
JOURNAL OF VIROLOGY, July 2007, p. 7504–7516 Vol. 81, No. 14
0022-538X/07/$08.00�0 doi:10.1128/JVI.02690-06
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Poliovirus Induces Bax-Dependent Cell Death Mediated by c-Jun
NH2-Terminal Kinase�

Arnaud Autret,1 Sandra Martin-Latil,1 Laurence Mousson,1 Aurélie Wirotius,1 Frédéric Petit,2
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Poliovirus (PV) is the causal agent of paralytic poliomyelitis, a disease that involves the destruction of motor
neurons associated with PV replication. In PV-infected mice, motor neurons die through an apoptotic process.
However, mechanisms by which PV induces cell death in neuronal cells remain unclear. Here, we demonstrate
that PV infection of neuronal IMR5 cells induces cytochrome c release from mitochondria and loss of
mitochondrial transmembrane potential, both of which are evidence of mitochondrial outer membrane per-
meabilization. PV infection also activates Bax, a proapoptotic member of the Bcl-2 family; this activation
involves its conformational change and its redistribution from the cytosol to mitochondria. Neutralization of
Bax by vMIA protein expression prevents cytochrome c release, consistent with a contribution of PV-induced
Bax activation to mitochondrial outer membrane permeabilization. Interestingly, we also found that c-Jun
NH2-terminal kinase (JNK) is activated soon after PV infection and that the PV-cell receptor interaction alone
is sufficient to induce JNK activation. Moreover, the pharmacological inhibition of JNK by SP600125 inhibits
Bax activation and cytochrome c release. This is, to our knowledge, the first demonstration of JNK-mediated
Bax-dependent apoptosis in PV-infected cells. Our findings contribute to our understanding of poliomyelitis
pathogenesis at the cellular level.

Poliovirus (PV), the etiological agent of paralytic polio-
myelitis, is a member of the genus Enterovirus belonging to the
Picornaviridae family, a family that contains many human and
animal pathogens (56). Despite the success of the World
Health Organization’s program for the global eradication of
poliomyelitis, PV remains a public health issue. This is due in
part to the rapid spread of PV in insufficiently immunized
populations and to the emergence of epidemic vaccine-derived
PV, threatening to undermine the eradication program (32).

PV is composed of a single-stranded RNA genome of pos-
itive polarity surrounded by a nonenveloped icosahedral pro-
tein capsid. The capsid consists of 60 copies of each of the four
viral structural proteins, VP1 to VP4. A deep surface depres-
sion, called the canyon, surrounds each fivefold axis of sym-
metry and contains the site for cell receptor binding. The
human PV receptor, CD155, and its simian counterparts are
members of the immunoglobulin superfamily (36, 37, 50). They
are related to the nectin family of adhesion molecules (46, 67).

PV is transmitted mainly via the fecal-oral route. It first
infects the oropharynx and the digestive tract and then spreads
to the central nervous system, in which it mostly targets motor
neurons, and the death of these cells leads to paralysis. The
process by which neurons are killed was unknown until recently
(52, 61). Work with mouse models has shown that PV-infected
motor neurons in the spinal cord die by apoptosis: the extent of
apoptosis correlates with the viral load, and its onset coincides
with that of paralysis (10, 21). PV-induced apoptosis therefore

seems to be a major contributor to the tissue injury in the
central nervous system.

Apoptosis is an active process of cell death that occurs in
response to various stimuli, including viral infection (64). It is
mediated in particular by a family of cysteine proteases with
specificity for aspartic acid residues called caspases. In numerous
models, mitochondria act as a pivotal regulator of apoptosis (15,
25). Mitochondrial outer membrane permeabilization (MOMP)
leads to the loss of the mitochondrial transmembrane potential
and the release of proapoptotic molecules, including cyto-
chrome c, from mitochondria to the cytosol. In the cytosol,
cytochrome c forms a caspase-activating complex by interac-
tion with Apaf-1 (apoptosis protease-activating factor-1) and
procaspase-9. This event triggers caspase-9 activation and ini-
tiates the apoptotic cascade by processing caspase-3.

Apoptotic mitochondrial dysfunction is tightly regulated by
the Bcl-2 family of proteins. Some, including Bcl-2 and Bcl-XL,
maintain the integrity of the mitochondria to prevent the re-
lease of cytochrome c, whereas others, in particular Bax and
the so-called BH-3-only proteins, such as Bid and Bim, pro-
mote mitochondrial cytochrome c release. The mitochondrial
pathway of apoptosis can also involve proapoptotic signal
transduction via the c-Jun NH2-terminal kinases (JNK) (69)
that are activated when cells are exposed to various stress
signals (16). The JNK pathway contributes to stress-induced
apoptosis in several cell types, including pancreatic � cells (3),
hepatocytes (60), and neurons (7). The involvement of JNK
activation has also been described for some cases of virus-
induced cell death, notably with reovirus (13), swine influenza
virus (12), and coxsackievirus B3 (35), another member of the
Picornaviridae family. JNK can induce mitochondrial dysfunc-
tion through a transcription-independent process that involves
activating the proapoptotic proteins Bim and Bax or inactivat-
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ing the antiapoptotic proteins Bcl-2 and Bcl-XL (4, 18, 30, 33,
34, 55, 65, 76).

PV can trigger apoptosis in vitro in tissue cultures of human
colon carcinoma cells (CaCo-2) (2), promonocytic cells (U937)
(47), dendritic cells (71), murine L cells expressing CD155 (24,
63), and HeLa cells (8, 68) and in cultures of mixed mouse
primary nerve cells (14) from the cerebral cortex of mice trans-
genic for CD155. Analyses of apoptotic pathways following PV
infection in several cell lines have demonstrated MOMP as
judged notably by cytochrome c release from mitochondria to
the cytosol (8, 24). However, details of the mechanisms by
which mitochondria are deregulated following PV infection
are unknown and have not been described. Here, we report
various characteristics of the PV-induced signaling cascade
leading to the activation of the mitochondrial pathway in
neuroblastoma IMR5 cells. We show that PV-mediated cyto-
chrome c release is Bax dependent in these cells. Furthermore,
early JNK activation following PV infection is required for Bax
activation and mitochondrial dysfunction. Finally, we show
that the PV-CD155 interaction alone is sufficient to induce
JNK activation but that downstream steps are required for
PV-induced apoptosis in IMR5 cells.

It is, to our knowledge, the first demonstration of Bax-de-
pendent JNK-mediated apoptosis in PV-infected cells. Our
findings contribute to a better understanding of poliomyelitis
pathogenesis at a cellular level.

MATERIALS AND METHODS

Materials. (i) Chemicals. Sheep anti-cytochrome c (C5723) and mouse anti-
actin (A3853) antibodies, staurosporine (STS) (S4400), phosphatase inhibitor
cocktail (P2850), and protein G (P3296) were obtained from Sigma-Aldrich.
SP600125 (420119) and z-VAD-fmk (627610) were purchased from Calbiochem.
Complete protease inhibitor mixture was obtained from Roche Applied Science.
Mouse anti-cytochrome oxidase subunit IV (Cox IV) (A21347) antibody, fluo-
rescein isothiocyanate-conjugated anti-sheep (A11015) and anti-rabbit (A11070)
secondary antibodies were purchased from Molecular Probes. Rabbit anti-Bax
(NT 06-499) and rabbit anti-Bak (NT 06-536) antibodies were obtained from
Upstate. Mouse anti-Bax (clone 6A7; sc-23959) antibody was purchased from
Santa Cruz Biotechnology. Rabbit anti-Bim (AAP-330) antibody was bought
from Stressgen. Horseradish peroxidase (HRP)-conjugated anti-mouse
(NA9310V) and anti-rabbit (NA9340V) secondary antibodies were obtained
from Amersham Biosciences. Mouse anti-cytochrome c (7H8.2C12) and anti-
JNK1/2 (G151-666) antibodies were obtained from BD Pharmingen. Goat anti-
Bid (AF860) antibody and donkey anti-goat (HAF109) HRP-conjugated
antibody were purchased from Research & Diagnostic. Mouse anti-caspase-8
(9746), rabbit anti-c-Jun (9165), anti-phospho (Ser63)-c-Jun (9261) and anti-
phospho (Thr183/Tyr185)-JNK (p46 [JNK1] and p54 [JNK2/3]) (9251) antibod-
ies were purchased from Cell Signaling. Small interfering RNAs (siRNAs) that
target human Bim (6461) and nontargeted siRNA (6201) were purchased from
Cell Signaling.

(ii) Cell lines, virus stock, and viral infection. Human neuroblastoma IMR5
(kindly provided by S. Susin and V. Yuste, Institut Pasteur, Paris, France) and
human HEp-2c cells (ATCC) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2 mM L-glutamine (Gibco) and 10%
(vol/vol) heat-inactivated fetal bovine serum (FBS) (Gibco). Cells were main-
tained at 37°C in humidified air containing 95% air and 5% CO2.

The attenuated vaccinal Sabin 2 strain of PV was used in this study. Virus
stocks were generated in HEp-2c cells and stored at �80°C until use. Virus titers
were determined on HEp-2c cells and on IMR5 cells by measuring 50% tissue
culture infective dose units (TCID50) per ml, as described by Reed and Muench
(62). Virus titers in the two cell lines were similar (data not shown). In all
experiments described in this study, subconfluent IMR5 cells monolayers grown
in 25-cm2 flasks (TPP) or in six-well dishes (TPP) were inoculated with PV at a
multiplicity of infection (MOI) of 10 TCID50/cell in DMEM supplemented with
10% FBS. Before PV infection, the growth medium was discarded and the virus
was added to monolayers in volumes of 2 ml and 0.8 ml for 25-cm2 flasks and

six-well dishes, respectively, to provide an efficient infection. Adsorption was
allowed to proceed for 30 min at 37°C in humidified air containing 5% CO2. The
cells, in flasks or in dishes, were then washed twice with serum-free medium to
remove unbound particles and were then incubated with 5 ml or 2 ml, respec-
tively, of fresh DMEM supplemented with 10% FBS at 37°C, and the virus was
allowed to grow for the indicated times. Time zero postinfection (p.i.) corre-
sponds to the inoculation time point.

In analyses of the apoptotic features of PV-infected cells, both adherent and
detached cells were taken into account: attached cells were treated with EDTA and
collected with detached floating cells by centrifugation for 5 min at 400 � g. The cells
were rinsed twice by centrifugation in PBS and analyzed as described below.

UV light inactivation of PV. PV was inactivated by UV cross-linking at 6,000
�J/cm2 by using an Amersham UV cross-linker. Following UV irradiation, virus
stocks were shown to be devoid of infectious virus by microtitration.

Assessment of apoptosis. The percentages of apoptotic cells were determined
by flow cytofluorimetric analysis of aliquots of 2 � 105 cells incubated with 0.1
�g/ml acridine orange (AO) metachromatic nuclear dye (excitation wavelength,
500 nm; emission wavelength, 526 nm; Molecular Probes) for 15 min at 37°C.
The AO fluorescence was measured with a FACScan (Becton Dickinson). Two
populations of cells were separated, one consisting of the living cells character-
ized by bright fluorescence labeling and the second being apoptotic cells with a
characteristic distinct pattern of reduced fluorescence intensity (20). A minimum
of 10,000 cells was analyzed for each sample. Data were analyzed with Cellquest
software (Becton Dickinson).

Assessment of plasma membrane integrity. The integrity of the cell plasma
membrane was checked by incubating aliquots of 2 � 105 cells with 1 �g/ml
propidium iodide (PI) (excitation wavelength, 535 nm; emission wavelength, 617
nm; Immunochemistry Technologies, LLC) for 15 min at 37°C. PI cannot enter
cells with intact plasma membranes; when the integrity of the plasma membrane
is disrupted, cells become permeable to PI (75). The percentage of cells with an
intact plasma membrane was quantified by flow cytofluorimetric analysis (linear
scale; FL2-A). We analyzed at least 10,000 cells for each sample. Data were
analyzed with Cellquest software (Becton Dickinson).

Assessment of ��m. Changes in the mitochondrial transmembrane potential
(��m) were measured by flow cytometry analysis of aliquots of 2 � 105 IMR5
cells stained with the potential-sensitive dye 3,3�-dihexyloxacarbocyanine iodide
(DiOC6) (excitation wavelength, 484 nm; emission wavelength, 501 nm; Molec-
ular Probes) for 15 min at 37°C at a final concentration of 40 nM. Loss of DiOC6

staining indicates disruption of the mitochondrial membrane potential associated
with apoptosis. For each sample, 10,000 cells were analyzed. Data were analyzed
with Cellquest software (Becton Dickinson).

Detection of active caspase-8 and caspase-9. Caspase-8 and caspase-9 activa-
tion was assessed using carboxyfluorescein (FAM) FLICA apoptosis detection
kits (Immunochemistry Technologies, LLC) according to the manufacturer’s
protocol. These assays are based on fluorescein-labeled inhibitors, FAM-LETD-
fmk and FAM-LEHD-fmk, that bind specifically to the active forms of caspase-8
and caspase-9, respectively (excitation wavelength, 490 nm; emission wave-
length, 520 nm). Apoptotic cells containing active caspase-8 and caspase-9
were detected with a FACScan (Becton Dickinson) machine. We analyzed at
least 10,000 cells for each sample. Data were analyzed with Cellquest soft-
ware (Becton Dickinson).

Transfection of siRNA and plasmids. RNA interference was used to silence
expression of the Bim gene in IMR5 cells. Cells were plated in six-well culture
dishes with complete medium and allowed to grow for 24 h to 50 to 80%
confluence. Cells were transfected with siRNA that targets human Bim (6461;
Cell Signaling) mRNA. A nontargeted siRNA (6201; Cell Signaling) that does
not lead to the specific degradation of any cellular message was used for control
experiments. A mixture of OptiMEM medium and OligofectAMINE (Invitro-
gen) was incubated for 10 min at room temperature and was then incubated with
siRNA (50 nM) for 20 min at room temperature to allow complex formation.
This mixture including siRNA was then added to each well according to the
manufacturer’s protocol (Invitrogen). Twelve hours after transfection, the me-
dium was changed, and analyses were performed 72 h after transfection. Gene
silencing was verified by detecting proteins by immunoblot analysis after tran-
sient transfection of IMR5 cells with siRNA. vMIA (viral mitochondrion-local-
ized inhibitor of apoptosis) expression in IMR5 cells was used to inhibit the Bax
protein conformational change (5). The OligofectAMINE (Invitrogen) reagent
was used for transient transfections of IMR5 cells with mammalian expression
plasmids encoding Myc-tagged vMIA and empty vector, pcDNA3.1, according to
the manufacturer’s protocol (Invitrogen).

Whole-cell extracts. Approximately 5 � 106 cells were collected and washed
with PBS and then resuspended in lysis buffer (20 mM Tris, pH 7.5, 135 mM
NaCl, 2 mM EDTA, 1% Triton X-100, 10% glycerol) supplemented with a
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FIG. 1. PV-induced apoptosis in neuronal cells. (A) Representative flow cytometric histograms after AO nuclear dye staining of mock-infected
and PV-infected (6 h p.i.) IMR5 cells. The profiles of mock-infected control cells (gray area) and PV-infected cells (blank area) are shown. The
percentages of apoptotic cells corresponding to a reduced fluorescence intensity (AOLow) for each of the two experimental conditions are indicated.
(B) Flow cytometric analysis of PV-induced apoptosis. Mock-infected, PV-infected, and STS-treated IMR5 cells were analyzed at the indicated
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protease inhibitor mixture and phosphatase inhibitor cocktail. The cells were
homogenized on ice using Dounce homogenizer and incubated for 10 min at 4°C
in the lysis buffer. The lysates were clarified by centrifugation for 10 min at 14,000 �
g. The supernatant was collected as the whole-cell extract.

Subcellular fractionation. The subcellular proteome extraction kit (Calbio-
chem) was used to isolate cytosol and heavy membrane fractions of IMR5 cells
according to the manufacturer’s instructions. Aliquots of 5 � 106 cells were
harvested, pelleted, washed twice, resuspended in ice-cold Extraction I buffer
containing a protease inhibitor mixture and incubated for 10 min at 4°C with
gentle agitation. The suspension was centrifuged at 1,000 � g at 4°C for 10 min.
The supernatant was used as the cytosol fraction. The pellet was resuspended in
ice-cold Extraction II buffer containing a protease inhibitor mixture and was
incubated for 30 min at 4°C with gentle agitation. It was then centrifuged at 6,000 �
g at 4°C, and the supernatant, the heavy membrane fraction, was collected.

Detection of Bax protein conformation change by immunoprecipitation. Cells
were harvested and washed in phosphate-buffered saline (PBS) and then sus-
pended in lysis buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 1% CHAPS
{3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}) containing a
mixture of protease inhibitors and a phosphatase inhibitor cocktail. The zwitte-
rionic detergent CHAPS keeps the Bax protein in its active conformation (29).
Cells were homogenized on ice in a Dounce homogenizer, incubated for 2 h in
the lysis buffer, and centrifuged for 30 min at 14,000 � g. The resulting super-
natant was incubated overnight at 4°C with 20 �l of protein G and 2 �g of the
anti-Bax antibody (6A7) specific for the active conformation of Bax. The immu-
noprecipitates were collected by centrifugation at 1,000 � g (4°C, 5 min). The
pellet was washed with immunoprecipitation buffer and was then suspended in 50
�l of Laemmli’s buffer supplemented with reducing agent.

Western blot analysis. Protein concentrations were determined by using a
protein assay kit (Bio-Rad, Richmond, CA). Samples containing equal quantities
of protein were resuspended in Lammeli’s electrophoresis sample buffer con-
taining reducing agent, denatured by boiling for 5 min, and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (10 to 20% Tricine gels;
Novex). The proteins were then transferred to nitrocellulose membranes (Am-
ersham Biosciences). Nonspecific sites were blocked by incubation for 1 h at
room temperature with 5% nonfat milk and 0.1% Tween 20 in PBS (PBST; pH
7.4), and the membranes were incubated overnight at 4°C or 2 h at room
temperature with the primary antibody. Membranes were then washed in PBST
and treated with appropriate HRP-conjugated secondary antibody for 1 h at
room temperature. The immunoblots were washed in PBST and proteins were
revealed using an enhanced chemiluminescence detection kit (Amersham Bio-
sciences) and autoradiography. Antiactin and Cox IV antibodies were used to
verify equal protein loading. The intensities of the bands were determined by
densitometry.

Cytochrome c and active Bax immunofluorescence staining. IMR5 cells were
grown on polylysine-coated (10 �g/ml) slides and were fixed for 15 min at 4°C in
paraformaldehyde (4%), and then permeabilized by treatment with 0.2% Triton
X-100 in PBS for 5 min. The cells were incubated for 1 h in blocking buffer (2%
bovine serum albumin in PBS) and then for 2 h at room temperature with
primary antibody, a sheep anti-cytochrome c (Sigma) or a rabbit anti-Bax which
does not recognize the nonactivated Bax (NT; Upstate). The cells were washed
three times for 5 min in blocking buffer and then incubated for 2 h with Alexa
Fluor secondary anti-rabbit and anti-sheep antibodies (Molecular Probes). After
washes, images were acquired using a Leica DM RB microscope.

Statistical analysis. Data are expressed as means 	 standard errors of the
means for three independent experiments. Student’s t test was used for compar-
ison between experimental conditions and controls. A P value of 
0.05 was
considered significant.

RESULTS

MOMP in PV-infected IMR5 cells. First, we investigated the
kinetics of PV-induced apoptosis and that of viral growth in
IMR5 cells. Cells were infected with PV at a MOI of 10
TCID50 per cell. Mock-infected cells, left untreated or treated
with STS (2 �M), were used as positive or negative controls of
apoptosis, respectively. The onset of apoptosis was analyzed
3 h, 6 h, and 9 h p.i. by measuring chromatin condensation and
fragmentation by flow cytometry after AO staining of both
adherent and detached cells (Fig. 1A and B). A significant
proportion of cells lost AO fluorescence intensity (AOLow) at
6 h p.i., and this proportion was higher 9 h p.i. (Fig. 1B). The
kinetics of PV-induced apoptosis paralleled the kinetics of
virus production (Fig. 1C) and the onset of cytopathic effects
(the rounding and detachment of cells from the plate) (Fig.
1D). The membrane integrity of collected cells was checked by
PI staining followed by flow cytometry. An intact cell mem-
brane, often used to distinguish between apoptosis and necro-
sis, blocks the entry of PI into cell. When cells undergo sec-
ondary necrosis or late apoptosis, they become permeable to
PI. In PV-infected cells, membrane integrity was maintained
until at least 9 h p.i. (Fig. 1E). Cells became permeable to PI
only much later after infection, as shown at the 14-h p.i. time
point, when late apoptosis occurred or the cells were already
dead. We then tested whether the ��m collapses during PV
infection. Both adherent and detached cells were treated with
the fluorescent dye DiOC6, and mock-infected and STS-
treated IMR5 cells were used as negative and positive controls,
respectively (Fig. 2A and B). Cells infected with PV exhibited
a clear drop in the ��m at 6 h (Fig. 2A) that progressed further
at 9 h p.i. (Fig. 2B).

In view of the ��m loss, we followed the kinetics of cyto-
chrome c efflux from mitochondria as a surrogate indicator of
MOMP in PV-infected cells. Whole-cell extracts were fraction-
ated to separate the cytosolic fraction from the heavy
membrane fraction including mitochondria. The kinetics of
cytochrome c release was analyzed by Western blotting. Cyto-
chrome c was clearly detected in the cytoplasm of infected
IMR5 cells from 6 h p.i. (Fig. 2C), up to the last time point
investigated (14 h p.i.). The release of cytochrome c from
mitochondria to the cytoplasm of PV-infected IMR5 was also
studied by immunofluorescence 6 h p.i. Representative stain-
ing patterns for mock-infected and PV-infected IMR5 cells are
presented in Fig. 2D. The immunofluorescence staining pat-
tern of IMR5 cells after infection with PV was diffuse, showing
that cytochrome c was present in the cytosol; in mock-infected

times p.i. by flow cytometry after AO staining, and the percentages of AOLow cells are shown in white, light gray, and dark gray, respectively. The
graph shows the mean percentages of apoptotic cells in three independent experiments. Error bars represent the standard errors of the means. �,
P 
 0.05 by Student’s t test comparing PV-infected and STS-treated IMR5 cells to mock-infected IMR5 cells. (C) One-step growth curve of PV
in IMR5 cells. Cells and supernatants were harvested at the indicated times p.i. and subjected to three cycles of freezing and thawing. Total virus
yields were determined by TCID50 assay. Each point represents the mean virus titer for three independent experiments. Standard errors of the
means are indicated. (D) Kinetics of cytopathic effect in PV-infected IMR5 cells. Cells were visualized by light microscopy at the indicated times
p.i. Magnification, �150. (E) Assessment of plasma membrane integrity. Flow cytometry histograms produced after staining of mock- and
PV-infected IMR5 cells with PI at the indicated times. PI cannot enter cells with intact plasma membranes. When the plasma membranes are
disrupted, cells become permeable to PI. The percentages of cells with intact membranes are indicated. Diagrams representative of two
experiments are shown.
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FIG. 2. PV-induced mitochondrial damage in neuronal cells. (A) Representative flow cytometric histograms after DiOC6 staining of mock-
infected (gray area) and PV-infected (6 h p.i.; white area) IMR5 cells. The percentages of apoptotic cells corresponding to a reduced fluorescence
intensity (��m

Low) for each of the two experimental conditions are indicated. (B) Flow cytometric analysis of mitochondrial-permeability transition
in PV-infected IMR5 cells. Mock-infected, PV-infected, and STS-treated IMR5 cells were analyzed at the indicated times p.i. by flow cytometry
after DiOC6 staining, and the percentages of ��m

Low cells are shown in white, light gray, and dark gray, respectively. The graph reports the mean
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cells, cytochrome c staining displayed a dotted pattern consis-
tent with it being restricted to mitochondria.

Cytochrome c release leads to the activation of initiator
caspase-9 (44). We therefore assessed caspase-9 activation in
PV-infected IMR5 cells at 6 h and 8 h p.i., by flow cytometry
with a FLICA apoptosis detection kit, based on the specific
binding of a fluorescein-labeled inhibitor (FAM-LEHD-fmk;
Immunochemistry Technologies, LLC) to active caspase (Fig.
2E). Caspase-9 activation was detected from 6 h p.i.

Thus, PV-infected IMR5 cells concomitantly display MOMP,
cytochrome c release, caspase-9 activation, and chromatin con-
densation and fragmentation.

Bax-mediated MOMP in PV-infected IMR5 cells. We inves-
tigated upstream signals that triggered ��m loss in PV-infected
cells. The mitochondrial pathway is regulated by the members
of the Bcl-2 family, including the proapoptotic protein Bax,
which promotes the release of cytochrome c (15). In healthy
cells, most Bax is located in the cytoplasm. Bax-mediated cell
death occurs through well-controlled steps, including a confor-
mational change that exposes the NH2 terminus of Bax and its
translocation from the cytosol to mitochondria (28, 74).

We followed the translocation of Bax into mitochondria in
PV-infected IMR5 cells by subcellular fractionation and West-
ern blotting with an anti-Bax antibody (Fig. 3A). In mock-
infected cells, Bax was more abundant in the cytosol, whereas
in STS-treated and in PV-infected IMR5 cells, the amount of
Bax in the cytosolic fraction declined with a parallel increase in
the heavy membrane fraction. Thus, Bax was translocated into
mitochondria in PV-infected IMR5 cells.

Then, we investigated the kinetics of the change in confor-
mation of Bax in IMR5-infected cells. Total cell lysates were
prepared at the indicated times p.i. (Fig. 3B) in a lysis buffer
(containing 1% CHAPS) that did not affect Bax conformation.
Bax was then immunoprecipitated with an anti-Bax antibody
(6A7) that specifically recognizes Bax protein with an exposed
NH2 terminus. This antibody therefore specifically recognizes
Bax in its active conformation, following exposure to proapop-
totic stimuli, but does not bind to Bax in its nonactive confor-
mation. Immunoprecipitated Bax from mock- and PV-infected
cells was visualized by Western blotting (Fig. 3B, top). No
activated Bax was detected in the immunoprecipitates from
mock-infected cells. From 6 h p.i., Bax was immunoprecipi-
tated with the 6A7 antibody (Fig. 3B, top), indicating that PV
infection induced the change in Bax conformation as observed
in the STS-treated cells used as positive controls (data not
shown). We also checked that the total amount of Bax was not
affected in PV-infected cells (Fig. 3B, bottom). Overall, these

results indicate that PV infection triggers a change in the
conformation of Bax in IMR5 cells that is concomitant with
MOMP.

Bax activation was illustrated by immunofluorescence stain-
ing 6 h p.i. with another anti-Bax antibody that specifically
recognizes the active form of Bax, the NT antibody. Represen-
tative staining patterns for mock-infected and PV-infected
IMR5 cells are presented in the Fig. 3C. In mock-infected cells,
no immunofluorescence staining was detected, whereas in PV-
infected IMR5, Bax bound the NT antibody and was therefore
activated, and it displayed a dotted immunofluorescence pat-
tern in agreement with its association with mitochondria.
These results demonstrate that PV infection triggers both Bax
translocation from the cytosol to mitochondria and its confor-
mational change.

We then tested whether Bax was required for PV-induced
mitochondrial dysfunction. IMR5 cells were transfected with a
plasmid encoding the Myc-tagged vMIA. vMIA is a cytomeg-
alovirus-encoded cell death suppressor protein (22) that spe-
cifically neutralizes Bax (5). Untreated cells and cells trans-
fected with empty vector pcDNA3.1 were used as negative
controls. Expression of vMIA in transfected cells was assessed
by Western blotting analysis with anti-Myc antibody (Fig. 3D,
top). Eight hours after PV infection, cytochrome c release into
the cytosolic fraction was reduced in cells expressing vMIA but
not in pcDNA3.1-transfected cells (Fig. 3D, bottom). These
results indicate that MOMP following PV infection in IMR5
cells is Bax dependent.

PV-mediated MOMP in neuronal cells is Bid and Bim in-
dependent. Given our observations on the activation of Bax, we
tried to identify the PV-induced mechanism involved. Several
candidates, particularly the BH3-only proteins Bid and Bim,
have been proposed to activate Bax.

Bax activation can be triggered by Bid, following its cleavage
by caspase-8 (43, 48). We used immunoblotting to analyze the
kinetics of Bid and procaspase-8 processing in IMR5 cells
following PV infection. Bid was clearly processed 14 h p.i., and
the decrease in the amount of procaspase-8 suggested that
caspase-8 activation occurred at the same time point (Fig. 4A,
top). We confirmed caspase-8 activation in PV-infected IMR5
cells at 14 h p.i., by flow cytometry with a FLICA apoptosis
detection kit, based on the specific binding of a fluorescein-
labeled inhibitor (FAM-LETD-fmk; Immunochemistry Tech-
nologies, LLC) to active caspase (Fig. 4A, bottom). We found
that the cells displayed caspase-8 activation at this time point,
when procaspase-8 processing began to be detected (Fig. 4A,
top). Thus, PV-infected IMR5 cells display concomitant

percentages of ��m
Low cells obtained from three independent experiments. Error bars represent the standard errors of the means. �, P 
 0.05 by

Student’s t test comparing PV-infected and STS-treated IMR5 cells to mock-infected IMR5 cells. (C) Time course of cytochrome c redistribution
in PV-infected IMR5 cells. At the indicated times p.i., cells were collected and subjected to subcellular fractionation. The cytochrome c (Cyt c)
was detected in the cytosolic fraction by Western blotting analysis with an anti-cytochrome c antibody. Mock-infected IMR5 cells and cells treated
with STS for 8 h were used as negative and positive controls, respectively. Levels of actin were used to control for protein loading. (D) Cytochrome
c redistribution in PV-infected IMR5 cells. Mock-infected and PV-infected IMR5 (6 h p.i.) cells were stained by immunofluorescence with a
specific monoclonal antibody against cytochrome c and a secondary, fluorescein-conjugated antibody. See the text for details. (E) Caspase-9
activation in PV-infected IMR5 cells. Caspase-9 activation was determined in mock- and PV-infected IMR5 cells (6 h and 8 h p.i.) by flow
cytometry, using a fluorescein-labeled inhibitor (FAM-LEHD-fmk) that binds specifically to active caspase-9, as described in Materials and
Methods. A histogram representative of two independent experiments is shown. The percentages of cells positive for activated caspase-9 are
indicated.
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caspase-8 activation and Bid processing. These events occurred
some time after mitochondrial dysfunction (around 6 h p.i.)
(Fig. 2B and C). Moreover, the treatment of PV-infected cells
with the broad-spectrum caspase inhibitor z-VAD-fmk (100
�M) did not prevent cytochrome c release (Fig. 4B). At this
concentration, z-VAD-fmk has been shown to inhibit caspases

completely in cultured mammalian cells (66) without affecting
PV growth (data not shown). Therefore, the processing of Bid
and caspase activation, despite being induced by PV infection,
do not seem to be the primary causes of the mitochondrial
dysfunction in PV-infected IMR5 cells.

Bim may be transcriptionally up-regulated following apop-

FIG. 3. PV-mediated cytochrome c release in neuronal cells is Bax dependent. (A) Translocation of the proapoptotic protein Bax to
mitochondria in PV-infected IMR5 cells. At the indicated time p.i., equal amounts of cytosolic and mitochondrial proteins were assayed for Bax
by Western blotting. Mock-infected and STS-treated (8 h posttreatment) IMR5 cells were used as negative and positive controls, respectively. Cox
IV and actin were used as protein loading controls for heavy membrane and cytosolic fractions, respectively. Protein levels of heavy membrane
and cytosolic fractions were determined by densitometry and plotted as ratios relative to the levels of Cox IV and actin, respectively. (B) Time
course of PV-induced Bax conformational change in IMR5 cells. (Top) Mock-infected and PV-infected IMR5 cells were lysed in immunopre-
cipitation buffer. Conformationally active Bax protein was immunoprecipitated (IP) with anti-Bax 6A7 antibody and the precipitates were
immunoblotted with anti-Bax antibody. The asterisk indicates immunoglobulin light chains. (Bottom) Whole-cell lysates that were not incubated
with antibody were similarly tested for Bax by immunoblotting to check for equal amounts of Bax protein in samples prior to immunoprecipitation.
Actin was used as protein loading controls. (C) PV-induced Bax activation. Mock-infected and PV-infected (6 h p.i.) IMR5 cells were analyzed
by immunofluorescence with an antibody specific for the N terminus of Bax (NT antibody) to detect Bax conformational change. (D) Inhibition
of cytochrome c release after vMIA expression in PV-infected IMR5 cells. (Top) Cells were transfected with plasmids encoding Myc-tagged vMIA,
were transfected with empty vector (pcDNA3.1), or were left untreated. vMIA protein was detected in whole-cell lysates by Western blotting
analysis with anti-Myc antibody. Actin was used as a protein loading control. The asterisk indicates a probable nonspecific protein band. (Bottom)
Cytochrome c (Cyt c) release 24 h after transfection was analyzed in cytosolic fractions of mock-infected and PV-infected cells (8 h p.i.) by
immunoblotting. Protein levels were determined by densitometry and plotted as ratios relative to the levels of actin.
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totic signals in neuronal cells (58). Bim can activate Bax indi-
rectly by binding to antiapoptotic members of the Bcl-2 family
(59) and can also directly bind and activate Bax (41, 49). Of the
three known isoforms, BimEL, BimL, and BimS, only BimEL

was detected consistently in IMR5 cells and was equally abun-
dant in PV-infected and mock-infected IMR5 cells (data not
shown). To address whether BimEL plays a major role in
mitochondrial dysfunction in PV-infected cells, we down-regu-
lated BimEL expression by using specific siRNA. Western blot
analysis with a specific antibody showed that BimEL expression
in IMR5 cells transfected with BimEL siRNA was significantly
lower than that in those transfected with a nontargeted control

siRNA (Fig. 4C, top). However, following PV infection (8 h
p.i.), cytochrome c release in BimEL knockdown cells was not
lower than that in nontargeted control siRNA-transfected cells
(Fig. 4C, bottom). These results indicate that neither Bid nor
Bim is a major cause of Bax-dependent cytochrome c release in
PV-infected IMR5 cells.

Early JNK activation is required for PV-induced Bax-depen-
dent mitochondrial dysfunction in neuronal cells. It has been
recently proposed that activated JNK can stimulate Bax-de-
pendent, stress-induced release of cytochrome c (39). We
therefore investigated the role of JNK in mitochondrial dys-
function induced by PV in IMR5 cells.

FIG. 4. PV-mediated MOMP in neuronal cells is Bid and Bim independent. (A) Time course of caspase-8 and Bid processing in PV-infected
IMR5 cells. (Top) At the indicated times p.i., whole-cell extracts were subjected to immunoblot analysis with anti-caspase-8 (Pro-C8) and anti-Bid
antibodies. Actin was used as a control for protein loading. (Bottom) Caspase-8 activation in PV-infected IMR5 cells. Caspase-8 activation was
determined in mock- and PV-infected IMR5 cells (14 h p.i.) by flow cytometry using a fluorescein-labeled inhibitor (FAM-LETD-fmk) that binds
specifically to active caspase-8, as described in Materials and Methods. Histograms representative of two independent experiments are shown. The
percentages of cells positive for activated caspase-8 are indicated. (B) The broad-spectrum caspase inhibitor z-VAD-fmk does not inhibit
cytochrome c release during PV infection. Mock- and PV-infected IMR5 cells were left untreated or treated with 100 �M z-VAD-fmk for 2 h
before PV infection, and the inhibitor concentration was maintained during the adsorption period and throughout PV infection. Cytochrome c (Cyt
c) was assayed in cytosolic extracts by Western blot analysis (14 h p.i.). Actin was used as a control for protein loading. (C) No inhibition of
cytochrome c release after knockdown of Bim expression in PV-infected cells. (Top) IMR5 cells were transfected with Bim siRNA or nontargeted
control siRNA. Bim protein was then assayed by immunoblotting with extracts from nontargeted control siRNA-transfected and Bim siRNA-
transfected cells. Actin was used as a protein loading control. (Bottom) Cells were uninfected or were infected with PV 72 h after transfection,
and cytochrome c (Cyt c) release was analyzed in cytosolic fractions by Western blotting 8 h p.i. Actin was used as a protein loading control. Protein
levels were determined by densitometry and plotted as ratios relative to the levels of actin.
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The kinetics of JNK activation in PV-infected cells was fol-
lowed by detecting phosphorylated forms of JNK by Western
blotting whole-cell lysates with anti-phospho-JNK antibody.
Phosphorylated JNK appeared early after PV infection (15
min), increased until 30 min p.i., and then decreased; at 4 h p.i.,
no phosphorylated JNK was detected (Fig. 5). Because JNK
are the main upstream kinases involved in phosphorylation of
NH2-terminal c-Jun, we also tested for the functional activity
of phosphorylated JNK by analyzing the phosphorylation of
c-Jun with a specific antibody. Consistent with the time course
of JNK activation, c-Jun phosphorylation increased to a peak
at 30 min p.i. (Fig. 5). Total levels of JNK and c-Jun forms were
similar at all times. JNK activation was also investigated in
another human neuroblastoma cell line, SK-N-SH cells, in
which JNK phosphorylation was similarly detected 30 min p.i.
(data not shown).

We then investigated whether JNK activation was required
for the translocation of Bax to mitochondria and the induction
of cytochrome c release in PV-infected IMR5 cells. The spe-
cific JNK inhibitor SP600125 (25 �M) (9) was added to cells
2 h before PV infection, and was maintained during the ad-
sorption period and throughout infection, to inhibit JNK ac-
tivity. Time zero corresponds to the time of inoculation. The
catalytic JNK activity was assayed by following the phosphory-
lation of c-Jun (Fig. 6A). SP600125 prevented the phosphory-
lation of c-Jun in PV-infected cells, whereas kinases upstream
of JNK were not affected, given that JNK phosphorylation was
not modified with SP600125.

We next investigated mitochondrial translocation of Bax in
PV-infected IMR5 cells treated with SP600125. The amount of
Bax was unaffected (Fig. 6B), but treatment with SP600125
strongly inhibited Bax translocation from the cytosolic fraction
to the heavy membrane fraction in PV-infected cells (Fig. 6C).
Similarly, SP600125 strongly inhibited cytochrome c release
from the mitochondria into the cytosol of PV-infected IMR5
cells (Fig. 6D) but did not affect the overall abundance of this
protein (Fig. 6B). Furthermore, in the presence of JNK inhib-
itor, there was a delay in the onset of cell layer damage in
PV-infected cells, as clearly observed at the 8-h p.i. time point
(Fig. 6E), with no effect on the amount of total virus produced
(Fig. 6F). At later time points, cell layer damage in treated
cells was similar to that in untreated cells, as shown for the 14-h

p.i. time point. As there was an apparent discrepancy between
the delayed destruction of infected cells in the presence of JNK
inhibitor (Fig. 6E) and the absence of change in viral yield
(Fig. 6F), we assessed possible effects of the delay in cell layer
damage on externalization of the virus. As expected, virus
release was delayed in the presence of JNK inhibitor, as ob-
served at the 8-h p.i. time point (Fig. 6F). At later time points,
no difference was observed in the level of extracellular virus
between treated and untreated cells, consistent with the similar
appearances of the corresponding cell layers.

Overall, these results show that PV induces JNK activation
in IMR5 cells and that this early event is required for Bax
translocation, MOMP, and cell death. This activation may also
be involved in early viral release.

UV-inactivated PV also induces JNK phosphorylation but
not apoptosis in IMR5 cells. We investigated whether PV
adsorption onto IMR5 cells could induce JNK activation in the
absence of PV replication by assessing JNK phosphorylation
after the addition of UV-inactivated PV to IMR5 cells at a
dilution corresponding to an MOI of 10 TCID50 per cell. The
complete abolition of viral infectivity by UV light treatment
was confirmed by a titration assay with undiluted viral suspen-
sion. We also checked that UV inactivation did not modify
virus adsorption on cells by comparing the binding efficiencies
of infectious and UV light-treated PV labeled with [35S]methi-
onine (data not shown). As shown in Fig. 7A, JNK phosphor-
ylation was induced in IMR5 cells 30 min after the addition of
UV-inactivated PV, at an efficiency similar to that obtained
with infectious PV. This result indicates that PV-cell receptor
interaction alone is sufficient to induce JNK phosphorylation in
the absence of viral replication (Fig. 7A). However, no apop-
tosis was detected by flow cytometry after AO staining, 8 h
after the addition of UV-inactivated PV, whereas apoptosis
was detected at the same time point in cells infected with
infectious PV (Fig. 7B). Thus, PV-induced JNK phosphoryla-
tion is necessary, but not sufficient, to trigger apoptosis and
seems to require PV postadsorption events.

DISCUSSION

Apoptosis is frequently involved in central nervous system
cell damage in response to virus infection (26, 42, 64). The
main target cell of PV in the central nervous system is the
motor neuron resident within the spinal cord and the brain
stem, and infection of these cells causes flaccid paralysis
(52, 61).

Here, we demonstrated that PV infection of neuronal IMR5
cells induced the activation of the proapoptotic protein Bax,
manifest by its conformational change as well as by its redis-
tribution from the cytosol to mitochondria, concomitant with
MOMP. Furthermore, PV triggered Bax-dependent mitochon-
drial dysfunction: vMIA protein inhibited cytochrome c re-
lease. However, PV-induced mitochondrial dysfunction was
not prevented by the broad-spectrum caspase inhibitor
z-VAD-fmk, indicating that the PV-triggered apoptotic signal
is transmitted to mitochondria in a caspase-independent man-
ner. The requirement for Bax in our model is particularly
interesting because Bax protein is widely distributed in the
central nervous system and has been proposed to be a major
sensor of neuronal death (38). Indeed, in Bax-knockout mice,

FIG. 5. Early activation of JNK and subsequent c-Jun phosphory-
lation in PV-infected neuronal cells. Activation of each JNK and c-Jun
was analyzed in whole-cell lysates at the indicated times p.i. by Western
blotting using specific anti-phospho (Thr183/Tyr185)-JNK (p46 [JNK1]
and p54 [JNK2/3]) and anti-phospho (Ser63)-c-Jun antibodies. Blots
were subsequently stripped and reprobed with antibodies recognizing
all JNK and c-Jun forms to confirm equal protein loading.
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FIG. 6. Bax translocation, cytochrome c release, and cell death following PV infection depend on JNK activation. (A) Inhibition of JNK activity
during PV infection in IMR5 cells treated with SP600125 (25 �M). Cells were incubated with the JNK inhibitor for 2 h before PV infection, and
the inhibitor concentration was maintained during the adsorption period and throughout PV infection. Levels of phospho (Thr183/Tyr185)-JNK
and phospho (Ser63)-c-Jun in whole-cell lysates were determined at 30 min p.i. by Western blotting. Blots were subsequently stripped and reprobed
with antibodies recognizing all JNK and c-Jun forms to confirm equal protein loading. (B) IMR5 cells were uninfected or were infected with PV
in the presence or absence of SP600125 (25 �M). Whole-cell lysates (8 h p.i.) were subjected to Western blot analysis with anti-Bax and
anti-cytochrome c (Cyt c) antibodies. Actin was used as a control for protein loading. (C) Inhibition of Bax translocation from the cytosol to
mitochondria by the JNK inhibitor SP600125. IMR5 cells were uninfected or were infected with PV in the presence or the absence of SP600125
(25 �M). Eight hours p.i., the cytosolic and heavy membrane fractions were assayed for Bax by Western blotting. Actin and Cox IV were used as
controls for protein loading of cytosolic and heavy membrane fractions, respectively. Protein levels of heavy membrane and cytosolic fractions were
determined by densitometry and plotted as ratios relative to the levels of Cox IV and actin, respectively. (D) Cytochrome c release is reduced by
JNK inhibitor. IMR5 cells were uninfected or were infected with PV in the presence or absence of SP600125 (25 �M). Cytosolic extract proteins
were analyzed at 14 h p.i. by immunoblotting with anti-cytochrome c (Cyt c) antibody. Actin was used as a control for protein loading. Protein levels
were determined by densitometry and plotted as ratios relative to the levels of actin. (E) Inhibition of PV-induced cytopathic effect by the JNK
inhibitor SP600125. Cells were uninfected or were infected with PV in the presence or absence of SP600125 (25 �M) and visualized by light
microscopy at the indicated times p.i. Magnification, �350. (F) The JNK inhibitor SP600125 does not affect PV growth but affects PV release.
IMR5 cells were infected with PV in the presence or absence of SP600125 (25 �M). Total virus yield (extracellular and intracellular) was
determined by TCID50 assay at the indicated times after three cycles of freezing and thawing to release intracellular viruses. The titers of
extracellular virus were determined from the supernatant of PV-infected cells at the indicated times after the removal of detached cells by
centrifugation. Each point represents the mean virus titer for two independent experiments. Standard errors of the means are indicated. �, P 

0.05 by Student’s t test comparing untreated IMR5 cells to treated IMR5 cells.
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much of the postmitotic neuronal death that normally occurs in
the central nervous system during development is prevented
(17, 73).

Our results also provide evidence that PV activated JNK in
IMR5 cells and that this event was required for Bax activation
and MOMP, because SP600125—a specific pharmacological
inhibitor of JNK—inhibited Bax translocation and cytochrome
c release and delayed cell death and viral release without
affecting PV replication. Thus, JNK activation may play a role
in early virus release. In nonviral apoptotic models, a JNK
signaling pathway has been previously described as a regulator
of Bax translocation (39) and cytochrome c release (69). JNK
can phosphorylate and activate the proapoptotic BH3-only
protein Bim, leading to cell death, which is dependent upon
Bax expression (39, 57). However, neither the amount nor the
phosphorylation of Bim in PV-infected cells was higher than
that in mock-infected cells (data not shown). Furthermore,
knocking down Bim protein production with specific siRNA
did not prevent cytochrome c release. Thus, the regulation of
Bax by JNK in PV-infected IMR5 cells is independent of Bim
activation.

Interestingly, the PV-cell receptor interaction alone was suf-
ficient to induce JNK activation. The involvement of viral bind-
ing to a receptor in cell death has been demonstrated for
various viruses, including reovirus (70), Sindbis virus (31), hu-
man immunodeficiency virus (40), coronavirus (45), bovine
herpesvirus (27), and avian leukosis virus (11). It has been
suggested that PV-CD155 interaction could induce cell death

(51), and this is in agreement with results reported by Agol’s
group following nonpermissive infection (68). Furthermore,
PV-induced apoptosis in murine L cells expressing CD155 can
be modulated according to the form of CD155 expressed at the
cell surface: cells expressing a CD155 form with an Ala673Thr
substitution near the binding site of CD155 for PV and corre-
sponding to a switch from one allelic form of the PV receptor
to another previously identified allelic form (36, 50) are less
susceptible to PV-induced apoptosis than those expressing the
Ala67 form (24). Therefore, there is the possibility, although
speculative, that JNK activation is poorly efficient or delayed in
cells expressing the mutated receptor.

However, as shown with UV-inactivated PV, JNK activation
was not sufficient to trigger PV-induced apoptosis requiring
PV replication in our model. Indeed, in addition to the PV-
CD155 interaction, several nonstructural viral proteins have
been implicated in the apoptotic process in PV-infected cells.
The 2A and 3C proteases of PV can each trigger cellular
apoptosis in the absence of other viral gene products (6, 23).
However, the 3C protease may also be able to delay or prevent
apoptosis, as it mediates the degradation of the transcriptional
activator p53 (72). Another nonstructural protein, 3A, has an
antiapoptotic activity (19, 53, 54). Thus, PV-induced apoptosis
is complex and involves a delicate balance influenced by sev-
eral viral and cellular proteins that may dictate the outcome for
the cell.

In this study, JNK activation occurred very soon after PV
infection, with a peak at 30 min p.i., and apoptotic features
were first observed in PV-infected cells 6 h p.i. As previously
reported by Agol’s group (1), several different courses of
events may occur in PV-infected cells between 30 min and 6 h
p.i. These events may concern the balance between pro- and
antiapoptotic viral proteins: a signal from phosphorylated JNK
to the mitochondria may be transduced via an unidentified
pathway involving proapoptotic viral proteins, whereas Bax
activation may be delayed by cellular or viral inhibitors of
apoptosis soon after PV infection.

The interaction of PV with its receptor may be the first event
tipping the scale toward apoptosis in PV-infected cells. It
would therefore be interesting to evaluate the involvement of
the PV-CD155 interaction, particularly as concerns JNK acti-
vation, in the context of the interplay between the pro- and
antiapoptotic proteins encoded by PV.

In conclusion, we demonstrated that the activation of the
apoptotic mitochondrial pathway in PV-infected neuronal
IMR5 cells was Bax dependent and mediated by early JNK
activation. This is the first report, to our knowledge, of JNK-
mediated Bax-dependent cell death associated with PV infec-
tion. These studies shed more light on the network of pathways
leading to PV neuropathogenicity.
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