real-time RT-PCR analysis with RNA
extracted from DF-1 cells 18 h after infection with IBDV
in the presence or absence of proteasome inhibitor MG132.
The amount of each viral mRNA was normalized to that of
f-actin mRNA in the same sample. The abundance of
VP2 mRNA was dose-dependently decreased in IBDV-
infected cells treated with the proteasome inhibitor MG132
(Fig. 4A). To further study the inhibitory effect of pro-
teasome inhibitor on viral protein expression, capsid pro-
tein VP2 of IBDV was analyzed in IBDV-infected DF-1
cells by IFA detection as well as Western blotting. For IFA
detection, a large amount of cells positive for IBDV VP2
protein expression were detected at 18 h p.i., whereas the
MG132-treatment groups showed significant reductions in
amounts of cells positive for IBDV VP2 protein expression
in a dose-dependent manner (Fig. 4B and data not shown).
For Western blotting analysis, significant amount of the
IBDV protein VP2 in protein extracts of infected DF-1
cells was detectable at 18 h p.i. At the time point, treatment
with proteasome inhibitor MG132 reduces dose-depen-
dently the expression of the capsid protein (Fig. 4C). These
results suggest that the proteasome inhibitor decreased
viral replication via suppression of viral RNA transcription
and protein translation.

Reduction of caspase activities induced by IBDV after
proteasome inhibitor treatment

IBDV has been shown to induce apoptosis in cultured cells
through activation of caspase-9 followed by activation of
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Fig. 4 Proteasome inhibition decreases viral RNA transcription and
protein translation in IBDV-infected DF-1 cells. (A) The effects of
proteasome inhibitor on IBDV RNA level. Total RNAs isolated from
IBDV-infected cells 18 h after treatment with MG132 were subject to
a real-time RT-PCR analysis of VP2 RNA. The data were normalized
to the amount of f-actin mRNA and are expressed as percentages of
the normalized value for IBDV-infected cells in mock-infected cells
(control); they are means = SD of values from at least three

caspase-3 pathway [28]. As demonstrated above, IBDV
replication was strongly prevented after treatment with
proteasome inhibitors. To determine whether IBDV-in-
duced apoptosis was associated with viral replication,
caspase-3 and -9 activities in DF-1 cells with IBDV
infection after treatment with various amounts of protea-
some inhibitor MG132. As expected, the IBDV strain LM
induced activation of caspase-9 and caspase-3 in infected
cells, whereas their activities were significantly reduced
when the infected cells were treated with Ac-DEVD-CHO,
a peptide inhibitor of caspase-3 activity, or LEHD-CHO,
an inhibitor of caspase-9 activity (Fig. 5). Furthermore,
activation of caspase-3 and caspase-9 was dose-depen-
dently decreased in infected cells when treated with
increasing amounts of MG132 (Fig. 5). The results indi-
cated that IBDV-induced apoptosis was closely related to
viral replication.

To further assess the mechanism of the apoptosis
induced by IBDV and determine the effect of proteasome
inhibitor on cytochrome c release of infected cells, the
cytosol fractions from IBDV-infected cells with or
without MG132 treatment were used to demonstrate the
localization of the cytochrome ¢ by Western blotting

IBDV + DMSO
IBDV + MG132 (5 uM)

Mock-infected

IBDV + MG132 (20 uM)

independent experiments. (B) Representative IFA staining of IBDV-
infected cells used to detect VP2 protein expression. Infected DF-1
cells 18 h after treatment with various concentrations of MG132 were
fixed and analyzed by immunofluorescence staining with guinea pig
anti-VP2 serum. Bars, 10 um. (C) Whole-cell extracts prepared from
infected cells 18 h after treatment with the indicated proteasome
inhibitors were assayed by Western blotting for the presence of VP2
expression in IBDV-infected cells

analysis. As shown in Fig. 6, IBDV induced the release
of cytochrome c¢ into the cytoplasm of infected cells.
Level of cytochrome ¢ thus rose in cytosol fractions of
the infected cells (Fig. 6), whereas they could only be
sequestered in the mitochondria of the mock-infected
cells (data not shown). However, the release of cyto-
chrome ¢ from the mitochondria into the cytosol was
dose-dependently decreased in the IBDV-infected cells
when treated with proteasome inhibitor MG132 (Fig. 6
and data not shown). Therefore, the results indicate that
IBDV could trigger the efflux of cytochrome c in the
mitochondria into the cytoplasm after infection, which
activates series of caspases in turn induces apoptosis.
Furthermore, this apoptotic activity induced by IBDV
could be strongly reduced by proteasome inhibitor which
is due to their inhibition to viral replication.

Discussion
Recently, several viruses were found to require active

proteasomes. Retroviruses require the proteasome for
budding from cells [33-35], the human cytomegalovirus
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Fig. 5 Dose-dependent inhibition of IBDV-induced caspase activi-
ties by treatment with proteasome inhibitor. DF-1 cell lysates
harvested from infected cells 18 h p.i. after treatment with various
concentrations of MG132 were assayed for DEVDase or LEHDase
activity using specific substrate DEVD-AFC (caspase-3) or LEHD-
AMC (caspase-9), respectively. Simultaneously, the cells at 18 h p.i.
were treated with inhibitor DEVD-CHO (for caspase-3) or LEHD-
CHO (for caspase-9), respectively. In the above caspase activity
assays, mock-infected cells were used as a negative control for each
of the infections. Values shown are means from duplicated
experiments

cyte

O S— —— -—

ACHN o e o — — — ——

Fig. 6 Dose-dependent reduction of release of cytochrome c into the
cytoplasm of the IBDV-infected cells after treatment with proteasome
inhibitor. Cells were infected with IBDV (MOI = 20) and then treated
with various concentrations of MG132 for 6 h and continued to
incubate. Eighteen hours p.i., cells were harvested. Cytosol (cyto)
fractions were then prepared and used as lysates for Western blot
analysis. Lysates were probed with antibody directed against
cytochrome c¢. Levels of f-actin were used to control for protein
loading

for inducing cell cycle progression [36, 37], the simian
virus 5 and human parainfluenza virus type 2 for blocking
IFN signaling [38, 39], Epstein—Barr virus and herpes
simplex virus 1 for regulating viral latency [40, 41], minute
virus of mice for nuclear translocation [42], and murine
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coronavirus for its transfer from endosome to cytoplasm
during viral entry [43]. Adenovirus requires active pro-
teasomes to promote late gene expression [44] and cox-
sackievirus for viral RNA transcription and protein
synthesis [19]. In the present study, we showed that the
proteasome inhibitor decreased IBDV replication via sup-
pression of viral RNA transcription (Fig. 4A) and protein
translation (Fig. 4B, C), and further showed that the
ubiquitin—proteasome system is involved in an early step of
IBDV replication but does not block virus internalization
(Fig. 3A, B). However, whether the ubiquitin—proteasome
pathway-mediated IBDV replication is related to ubiquiti-
nation process and/or the proteasome degradation is not
clear. We examined the proteasome activity following
IBDV infection and to determine the effect of proteasome
inhibitor on its activity. 26S proteasome activities were
unchanged in IBDV-infected DF-1 cells, whereas protea-
some inhibitor MG132 dramatically inhibited proteasome
activity in both mock- and IBDV-infected cells (data not
shown). In addition, we also observed a significant accu-
mulation of polyubiquitinated proteins after MG132 treat-
ment by Western blot analysis (data not shown). Therefore,
the ubiquitination process may play a role in the ubiquitin—
proteasome pathway-mediated IBDV replication or protein
degradation.

In a recent report, Liu and Vakharia [28] demonstrated
that the proteasome inhibitor MG132 at 50 uM was com-
pletely able to inhibit NF-xB activity as well as IBDV-
induced DNA laddering and caspase-3 activation, and thus
suggested that MG132 prevents IBDV-induced apoptosis
via strong inhibition of NF-«kB activity required for IBDV-
induced apoptosis. However, the IBDV RNA transcription
and protein synthesis in the infected cells in the presence of
MG132 was not available in the study [28]. In this study,
IBDV RNA transcription and protein synthesis were sig-
nificantly inhibited in the IBDV-infected cells after treat-
ment with MG132 at 50 uM (Fig. 4A-C), and activations
of caspase-9 and caspase-3 were dose-dependently reduced
after treatment with various concentrations of MG132
(Fig. 5). Therefore, we suggested that proteasome inhibi-
tors decrease IBDV infectivity and the anti-apoptotic effect
of the proteasome inhibitor may be due to reduced viral
replication.

Research data showed that mitochondrial apoptotic
pathways are activated following infection with a wide
variety of viruses [45]. Release of cytochrome c¢ from
mitochondria is a well-known event in apoptosis that is
often required formation of downstream caspases. In this
study, we for the first time demonstrated that the cyto-
chrome ¢ was also located in the cytoplasm of IBDV-in-
fected cells as assayed by Western-blotting (Fig. 6).
Furthermore, levels of cytochrome ¢ in cytosol fractions
were dose-dependently reduced after treatment with various
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concentrations of MG132 (Fig. 6). Released cytochrome ¢
activates caspase-9 in concert with the cytoplasmic factors
dATP and Apaf-1, as a result, leading consequently to
activation of caspase-3 [46]. Therefore, IBDV-induced
apoptosis in cultured cells suggests that IBDV is capable of
influencing mitochondrial functions, leading to the release
of cytochrome c into the cytoplasm, which is related to the
level of viral replication, triggering the latent activity of
caspases and activation of apoptosis.

In conclusion, the present study demonstrates that
inhibition of the ubiquitin—proteasome pathway effectively
reduces IBDV replication in cultured cells as determined
by decreases in both viral RNA transcription and protein
synthesis, and suggests that the anti-apoptotic effect of the
proteasome inhibitor may be due to reduced IBDV viral
replication.
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