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The mode and timing of virally induced cell death hold the potential of regulating viral yield, viral transmission, and the severity
of virally induced disease. Orbiviruses such as the epizootic hemorrhagic disease virus (EHDV) are nonenveloped and cytolytic.
To date, the death of cells infected with EHDYV, the signal transduction pathways involved in this process, and the consequence
of their inhibition have yet to be characterized. Here, we report that the Ibaraki strain of EHDV2 (EHDV2-IBA) induces apopto-
sis, autophagy, a decrease in cellular protein synthesis, the activation of c-Jun N-terminal kinase (JNK), and the phosphorylation
of the JNK substrate c-Jun. The production of infectious virions decreased upon inhibition of apoptosis with the pan-caspase
inhibitor Q-VD-OPH (quinolyl-valyl-O-methylaspartyl-[-2,6-difluorophenoxy]-methyl ketone), upon inhibition of autophagy
with 3-methyladenine or via the knockout of the autophagy regulator Atg5, or upon treatment of infected cells with the JNK in-

hibitor SP600125 or the cyclin-dependent kinase (CDK) inhibitor roscovitine, which also inhibited c-Jun phosphorylation.
Moreover, Q-VD-OPH, SP600125, and roscovitine partially reduced EHDV2-IBA-induced cell death, and roscovitine dimin-
ished the induction of autophagy by EHDV2-IBA. Taken together, our results imply that EHDV induces and benefits from the

activation of signaling pathways involved in cell stress and death.

he epizootic hemorrhagic disease virus (EHDV) is an arbovi-

rus (genus orbiviruses) of the Reoviridae family that is trans-
mitted by biting midges and infects ruminants. In recent years,
outbreaks of epizootic hemorrhagic disease in cattle have been
reported in Israel and Turkey (1, 2), suggesting that EHDV is an
emerging threat to the cattle industry in Europe (3). EHDV pres-
ents structural and sequence similarities to the better-studied
bluetongue virus (BTV), sharing its repertoire of infection targets
and symptoms of disease (3, 4). However, in spite of structural
similarities between these viruses, a recent study suggests that pre-
existing immunity to BTV does not protect against EHDV infec-
tion (5). The EHDV genome is organized in 10 double-stranded
RNA (dsRNA) segments encoding seven structural proteins (VP1
to VP7) and the nonstructural (NS) proteins NS1 to NS3. Re-
cently, an additional nonstructural protein, NS4, has been identi-
fied in BTV (6, 7), raising the possibility that the same protein
occurs in EHDV. The present study mainly employs the Ibaraki
strain of EHDV2 (EHDV2-IBA), originally isolated from infected
cattle in 1959, in Ibaraki, Japan (8). Selected experiments were also
carried out with EHDV7-Israel (EHDV7-ISR), isolated from in-
fected cattle in 2006 in Israel (1).

For different types of reoviruses, including BTV, apoptosis is
integral to the cellular pathogenesis they induce (9-20). Yet the
molecular mechanisms that govern reovirus-mediated induction
of apoptosis are a contentious matter (10, 17, 19, 20). For orbivi-
ruses in general and EHDV in particular, these mechanisms and
the functional consequences of apoptosis on the virus replication
cycle remain uncharacterized and merit further study. Similarly,
while the induction of autophagy (a cellular process also associ-
ated with viral pathogenesis [21]) by mammalian reovirus
(MRYV), avian reovirus, and BTV has been recently identified (22—
25), its occurrence in the realm of EHDV infection and its func-
tional significance to the infection process remain unstudied.
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Mitogen-activated protein kinases (MAPKs) in general (26,
27) and c-Jun N-terminal kinase 1 (JNK1) in particular (28, 29)
regulate autophagy, while JNK activation also mediates apoptosis
(reviewed in reference 30). Specifically, JNK activation mediates
the apoptosis induced by BTV (31) and, depending on the strain,
by MRV (32, 33). Similarly, different strains of MRV also differ in
their potentials to induce and benefit from integrated cell stress
responses (34). Taken together, these studies exemplify the inter-
connectivity of virally activated stress and death-related cellular
programs, demonstrate differences in the potential of induction of
these processes by different reovirus strains, and support the no-
tion of usurpation of cell stress and autophagy machinery by some
reoviruses.

Here, we report that EHDV2-IBA induces apoptosis, au-
tophagy, the activation of JNK and c-Jun, and the inhibition of
protein synthesis in the course of the infection of mammalian cells
in culture. Moreover, through the use of specific inhibitors of
these processes, we identify their contributions to the generation
of infectious virions.
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MATERIALS AND METHODS

Cell culture and viruses. The following cells were employed in this study:
spontaneously immortalized ovine kidney (OK) cells (Kimron Veterinary
Institute, Beit Dagan, Israel), calf pulmonary aortal endothelial (CPAE)
cells (a gift of Eyal Klement, Hebrew University of Jerusalem), and Vero
cells (ATCC CCL-81). Cells were grown in either modified Eagle’s me-
dium (MEM; CPAE and OK) or Dulbecco’s modified Eagle’s medium
(DMEM; Vero) supplemented with 10% fetal calf serum, 5 mM glu-
tamine, and penicillin-streptomycin (all from Beit HaEmek Biological
Industries, Israel) at 37°C and 5% CO,. Atg5~’~ and Atg5™'" mouse
embryonic fibroblasts (MEFs) were cultured as described by Schmukler et
al. (35), who also confirmed that these cells are defective in autophagy. OK
cells stably expressing LC3-GFP (light chain 3 tagged with green fluores-
cent protein) were generated by transfection with Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) and selection with 1 mg/ml G418.
EHDV2-IBA was a gift to H. Yadin from T. Tsuda (Kyushu Research
Station, National Institute of Animal Health, Chuzan, Kagoshima, Japan).
The virus was isolated in 1959, in Ibaraki, Japan, and passaged for 21 times
prior to the present study. The 2006 Israeli isolate of EHDV7-ISR was
contributed by H. Yadin.

Antibodies and reagents. For the production of polyclonal rabbit and
monoclonal mouse anti-NS3 antibodies, mice (8-week-old BALB/c fe-
male mice) and rabbits were immunized with the following peptide: CD
EMSLVPYQENVRPPS (which includes amino acids 19 to 34 of EHDV2-
IBA NS3 (GeneScript Corporation, NJ, USA). Mouse anti-p62/SQSTM1
was from MBL International (Woburn, MA, USA); rabbit anti-LC3B was
from Sigma-Aldrich (St. Louis, MO, USA); anti-JNK, anti-phospho-JNK
(Thr183/Tyr185), anti-caspase 3, anti-MEK1/MEK2 (MEK1/2), and anti-
eukaryotic initiation factor 2« (eIF2a) antibodies, all anti-rabbit, were
from Cell Signaling (Beverly, MA, USA). Rabbit anti-c-Jun and monoclo-
nal mouse anti-phospho-c-Jun (Ser63) antibodies were from Santa-Cruz
Biotechnology (Santa Cruz, CA, USA). Rabbit anti-phospho-elF2a
(Ser52) antibodies were from Invitrogen (Invitrogen, Carlsbad, CA,
USA). Mouse anti-actin was from MP Biomedicals (Irvine, CA, USA).
Alexa Fluor 555-conjugated secondary antibodies were from Molecular
Probes (Eugene, OR, USA). Horseradish peroxidase (HRP)-conjugated
secondary antibodies were from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA). DAPI (4’,6'-diamidino-2-phenylindole) was
from Sigma-Aldrich (St. Louis, MO, USA).

Drugs and treatments. Reagents were employed at the following final
concentrations: staurosporine (STS; A.G. Scientific Inc., San Diego, CA,
USA), 1 uM; caspase inhibitor Q-VD-OPH (quinolyl-valyl-O-methyl-
aspartyl-[-2,6-difluorophenoxy]-methyl ketone; Kamiya Biomedical,
Seattle, WA, USA), 20 uM; 3-methyladenine (3MA; Sigma-Aldrich, St.
Louis, MO, USA), 10 mM; JNK inhibitor SP600125 (Merck KGaA, Darm-
stadt, Germany), 20 wM; roscovitine (Sigma-Aldrich, St. Louis, MO,
USA), 20, 40, or 80 M.

Plasmids. LC3-GFP was a gift from Z. Elazar (Weizmann Institute of
Science, Israel).

Immunoblotting. Cells were lysed in lysis buffer [50 mM HEPES, pH
7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, ] mM EDTA, pH 8, 1
mM EGTA, pH 8, 1.5 mM MgCl,, 200 uM Na3VO,, 150 nM aprotinin, 1
M leupeptin, and 500 M 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride; Sigma-Aldrich, St. Louis, Mo, USA]. Depending on the
experiment, 30 to 100 pg of protein was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) through 10% to
12% polyacrylamide gels and transferred to nitrocellulose membranes.
Membranes were blocked for 1 h in TBST buffer (0.05 M Tris-HCI, pH
7.5, 0.15 M NaCl, and 0.1% Tween 20) containing 5% milk and blotted
with primary antibodies for 2 h. Secondary antibody linked to HRP was
then added for 1 h. Immunoreactive bands were detected by chemilumi-
nescence. Quantification of SDS-PAGE immunoblots was performed
with TINA and Image] software programs.

Microscopy. Images were acquired with a spinning-disk confocal mi-
croscope (CSU-22 confocal head [Yokogawa] and Axiovert 200 M instru-
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ment [Carl Zeiss Microlmaging]) under the control of the SlideBook pro-
gram (Intelligent Imaging Innovations), using a 63X or 100X oil
immersion objective (Plan Apochromat; numerical aperture [NA], 1.4)
and an Evolve electron-multiplying charge-coupled-device (EMCCD)
camera (Photometrics). Samples were illuminated with 473-nm or
561-nm 40-mW solid-state lasers. Typical exposure times were between
0.1and 0.5s.

Immunofluorescence. OK cells stably expressing LC3-GFP were
seeded (8 X 10 cells/well) onto glass coverslips placed in a 24-well plate
and either left uninfected or infected with EHDV2-IBA. At 72 h postin-
fection (hpi), cells were washed twice with cold phosphate-buffered saline
(PBS; at4°C), fixed (in 4% paraformaldehyde [PFA] for 30 min), blocked,
permeabilized (for 30 min in PBS-1% bovine serum albumin—0.1% Tri-
ton X [PBS-BSA-T]), and stained with polyclonal anti-NS3 antibodies
(1:300 dilution in PBS-BSA-T) and Alexa Fluor 555-conjugated goat anti-
rabbit antibodies (1:200 dilution in PBS-BSA-T). Mounting was with Flu-
orescence Mounting Medium (Golden Bridge, Mukilteo, WA, USA).

Virus purification. EHDV-infected OK cells (at 48 hpi) were collected
and pelleted at 4°C. The pellet was resuspended in 6 ml of TNET buffer (50
mM Tris-HCI, pH 8.0,0.2 M NaCl, 5mM EDTA, 0.5% Triton X-100) and
homogenized (10 strokes) using a glass homogenizer (7 ml). The homog-
enate was layered onto a sucrose cushion comprised of 66% and 40%
sucrose, each prepared in 0.2 M Tris. Samples were centrifuged in a Beck-
man Ultracentrifuge using an SW41 rotor at 23,000 rpm and 4°C for 3 h.
Purified virus was extracted from the interface of the sucrose cushions,
and 10 mM dithiothreitol (DTT) was added to prevent virus aggregation.

UV inactivation of virus. EHDV2-IBA (0.2 X 10> PFU/ml) was irra-
diated with 250,000 wJ/cm? with a CL-1000 UV cross-linker (UVP). Virus
inactivation was experimentally verified.

Plaque assay. EHDV2-IBA was collected from infected OK cells or
MEFs (untreated or under different inhibitory treatment conditions as
specified in the text and figure legends). Virus was collected from the
medium and released from attached and detached cells by sonication.
Serial dilutions, in 500 pl, were prepared and employed in the infection of
reporter cultures of Vero cells seeded in 12-well plates at ~ 60 to 70%
confluence. One well was left uninfected as a control. Plates were incu-
bated with virus at 37°C for 1 h, after which cells were washed and overlaid
with 0.6% tragacanth (Sigma-Aldrich, St. Louis, MO, USA) in MEM.
Fixation (after 2 to 4 days) was with crystal violet (Sigma-Aldrich, St.
Louis, MO, USA) and formaldehyde. Virus titer (PFU/ml) was calculated
according to number of plaques/dilution factor.

Determination of MOL. A total of 100,000 OK cells, plated on glass
coverslips placed in 24-well plates, were infected with serial dilutions of
purified EHDV2-IBA. At 12 hpi, cells were fixed, permeabilized, and
stained against the NS3 protein (with monoclonal anti-NS3 antibodies)
and with DAPI (0.1 to 0.3 pg/ml). Stained cells were imaged by micros-
copy, and the percentage of infected cells was calculated. The multiplicity
of infection (MOI) was calculated according to the following formula:
MOI = —In (1 — portion of infected cells). Infections were carried out at
MOIs of 0.9 to 1.2, termed ~1 throughout the text.

Cell cycle analysis by flow cytometry. Cells were harvested, washed
with PBS, fixed with 4% PFA for 8 min, and resuspended in 0.5 ml of PBS
supplemented with 0.1% Triton X-100 and 50 pg/ml propidium iodide.
Samples were analyzed by fluorescence-activated cell sorter (FACS) flow
cytometry (FACSort; BD Bioscience) using CellQuest Pro software.

358 incorporation measurements. A total of 100,000 OK cells were
seeded in 24-well plates. At 12 h postplating and at 12-h intervals, cells
were infected with EHDV2-IBA (MOI of ~1). Triplicate samples were
prepared at each time point. After 48 h, cells were washed and starved in
cysteine-methionine-free medium (30 min at 37°C) (Beit HaEmek Bio-
logical Industries, Israel). Cells were pulse-labeled at a concentration of 20
pCi/ml [**S]cysteine-methionine-containing medium. Proteins (30 p.g)
from the cell lysates were spotted on Whatman paper filters and allowed to
dry. Filters were incubated with boiling 15% trichloroacetic acid (TCA; 5
min) and subsequently washed three times with 5% TCA and once with
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70% ethanol. After the drying step, samples were suspended in scintilla-
tion fluid and counted with a Beckman beta particle counter for 1 min.

DNA ladder. DNA from OK cells under the different experimental
conditions was extracted using a GenElute mammalian genome DNA
Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA) and separated on a 2%
agarose gel containing ethidium bromide.

Trypan blue exclusion assay. OK cells were seeded at a density of 7 X
10* cells/well of a 24-well plate and either left uninfected or infected under
the different experimental conditions (for different time periods and un-
der different treatment conditions). The entire cell population in each
well (detached and attached) was collected, precipitated by centrifuga-
tion, resuspended in staining medium (MEM mixed with 0.4% trypan
blue at a 4:1 ratio), and classified for trypan blue exclusion by light mi-
croscopy. Trypan blue (0.4%) was from Sigma-Aldrich (St. Louis, MO,
USA).

Statistical analysis. Data are expressed as means * standard errors
(SE). Significant differences in mean values were assessed by a one-tailed
Student’s ¢ test. A P value of =0.05 was considered significant. All exper-
iments were performed at least three times.

RESULTS

EHDYV induces apoptosis. Prior to studying the mechanisms by
which EHDV induces the death of mammalian cells, we were in-
terested in establishing the time frame in which this process oc-
curs. Toward this end, we infected spontaneously immortalized
ovine kidney (OK) cells, as sheep are a natural orbivirus host, with
EHDV?2-IBA at a multiplicity of infection (MOI) of ~1 (MOI was
calculated based on the percentage of cells staining for the non-
structural protein NS3 at 12 hpi) (see Materials and Methods). We
quantified the percentage of cell death of infected and noninfected
cell cultures at different time points, employing a trypan blue ex-
clusion assay to detect the loss of plasma membrane impermeabil-
ity. In short, we gathered cells from the cell medium and resus-
pended attached cells with trypsin, prior to their staining with
trypan blue and classification by microscopy. As seen in Fig. 1A, at
all the measured time points (24, 48, and 72 hpi), the percentage of
dead cells in the infected cultures was significantly higher than that
in noninfected cultures. Moreover, the percentage of dead cells
increased with the progression of infection, peaking at 72 hpi.
These data point to virus-mediated induction of cell death already
at early infection stages (24 hpi) and the culmination of this pro-
cess at 72 hpi, establishing thus a time frame for the study of
EHDV-induced cell death. To obtain further insight into the dy-
namics of the infection process within this window, we assessed
the levels of the nonstructural protein NS3 at different times
postinfection. For this, lysates from cells (infected or noninfected)
were separated by SDS-PAGE and subjected to immunoblotting
against NS3 and actin (Fig. 1B). NS3 appeared as two major bands
in addition to a smear of higher apparent molecular weight, rep-
resenting mainly different forms of NS3 glycosylation (data not
shown). A calculation of the ratios of the intensities of the NS3 and
actin signals in multiple immunoblots of infected cell cultures
presented peak values at 48 hpi (Fig. 1C). Death by EHDV2-IBA
was found to be slightly faster in calf pulmonary aortal endothelial
(CPAE) cells (maximal by 48 to 60 hpi), which also originate from
a natural orbivirus host, and was slower (up to ~96 hpi) in Vero
African green monkey kidney cells (data not shown). Also, similar
infection and cell death kinetics were observed with a different
EHDV strain (EHDV7-ISR) (1; also data not shown).

MRV, the avian reovirus, and BTV were shown to induce
apoptosis in infected cells (10, 13, 19, 36). To assess if EHDV2-IBA
induces apoptosis in OK cells, we initially measured the DNA
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FIG 1 Time course of EHDV2-IBA-induced cell death. OK cells, at 24 h post-
plating, were either noninfected or infected with EHDV2-IBA (here and
throughout this study, at an MOI of 1) (for the method of calculation, see
Materials and Methods). At indicated time points, cells were suspended by
trypsinization, stained with trypan blue, and scored for trypan blue exclusion
by microscopy. (A) The graph depicts the percentage of cells stained with
trypan blue under the different experimental conditions (noninfected or in-
fected with EHDV2-IBA) at different time points. ***, P < 0.005. (B) Repre-
sentative immunoblot of lysates of OK cells, either noninfected or infected
with EHDV2-IBA for the indicated times, separated by SDS-PAGE, and
probed with anti-NS3 and antiactin antibodies. (C) Graph depicts the aver-
age = SE fold change in the NS3/actin ratio at different time points of infection
relative to the NS3/actin ratio at 12 hpi (taken as 1; n = 3).

content of infected and noninfected cell cultures by staining cells
with propidium iodide and submitting them to fluorescence-ac-
tivated cell sorting (FACS) analysis. As seen in Fig. 2A and B, a
progressive increase in the percentage of infected cells presenting
sub-G; DNA content was observed. Maximal values for this per-
centage (34.2% = 9.3%) were observed at 72 hpi. A similar per-
centage of cells presenting sub-G, DNA content (28.1% = 7.0%)
was observed upon a 20-h treatment with staurosporine (STS), a
broadly employed positive control for apoptosis induction. Next,
we probed for caspase 3 activation by immunoblotting. Here, a
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FIG 2 EHDV2-IBA induces the apoptosis of OK cells. (A and B) Subconfluent cultures of OK cells, at 24 h postplating, were either noninfected or infected for
the indicated times and left untreated or treated with staurosporine (STS; 1 wM for 20 h). Cells were collected from the medium or suspended by trypsinization
and processed for FACS analysis. (A) The graphs depict the FACS measurements of DNA content of propidium iodide-stained OK cells: 1, sub-G,; 2, G,/G; 3,
S; 4,G,/M. (B) The graph shows the average * SE of the percentage of cells presenting sub-G, DNA content under the indicated experimental conditions (n =
3;%, P <0.05;**, P < 0.01). (C) OK cells at 24 h postplating were noninfected or infected with EHDV2-IBA. At indicated times points, cells were collected and
processed for 10% SDS-PAGE (see Materials and Methods). The panel depicts a typical immunoblot probed with the anti-NS3, anti-caspase 3, and anti-MEK
(loading control) antibodies. tMEK, total MEK (MEK1/2). (D) Cells cultured and infected as described for panel C were processed for DNA laddering (see
Materials and Methods) at the indicated time points. The panel depicts a representative DNA laddering experiment (n = 5) employing equal amounts of genomic
DNA, extracted from cells under the indicated conditions, and separated on a 2% agarose gel. (E) OK cells, cultured as described for panel A and either
noninfected or infected with UV-irradiated EHDV2-IBA for 72 h, were processed for FACS analysis of DNA content. Graphs depict typical FACS measurements
of cells infected with EHDV2-IBA (left) or UV-irradiated EHDV2-IBA (right). (F) Representative agarose gel from a DNA laddering experiment of OK cells

noninfected or infected with EHDV2-IBA or UV-irradiated EHDV2-IBA (60 hpi) and left untreated or treated with STS (1 uM for 20 h).

reproducible activation of caspase 3 (detected by the appearance
of its lower-molecular-weight cleaved form) was observed at 72
hpi (Fig. 2C). A well-established indicator of apoptosis is the lad-
dering of genomic DNA. Thus, we examined if this phenomenon
occurred in EHDV2-IBA-infected cells. As seen in Fig. 2D a clear
laddering of DNA was observed in infected cells at 72 hpi and in
cells treated with STS (20 h). From these data, we conclude that
EHDV2-IBA induces the apoptosis of OK cells, a phenomenon
that becomes clearly detectable at 72 hpi. Apoptosis induction by
EHDV2-IBA was also observed in Vero and CPAE cells (data not
shown), indicating that this phenomenon is not restricted to OK
cells. The progressive increase in sub-G; DNA content (Fig. 2A
and B) suggested that the induction of apoptosis could be depen-
dent on productive infection. To directly address this matter, we
infected OK cells with UV-irradiated EHDV2-IBA. A comparison
of the effects of nonirradiated- and UV-irradiated EHDV2-IBA on
OK cells revealed marked decreases in the percentages of cells
presenting sub-G, DNA content (Fig. 2E) and in the virus-in-
duced laddering of DNA (Fig. 2F) in cells incubated with UV-
irradiated EHDV2-IBA. These data support the notion that under
the experimental conditions employed here, productive infection
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with EHDV2-IBA plays an important role in the induction of
apoptosis.

In order to probe for the significance of the induction of apop-
tosis to the infection process and to cell death induced by EHDV2-
IBA, we treated infected or STS-treated cells with the pan-caspase
inhibitor Q-VD-OPH. In a typical experiment, Q-VD-OPH (20
nM) markedly reduced the percentage of cells showing sub-G;
DNA content upon infection with EHDV2-IBA (72 hpi) or treat-
ment with STS (1 wM; 20 h) (Fig. 3A). Analogously, the DNA
laddering typical of apoptotic cells and induced by both the virus
infection and STS treatment was also inhibited by Q-VD-OPH
(Fig. 3B). Next, we assessed the effects of Q-VD-OPH on EHDV2-
IBA-induced cell death by a trypan blue exclusion assay. As can be
seen in Fig. 3C, Q-VD-OPH partially and significantly inhibited
EHDV2-IBA-induced cell death during the entire course of infec-
tion (24, 48, and 72 hpi). Accordingly, Q-VD-OPH also inhibited
cell death induced by STS. These data imply that apoptosis con-
tributes to EHDV-IBA-induced cell death. However, that Q-VD-
OPH is only partially protective in infected cells suggests that
EHDV2-IBA-induced cell death also occurs by means other than
apoptosis. Thus, for example, while Q-VD-OPH inhibited ~80%

Journal of Virology


http://jvi.asm.org

Cell Death Induced by EHDV Infection

A. EHDV2-IBA - - - + +
STS (200 - " & - -
QVD-OPH - - T - T

9_{ € _| 9_{ 9_| 7_‘
#11.54% 1 38.38% #13.14% #119.94% #1 6.88%
H & §2 i i
E: C %1 m-quoopH :
i [
EHDV2-BA_- - - - + + ] 701 m +Q-VD-OPH
STS@0h)_-— -+ + - - @ 60
QVDOPH -+ + T |
% 50 it %
=)
e
R
[«
=10
0
(hrs) 24 48 72 STS
D. Viral concentration EHDV2-IBA (20h)

EHDV2-IBA
Uninfected +Q-VD-OPH EHDV2-IBA

FIG 3 Treatment with the pan-caspase inhibitor Q-VD-OPH reveals roles for apoptosis in EHDV2-IBA-induced cell death and in the production of infectious
virions. (A and B) OK cells, at 24 h postplating, were left untreated or treated with Q-VD-OPH (20 puM for 20 or 72 h) or STS (1 pM for 20 h) and either left
noninfected or infected with EHDV2-IBA. (A) FACS analysis of DNA content of OK cells under the indicated infection and treatment conditions. The percentage
of cells presenting sub-G, DNA content in this representative experiment is indicated in each FACS graph. (B) Representative agarose gel (2%) from a DNA
laddering experiment. Treatment and infection conditions were as indicated. (C) OK cells, cultured, infected, and treated as described for panels A and B, were
resuspended by trypsinization at the indicated time points and assessed by trypan blue exclusion assay. Graph depicts the average * SE of the percentage of trypan
blue-positive cells under the indicated experimental conditions. *, P < 0.05; **, P < 0.01; ***, P < 0.005. (D) Plaque assay analysis of the titer of infectious virions
generated upon the EHDV2-IBA infection (48 h) of cultures of OK cells, untreated or treated with Q-VD-OPH (20 wm for 48 h). At left, representative wells show
plaques formed upon the infection of Vero cells (reporter cell culture). At right, the graph depicts the titer (average = SE; PFU/ml) in the culture of infected OK

cells. The titer of the inoculum was 0.2 X 10° PFU/ml and is represented by the dotted line. *, P < 0.05.

of the cell death induced by STS, at 72 hpi only ~27% of the
EHDV-IBA-induced cell death was inhibited by Q-VD-OPH. To
examine if apoptosis inhibition with a pan-caspase inhibitor af-
fects the production of infectious virions, we infected cell cultures,
which were either untreated or treated with Q-VD-OPH, collected
virions (48 hpi; present in the attached cells or in the cell culture
medium), and infected semiconfluent cultures of naive Vero cells
(reporter cell culture for plaque assay). The titer of the inoculum
was 0f 0.2 X 10° PFU per ml; the titer of the untreated culture at 48
hpi was (7.4 = 2.1) X10°> PFU/ml, representing a ~37-fold in-
crease in PFU/ml. Q-VD-OPH treatment resulted in a slight, but
significant, reduction in the fold increase in titer to ~22-fold [up
to (4 * 0.8) X10° PFU/ml; P < 0.05]. Taken together, our data
show that EHDV2-IBA induces apoptosis in an infection-depen-
dent manner, that part of the EHDV2-IBA-induced cell death can
be attributed to apoptosis, and that caspase inhibition results in a
slight (but significant) reduction in the production of infectious
virions.

EHDYV induces autophagy. Based on the partial inhibitory ef-
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fects of Q-VD-OPH, we set out to probe for the induction of
additional cell stress-/cell death-related processes by EHDV2-
IBA. One such process is autophagy (37). To examine if EHDV2-
IBA induces autophagy, we separated the lysates of infected and
uninfected cells by SDS-PAGE and probed for the alteration in
molecular weight of the autophagic factor light chain 3 (LC3) and
for the reduction in levels of the adapter protein p62, two well-
accepted markers of autophagy (38). As shown in Fig. 4A,
EHDV?2-IBA infection induced a progressive increase in the ratio
of the lower-molecular-weight form of LC3 (LC3-II, the lipidated
form) to the higher-molecular-weight form of LC3 (LC3-I). Such
an increase in the ratio became significant at 48 hpi and peaked at
60 hpi (quantification is shown in Fig. 4B). Accordingly, a pro-
gressive reduction in the cellular content of p62 was also observed
in the EHDV2-IBA-infected cell cultures (Fig. 4A). A calculation
of the p62/actin ratio in multiple immunoblots showed a signifi-
cant reduction already at 36 hpi, a reduction which peaked at 48
hpi (Fig. 4C). To gain further insight into the induction of au-
tophagy by EHDV2-IBA, we generated a cell line of OK cells stably
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FIG 4 EHDV2-IBA induces autophagy. (A to C) OK cells at 24 h postplating were either noninfected or infected with EHDV2-IBA. At indicated time
points, cells were collected and processed for 12% SDS-PAGE (see Materials and Methods). Panel A depicts a typical immunoblot probed with anti-LC3,
anti-p62, and antiactin (loading control) antibodies. In panel B the graph depicts the average = SE of the fold changes in the LC3-II/LC3-I ratios under
the indicated conditions relative to the LC3-1I/LC3-I ratio of uninfected cells at 12 hpi (taken as 1; n = 3). *, P < 0.05. The graph in panel C depicts the
average = SE of the fold changes in the p62/actin ratio under the indicated conditions relative to the p62/actin ratio of uninfected cells at 12 hpi (taken
as 1;n = 3).**, P <0.01. (D) A stable cell line of OK cells expressing LC3-GFP (generated as described in Materials and Methods) was infected with
EHDV2-IBA (MOI of 1; 48 h). Infected and noninfected cells were lysed, and lysates were separated by 10% SDS-PAGE. The top panel is a representative
immunoblot probed with anti-GFP and antiactin antibodies. For the experiments shown in the middle panels, LC3-GFP-expressing cells were plated on
glass-bottomed 35-mm dishes, and at 24 h after plating cells were either left uninfected or infected with EHDV2-IBA. At 72 h after infection, cells were
fixed, permeabilized, stained with anti-NS3 and Alexa Fluor-555 goat anti-mouse antibodies, and imaged by spinning-disk confocal microscopy. Panels
depict a 3D rendition of confocal z-stacks (0.3 pm between steps) of infected (lower panel) or noninfected (upper panel) cells. Grid, 10 pwm. For the
experiments show in the bottom panels, LC3-GFP-expressing OK cells were cultured and infected as described above. Beginning at 36 hpi, cells were
imaged by spinning-disk confocal time-lapse microscopy. Staining of cells cultured and infected in this manner with anti-NS3 antibodies yielded at least
90% of infected cells (data not shown). Scale bar, 10 pm. (E) OK cells cultured and plated as described for panel A were either untreated or incubated with
UV-irradiated (UV-irr) EHDV2-IBA (for the indicated time periods). The panel shows a representative immunoblot of lysates of such cells, separated by
12% SDS-PAGE and probed with antibodies against LC3, p62, NS3, and actin.
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expressing LC3-GFP to monitor LC3 aggregation, which is typical
of autophagy induction, using real-time imaging. Initially, we
probed for the ability of EHDV2-IBA to induce an increase in the
ratio of LC3-II-GFP to LC3-I-GFP by immunoblotting. As shown
in Fig. 4D, at 48 hpi, EHDV2-IBA induced both a reduction in the
amount of LC3-I-GFP and an increase in the amount of LC3-1I-
GFP, indicating that the LC3-GFP-expressing OK cells undergo
autophagy upon EHDV2-IBA infection. Next, we employed
three-dimensional (3D) confocal imaging to analyze the intracel-
lular distribution of LC3-GFP cells in infected and noninfected
cells. To this end, LC3-GFP-expressing OK cells were either non-
infected or infected with EHDV2-IBA, fixed, permeabilized,
stained for NS3, and imaged by confocal microscopy. As see in Fig.
4D, in uninfected cells, which did not show specific staining for
NS3, LC3-GFP presented a mainly diffuse distribution through-
out the cell interior. In contrast, at 72 hpi, a clear NS3 signal is
observed, and the intracellular distribution of LC3-GFP is altered
and becomes prominently punctate. To follow the induction of
autophagy in real time, we imaged the culture of infected LC3-
GFP-expressing OK cells from 36 to 60 hpi (conditions in which at
least 90% of cells stained positive for NS3) with spinning-disk
confocal microscopy. In this time window, and in contrast to the
mostly diffuse distribution of LC3-GFP at the beginning of the
time-lapse sequence, the aggregation of LC3-GFP into discrete
puncta was observed at later time points (Fig. 4D; see Movie S1 in
the supplemental material). The alteration in the intracellular
distribution of LC3-GFP upon infection is consistent with its re-
cruitment to autophagosomes. In addition to the alteration in
LC3-GFP distribution, infected cells were also characterized by
extensive cell rounding (Fig. 4D; see also Movie S1). Notably,
EHDV2-IBA infection also induced autophagy in Vero and CPAE
cells (data not shown), indicating that this phenomenon is not
restricted to OK cells. Moreover, EHDV7-ISR also induced au-
tophagy in OK cells (data not shown). Next, to probe if the induc-
tion of autophagy by EHDV2-IBA is dependent on productive
infection, we incubated OK cell cultures with UV-irradiated virus,
separated cell lysates by SDS-PAGE, and probed for NS3, LC3, and
p62. In these experiments, no NS3 was detected. In sharp contrast
to the phenomena observed with nonirradiated EHDV2-IBA, no
virus-induced increase in the LC3-II/LC3-I ratio or decrease in the
p62 levels was observed at any time point postinfection (Fig. 4E).
Together, these data indicate that autophagy is induced only upon
productive EHDV2-IBA infection.

In order to probe for the significance of the induction of au-
tophagy to the infection process and to cell death induced by
EHDV2-IBA, we searched for conditions under which autophagy
was inhibited by 3-methyladenine (3MA), a phosphatidyl-inosi-
tol-3-kinase inhibitor (39). To induce autophagy, we starved cells
in Earle’s balanced salt solution (EBSS) medium (3 h; devoid of
amino acids or serum). Under these conditions, an increase in the
LC3-II/LC3-I ratio is observed in the starved, untreated cultures
(Fig. 5A). In contrast, no change in this ratio was observed in the
starved, 3MA-treated culture (10 mM 3MA) (Fig. 5A). Next, we
probed for the effect of 3MA on EHDV2-IBA-induced autophagy.
This assay was carried out at 36 hpi because prolonged incuba-
tions with 3MA proved toxic to cells. Under these conditions,
3MA markedly attenuated the increase in the LC3-II/LC3-I ratio
induced by EHDV2-IBA while also attenuating the decrease in the
levels of p62 in infected cells (Fig. 5B) (for discussion on the re-
maining decrease in p62 that was observed, see below). We also
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FIG 5 Inhibition of autophagy attenuates the production of infectious parti-
cles. OK cells at 24 h postplating were starved or given EBSS (3 h) and treated
with 3MA (10 mM for 3 h) or left untreated. Cells were lysed, separated by 12%
SDS-PAGE, blotted, and probed with anti-LC3 or antiactin antibodies. (B)
Representative immunoblot of lysates of OK cells infected or not with EHDV2-
IBA (36 hpi) and treated or not with 3MA (10 mM for 36 h), separated by 12%
SDS-PAGE, and probed with the indicated antibodies. (C) Plaque assay anal-
ysis of the titer of infectious virions under untreated or 3MA treatment con-
ditions. The upper panels show representative wells displaying plaques formed
upon infection of Vero cells with different dilutions of the lysates of OK cells
(uninfected or infected with EHDV2-IBA; 36 hpi), untreated or treated with
3MA (10 mM; 36 h). The graph in the lower panel depicts the titer (PFU/ml)
produced in infected OK cells (untreated or treated with 3MA) at 36 hpi. The
titer of the inoculum was 0.2 X 10 PFU/ml and is represented by the dotted
line. *, P < 0.05. (D) Atg5™'" or Atg5~'~ MEFs at 24 h postplating were left
uninfected or infected with EHDV2-IBA for 12 or 48 h. Cells were lysed,
separated by 12% SDS-PAGE, blotted, and probed with antibodies against
LC3, p62, or actin. (E) Plaque assay analysis of the titer of infectious virions
generated in infected Atg5™/* or Atg5~/~ MEFs. Sample processing and data
presentation are as described for panel C.

probed for the effect of 3MA on the titer of infectious virions.
Here, at 36 hpi, 3MA treatment resulted in a 62% reduction in the
fold increase in titer [from (2.7 * 0.5) X10°> PFU/ml to (1.1 *
0.6) X 10° PFU/ml, with an initial inoculum of 0.2 X 10° PFU/ml|
(Fig. 5C). We then examined the effects of autophagy inhibition

jviasm.org 13403


http://jvi.asm.org

Shai et al.

A B g,
S, =Uninfected -
(hrs) 24 48 60 72 5 ] =EHDV2-IBA
EHDV2BA - + - + - + - 4+ s
oD s e e o B
telFZo D S - - - - - £ 4 I
ACHD —— o —— ——— %3
o 2
g1
C. . 0
—_— (hrs) 12 24 36 48 60 72

-
= N

Protein synthesis
(fold change)
RO =
o N B~ O @

(hsy 0 12 24 36 48

FIG 6 EHDV2-IBA induces phosphorylation of e[F2a and a decrease in pro-
tein synthesis. OK cells were cultured, plated, infected, and processed for im-
munoblotting as described in the legend of Fig. 4. (A) Representative immu-
noblot of lysates of OK cells, either uninfected or infected with EHDV2-IBA
for the indicated periods and probed with anti-phosphorylated elF2a
(pelF2a), anti-total elF2a (telF2a), and antiactin antibodies. (B) The graph
shows the fold change (average = SE) in the ratio of phosphorylated eIF2a to
total elF2a relative to the ratio in uninfected cells at 12 hpi. (C) OK cells were
seeded in 24-well plates. At 12 h postplating and at 12-h intervals, cells were
infected with EHDV2-IBA. After 48 h, cells were pulse-labeled with [**S]cys-
teine-methionine-containing medium. **S incorporation in TCA-precipitated
samples was measured with a Beckman beta particle counter. The graph de-
picts the fold change (inhibition) in the ratio of calibrated **S counts in in-
fected cells to calibrated *S counts in noninfected cells at each time point. *,
P < 0.05.

with 3MA on EHDV2-IBA-induced cell death. Separately, at 32 to
36 hpi, each treatment (EHDV2-IBA infection and 3MA treat-
ment) induced similar levels of cell death (31.2% = 5.1% and
31.4% = 4.1%, respectively) (data not shown). The combined
infection-3MA treatment procedure induced more extensive kill-
ing of cells (51% = 1.6% dead cells) (data not shown). Based on
these data one cannot reject the assumption that EHDV2-IBA and
3MA work independently of each other, supporting the notion
that autophagy does not play a major role in EHDV2-IBA-in-
duced cell death. Next, we examined EHDV2-IBA infection in
mouse embryonic fibroblasts (MEFs) that either express or are
deficient in Atg5 (Atg5™'" or Atg5~'~, respectively), a regulator
of autophagosome formation (40). EHDV2-IBA infection of
Atg5"/* MEFs resulted in the induction of autophagy, as seen by
the increase in the LC3-II/LC3-I ratio at 48 hpi (Fig. 5D). In
Atg5~'~ MEFs, LC3-II could not be identified under any condi-
tion, in accord with the inability of these cells to undergo au-
tophagy (35). Notably, and similarly to OK cells infected with
EHDV?2-IBA and treated with 3MA, the levels of both LC3 and
p62 were decreased in both types of MEFs at 48 hpi. Since this
reduction also occurs in the absence of autophagy (in Atg5 '~
MEFs and in 3MA-treated OK cells), we hypothesized that it could
stem from a virally induced block in protein synthesis. Indeed,
EHDV2-IBA infection of OK cells induced both a progressive in-
crease in the phosphorylation of the regulator of translation eI[F2a
that was significant at 36 hpi (Fig. 6A and B) and a reduction in
protein synthesis (measured by *>S labeling) (Fig. 6C). Thus, it is
likely that the EHDV2-IBA-induced reduction in protein synthe-
sis contributes to the observed decrease in p62 levels in infected
cells. A similar mechanism may also contribute to the reduction in
levels of other cellular factors, such as LC3, in infected cells. In this
context, we observed a variation in the severity of the reduction in
the levels of p62, LC3, and actin (consistent reduction of p62,
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variable reduction of LC3, and no significant reduction of actin).
Such variation may stem from differences in the turnover rate of
these proteins and will be the object of future study. Next, we
measured the production of infectious virions in Atg5™* and
Atg5~’~ MEFs. Both cell types were inoculated at a titer of 0.2 X
10° PFU/ml. At 48 hpi, the titer of infectious virions in the
Ath“+ cell culture was (7.7 = 0.35) X 10°> PFU/ml while the titer
in the Atg5 '~ cell culture was (4.7 = 0.96) X 10> PFU/ml, indi-
cating a ~40% reduction in the production of infectious particles
in the absence of autophagy (P < 0.05). Notably, we did not ob-
serve significant differences in the quantification of the percent-
ages of trypan blue-stained Atg5"/* and Atg5 '~ MEFs at 48 hpi
(36.1% = 4.6% for Atg5*'" versus 48.9% * 6.5; P = 0.19) (data
not shown). Together, these data suggest that EHDV2-IBA-in-
duced autophagy contributes to the production of infectious viri-
ons but does not add to EHDV2-IBA-induced cell death.

EHDYV induces the activation of JNK and the phosphoryla-
tion of c-Jun. JNK is termed a stress-activated protein kinase
(SAPK) and was shown to be activated in reovirus-infected cells
(31, 33). To probe if EHDV2-IBA infection involves JNK activa-
tion, lysates of OK cells either noninfected or infected with
EHDV2-IBA were separated by SDS-PAGE at different time
points and subjected to immunoblotting with anti-total-JNK
(tJNK) and anti-phospho-JNK (pJNK) antibodies (Fig. 7A).
Quantification of the pJNK/tJNK ratio revealed significant phos-
phorylation of JNK already at 24 hpi (Fig. 7B), suggesting that the
activation of this pathway is an early phenomenon in EHDV2-IBA
infection. To examine if the EHDV2-IBA-induced phosphoryla-
tion of JNK was dependent on productive infection, we incubated
OK cells with UV-irradiated EHDV2-IBA and probed for pJNK
and t/NK by immunoblotting. As can be seen in Fig. 7C, no virus-
dependent increase in the pJNK/tJNK ratio was observed with the
UV-irradiated EHDV2-IBA. Next, we assessed the phosphoryla-
tion of c-Jun, a main downstream target of JNK. As seen in Fig. 8A,
OK cells presented a low basal level of phosphorylated c-Jun (pc-
Jun) in the absence of infection. Upon infection with EHDV2-IBA
(48 hpi), a marked increase in pc-Jun was observed. Treatment of
OK cells, either noninfected or infected with EHDV2-IBA, with
the specific INK inhibitor SP600125 (20 wM; 48 h) resulted in the
abrogation of the basal levels of pc-Jun and in variable and partial
attenuation (P = 0.066) in the infection-induced increase in the
pc-Jun/total c-Jun (tc-Jun) ratio (Fig. 8A, immunoblot, and B,
quantification). These data suggest a role for JNK in c-Jun phos-
phorylation in EHDV2-IBA-infected cells and the existence of ad-
ditional mediators of c-Jun phosphorylation in infection. In addi-
tion to JNK, cyclin dependent kinases (CDKs) have also been
shown to regulate c-Jun phosphorylation (41, 42). In a previous
study, we have shown that 80 wM roscovitine impeded efficient
entry into mitosis and the phosphorylation of Dab2, a mitotic
phosphoprotein (43), thus suggesting that this concentration of
inhibitor leads to an efficient inhibition of CDK activity. We next
probed for the effects of the specific CDK inhibitor roscovitine on
c-Jun phosphorylation in EHDV2-IBA-infected or noninfected
OK cells. Roscovitine (80 wM; 48 hpi) markedly and significantly
reduced the pc-Jun/tc-Jun ratio in EHDV2-IBA-infected cells
(P < 0.05) (Fig. 8A and B). We then assessed the effects of
SP600125 on EHDV2-IBA-induced cell death and on the produc-
tion of infectious virions. SP600125 (20 wM; 48 h) significantly
(P < 0.005) reduced the percentage of cells stained with trypan
blue in the trypan blue exclusion assay (Fig. 8C), indicating the
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FIG 7 EHDV2-IBA induces JNK activation. OK cells were cultured, plated,
infected, and processed for immunoblotting as described in the legend of Fig.
4. (A) A representative immunoblot probed with anti-pJNK, anti-tJNK, and
antiactin antibodies. (B) The graph depicts the fold change (average = SE) in
the pJNK/tJNK ratio relative to that of uninfected cells at 12 hpi (n = 3; %, P <
0.05;**, P < 0.01). (C) Representative immunoblot of lysates of OK cells either
untreated or incubated with UV-irradiated EHDV2-IBA for the indicated time
periods, separated by 10% SDS-PAGE, and probed with anti-pJNK, anti-tJNK,
and antiactin antibodies.

involvement of JNK in EHDV2-IBA-induced cell death. Also,
SP600125 (20 wM; 48 h) reduced the increase in titer upon
EHDV2-IBA infection (48 hpi) relative to that in untreated
EHDV2-IBA-infected OK cells (~74% reduction; P < 0.005)
(Fig. 8D), suggesting a role for JNK in the production of infectious
virions. Based on the dramatic reduction in pc-Jun levels upon the
treatment of EHDV2-IBA-infected OK cells with roscovitine
(Fig. 8A and B), we probed for the effects of roscovitine on
EHDV2-IBA-induced cell death. Due to the induction of a con-
siderable level of cell death by 80 uM roscovitine in the absence of
infection (36.9% * 2.8% trypan blue-positive cells) (data not
shown), we tested for the effects of lower roscovitine concentra-
tions (20 pM and 40 pwM) on EHDV2-IBA-induced cell death.
Here, in the absence of infection, a concentration-dependent level
of roscovitine-induced cell death was observed (5.1% = 2.5% and
19.2% = 2.8% trypan blue-positive cells, with 20 wM and 40 pM
roscovitine, respectively) (Fig. 8E). Notably, while both 20 uM
and 40 wM roscovitine reduced EHDV2-IBA-induced cell death,
this effect was significant only with 40 uM (55.5% = 2.9% versus
38.2% = 0.5% trypan blue-positive cells for 40 wM; P < 0.01)
(Fig. 8E). Next, we examined the effects of roscovitine (20 M, 40
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.M, or 80 wM for 48 h) on the production of infectious virions.
Here, all three concentrations induced marked, significant (P val-
ues of <0.05 and <0.005), and concentration-dependent reduc-
tions in the production of infectious virions (~ 60%, 80%, or 90%
attenuation in the fold increase in titer with 20 WM, 40 wM, or 80
M, respectively) (Fig. 8F). These results support the notion of a
role for CDKs in EHDV2-IBA infection.

Lastly, we examined the effects of SP600125 and roscovitine on
the induction of autophagy by EHDV2-IBA, as measured by the
LC3-II/LC3-1I ratio. As shown in a representative immunoblot
(Fig. 8A) and in the quantification of multiple experiments (Fig.
8G), SP600125 induced a minor reduction in the increase in the
LC3-II/LC3-I ratio observed upon EHDV2-IBA infection. In con-
trast, roscovitine significantly attenuated the increase in LC3-II/
LC3-1, suggesting the regulation of autophagy induction by cell
stress-related pathways in infected cells.

DISCUSSION

A main finding of the present study is that EHDV2-IBA induces
apoptosis in the course of its infection of mammalian cells in cul-
ture. This finding is supported by the evidence that EHDV2-IBA
infection induces the progressive increase in the percentage of
cells presenting sub-G, DNA content (Fig. 2A and B), the activa-
tion of caspase 3 (Fig. 2C), and the laddering of genomic DNA
(Fig. 2D). The notion of a determining role for productive infec-
tion in the levels of induction of apoptosis is supported by the
detection of such indicators of apoptosis mainly at late stages of
infection (48 to 72 hpi) and by the marked reduction in these
phenomena upon the UV irradiation of EHDV2-IBA prior to its
incubation with cells (Fig. 2E and F). However, the protective
effect of caspase inhibition on the low levels of virus-induced cell
death at 24 hpi (Fig. 3C) raises the possibility of induction of
apoptosis early in infection, a stage where viral replication might
play a lesser role. BTV, which presents extensive structural simi-
larity to EHDV, was also shown to induce the apoptosis of mam-
malian cells in culture (10, 19, 44). While the BTV structural pro-
teins VP2 and VP5, which are present on the incoming virus, were
shown to be sufficient for the induction of apoptosis (10), a dif-
ferent study from the same group identified a central role for the
BTV nonstructural protein NS1 (generated only upon productive
infection) in cellular pathogenesis as impairment of its function
with a single-chain antibody fragment inhibited cell rounding and
death (45). Similarly, with MRV, both an outer capsid protein
(1) and a nonstructural protein (ols) were implicated in the
induction of apoptosis (14, 46). Interestingly, the requirement of
productive infection for the induction of apoptosis by MRV may
be cell type dependent as the antiviral drug ribavirin, which inhib-
its viral replication, was shown to inhibit MRV-induced apoptosis
in HEK 293 cells but not in HeLa cells (47). Taken together, these
results suggest a possible role for reovirus/orbivirus structural
proteins in the induction of apoptosis early in infection in a rep-
lication-independent manner and the efficient induction of apop-
tosis by replication-dependent mechanisms later in infection.
What role does apoptosis play in EHDV2-IBA infection? The
protective effect of the pan-caspase inhibitor Q-VD-OPH (Fig. 3)
implies that EHDV2-IBA induces cell death by apoptosis. How-
ever, the partial nature of this protective effect points to caspase-
independent mechanisms of induction of cell death by EHDV2-
IBA. Such mechanisms may be similar to the caspase-independent
death pathway activated by MRV (48). Interestingly, in addition
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postplating were either noninfected or infected with EHDV2-IBA (for 48 h) and left untreated or treated with SP600125 (20 iM; 48 h) or roscovitine (80 wM;
48 h). Cell lysates were separated by 12% SDS-PAGE, blotted, and probed with antibodies against LC3, pJNK, tJNK, pc-Jun, tc-Jun, NS3, or actin. (B) Graph
depicts the fold increase (average * SE) in the pc-Jun/tc-Jun ratio (48 hpi) under the indicated treatment/infection conditions, relative to the uninfected
untreated sample (taken as 1). *, P < 0.05. (C and E) OK cells were infected (for 48 h) and either left untreated or treated with SP600125 (20 wM; 48 h) (C) or
roscovitine (20 M, 40 wM or 80 wM; 48 h) (E). Graphs depict the average = SE of the percentage of cells positive for trypan blue staining upon EHDV2-IBA
infection and/or treatment. *, P < 0.05; ***, P < 0.005. (D and F) Plaque assay analyses of the effects of SP600125 (D) or roscovitine (F) on the increase in
EHDV2-IBA titer at 48 hpi. Graphs depict the average *+ SE of the titer (PFU/ml) of infectious virions under the indicated experimental conditions. The titer of
the inoculum (0.2 X 10 PFU/ml) is indicated as a horizontal dotted line. Panels show typical wells of the plaque assays employed for the quantification. *, P <
0.05; ***, P < 0.005. (G) The graph shows the fold change (average * SE) in the LC3-II/LC3-I ratio (from immunoblots as described for panel A), relative to that
of uninfected untreated samples (taken as 1). *, P < 0.05.

to reducing cell death, caspase inhibition with Q-VD-OPH also BTV. Aaiapl expression inhibited BTV-induced apoptosis of
induced a reduction in the titer of infectious virions (Fig. 3D). mammalian BSR cells and also induced a 10-fold reduction in
Notably, a similar correlation between apoptosis inhibition anda BTV titer (44).

decrease in viral titer was observed upon expression of the Aedes An additional principal finding of this study is that EHDV2-
albopictus inhibitor of apoptosis (Aaiapl) in cells infected with  IBA induces autophagy in the context of the infection of mamma-
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lian cells in culture. This finding is supported by the progressive
increase in the ratio of the lipidated form of LC3 (LC3-1I) to its
unlipidated form (LC3-I) (Fig. 4, 5, and 8), the aggregation of
LC3-GFP (Fig. 4), and the decrease in the levels of the adaptor
protein p62 (Fig. 4). Of note, an infection-induced reduction in
host cell protein synthesis (Fig. 6) may also contribute to the ob-
served decrease in p62 levels. The appearance of all of the au-
tophagy markers strictly depended on productive infection as they
were not observed upon incubation of cells with UV-irradiated
virus (Fig. 4E). What may induce autophagy in EHDV2-IBA-in-
fected cells? The context of the infected cell provides multiple
potential sources of signals for autophagy induction. For example,
protein kinase R (PKR) and RNase L, which are activated by
dsRNA, a pathogen-associated molecular pattern characteristic of
viruses such as EHDV, were implicated in the induction of au-
tophagy (23, 49, 50). Indeed, the infection-dependent phosphor-
ylation of the translation regulator elF2a (Fig. 6A and B), the
reduction in protein synthesis levels (Fig. 6C), and the phosphor-
ylation of PKR (data not shown) are all in line with PKR activation
in EHDV2-IBA-infected cells. Moreover, EHDV2-IBA-infected
cells are also characterized by JNK activation (Fig. 7 and 8), and
JNK has been proposed as a regulator of the induction of au-
tophagy, for example, via the phosphorylation of Bcl-2 (51). The
attenuating effect of the specific JNK inhibitor SP600125 on the
infection-induced increase in the LC3-1I/LC3-I ratio (Fig. 8A and
G) supports the notion of the importance of this pathway in
EHDV2-IBA-induced autophagy. Viral factories (viroplasms),
which are characteristic of reovirus infections in general and of the
EHDV2-IBA infection in particular (52) and which present struc-
tural similarities to aggresomes (53), may serve as potential induc-
ers of selective autophagy. Indeed, the sharp reduction in the levels
of the adapter protein p62, a mediator of selective autophagy,
upon EHDV2-IBA infection (Fig. 4A) is in line with such a sce-
nario. However, the reduction in p62 levels observed in the
Atg5~’~ MEFs, which cannot undergo autophagy (35), suggests
that additional processes, such as the virus-induced block in host
protein synthesis (Fig. 6C), may also contribute to this phenom-
enon. Importantly and similarly to apoptosis, the induction of
autophagy by EHDV2-IBA apparently contributes to the produc-
tion of infectious virions as blocking autophagy via either genetic
or chemical manipulations reduced the titer of infectious virions
(Fig. 5).

The cyclin-dependent kinase inhibitor roscovitine has been re-
ported to negatively regulate the infection of human cytomegalo-
virus (54), JC virus (55), varicella-zoster virus (56), and human
immunodeficiency virus type I (57). Here, we expand on the no-
tion of a role for CDKs in viral infection and show that roscovitine
also inhibited the production of infectious EHDV2-IBA virions
(Fig. 8F), EHDV2-IBA-induced autophagy (Fig. 8A and G),
EHDV2-IBA-induced cell death (Fig. 8E), and the phosphoryla-
tion of c-Jun (Fig. 8A and B).

In summary, the observation of apoptosis, autophagy, and
phosphorylation of JNK and c-Jun in EHDV2-IBA-infected cells
and the attenuating effect of the inhibition of these cellular pro-
cesses on the production of infectious viruses support a scenario
whereby, in addition to the activation of cell stress and death path-
ways, EHDV usurps these cellular pathways to optimize the con-
ditions for viral replication.
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