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Viral infection often perturbs host cell signaling pathways including those involving mitogen-activated
protein kinases (MAPKs). We now show that reovirus infection results in the selective activation of c-Jun
N-terminal kinase (JNK). Reovirus-induced JNK activation is associated with an increase in the phosphory-
lation of the JNK-dependent transcription factor c-Jun. Reovirus serotype 3 prototype strains Abney (T3A) and
Dearing (T3D) induce significantly more JNK activation and c-Jun phosphorylation than does the serotype 1
prototypic strain Lang (T1L). T3D and T3A also induce more apoptosis in infected cells than T1L, and there
was a significant correlation between the ability of these viruses to phosphorylate c-Jun and induce apoptosis.
However, reovirus-induced apoptosis, but not reovirus-induced c-Jun phosphorylation, is inhibited by blocking
TRAIL/receptor binding, suggesting that apoptosis and c-Jun phosphorylation involve parallel rather than
identical pathways. Strain-specific differences in JNK activation are determined by the reovirus S1 and M2
gene segments, which encode viral outer capsid proteins (�1 and �1c) involved in receptor binding and host
cell membrane penetration. These same gene segments also determine differences in the capacity of reovirus
strains to induce apoptosis, and again a significant correlation between the capacity of T1L � T3D reassortant
reoviruses to both activate JNK and phosphorylate c-Jun and to induce apoptosis was shown. The extracellular
signal-related kinase (ERK) is also activated in a strain-specific manner following reovirus infection. Unlike
JNK activation, ERK activation could not be mapped to specific reovirus gene segments, suggesting that ERK
activation and JNK activation are triggered by different events during virus-host cell interaction.

Mitogen-activated protein kinases (MAPKs) play a critical
role in the transduction of a wide variety of extracellular sig-
nals (22). MAPKs include the extracellular signal-related ki-
nases (ERKs), which are activated by growth factors and many
other mitogenic stimuli (11) and are generally thought to have
antiapoptotic properties, and the c-Jun N-terminal kinases
(JNKs, also called stress-activated protein kinases, SAPKs)
(16, 39) and p38 MAPKs (23, 40, 53), which are activated by
stress stimuli and function to communicate growth-inhibitory
and apoptotic signals within cells. It is thought that the com-
mitment to apoptosis and determination of cell fate may in-
volve the balance between the activity of the JNK and p38
kinases and that of ERK (7). For example, the inhibition of
ERK activity and the coordinate activation of JNK and p38
kinase correlate with the induction of apoptosis in nerve
growth factor-deprived PC12 pheochromocytoma cells (61),
Fas-treated Jurkatt cells (37, 60), and UV-irradiated mouse
fibroblasts (3).

Infection with a wide variety of viruses can result in pertur-
bation of host cell signaling pathways including MAPK cas-
cades. Some viruses show a dependence on the ERK signaling
cascades for replication, and viral proteins that induce ERK

activation have been identified (34, 36, 38, 43, 57). Virus-
induced MAPK activation, including JNK and p38, has also
been described (19, 31, 32, 42, 44, 49, 54, 63), as has the
activation of MAPK-associated transcription factors (33, 42,
54, 63). However, the reason for their activation following
infection remains largely unclear.

Reovirus is a double-stranded RNA virus that induces apo-
ptosis in cultured cells in vitro (46, 50, 58) and in target tissues
in vivo including the central nervous system and heart (14, 46,
47). Reovirus-induced apoptosis correlates with pathology in
vivo and is a critical mechanism by which disease is triggered in
the host (14, 47). Strain-specific differences in the capacity of
reoviruses to induce apoptosis are determined by the viral S1
and M2 gene segments (58, 59). Reovirus-induced apoptosis
requires viral binding to cell surface receptors, including junc-
tional adhesion molecule (2), but not completion of the full
viral replication cycle (50, 58). Reovirus induces apoptosis by a
p53-independent mechanism that involves cellular proteases
including calpains (15) and caspases (10), is dependent on
reovirus-induced NF-�B activation (2, 12), and is inhibited by
overexpression of Bcl-2 (50).

We have previously shown that reovirus-induced apoptosis is
mediated by tumor necrosis factor (TNF) related apoptosis-
inducing ligand (TRAIL) (10), which is released from infected
cells, and can be inhibited by antibodies against TRAIL or by
treatment of infected cells with soluble forms of TRAIL re-
ceptors. TRAIL interacts with several members of the TNF
receptor superfamily including the apoptosis-associated recep-
tors DR4 (TRAIL-R1) and DR5 (TRAIL-R2/TRICK2/KILL-
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ER). These receptors contain an intracellular 80-amino-acid
“death domain” (reviewed in reference 1), which is indispens-
able for apoptosis since it interacts with death domains found
in cytoplasmic adapter proteins such as TNF-R1-associated
death domain protein (29) and Fas-associated protein with
death domain (5, 8). Adapter proteins have additional domains
that enable interaction with the prodomains of apoptotic
caspases (4, 17, 45) and with members of the TNF receptor-
associated factor family (27, 28) of molecules involved in the
activation of NF-�B and JNK (52, 56). In addition to activating
apoptotic caspases, TRAIL-receptor activation in reovirus-in-
fected cells is thus also likely to result in the activation of
NF-�B (35) and JNK (30).

The capacity of reovirus to induce apoptosis through a
TRAIL-dependent pathway in infected cells suggests that pro-
apoptotic MAPKs, including JNK, might be activated in reo-
virus-infected cells. Reovirus infection also disrupts cell cycle
regulation by inducing a G2/M arrest (48), suggesting that
ERK, which promotes cell cycle progression, might also be
inhibited following reovirus infection. This study investigated
the activation of MAPKs in reovirus-infected cells. We showed
that reovirus infection causes the selective activation of both
the JNK and ERK MAPK cascades. Strain-specific differences
in JNK, but not ERK, activation are determined by the viral S1
and M2 gene segments, suggesting that different mechanisms
are involved in the activation of these kinases in reovirus-
infected cells. The viral S1 and M2 gene segments also deter-
mine differences in the capacity of reoviruses to induce apo-
ptosis, and we now show that there is a significant correlation
between the capacity of reassortant reoviruses to activate JNK
and to induce apoptosis. Blocking TRAIL-receptor interaction
does not prevent the early activation of c-Jun by reovirus,
indicating that death receptor-independent signaling pathways
are required for reovirus-induced JNK activation.

MATERIALS AND METHODS

Cells and virus. Mouse L929 cells (ATCC CCL1) were grown in Joklik’s
modified Eagle’s medium supplemented to contain 5% fetal bovine serum and 2
mM L-glutamine (Gibco BRL). Reovirus strains Type 3 Abney (T3A), Type 3
Dearing (T3D), and Type 1 Lang (T1L) are laboratory stocks, which have been
plaque purified and passaged (twice) in L929 (ATCC CCL1) cells to generate
working stocks (59). T1L � T3D reassortant viruses were grown from stocks
originally isolated by Kevin Coombs, Max Nibert, and Bernard Fields (6, 13).
Virus infections were performed at a multiplicity of infection (MOI) of 100 to
ensure that 100% of susceptible cells were infected and to maximize the syn-
chrony of virus replication.

Western Blot analysis and antibodies. Following infection with reovirus, cells
were pelleted by centrifugation, washed twice with ice-cold phosphate-buffered
saline, and lysed by sonication in 200 �l of a buffer containing 15 mM Tris (pH
7.5), 2 mM EDTA, 10 mM EGTA, 20% glycerol, 0.1% NP-40, 50 mM �-mer-
captoethanol, 100 �g of leupeptin per ml, 2 �g of aprotinin per ml, 40 �M
Z-Asp-2,6-dichlorobenzoyloxime, and 1 mM phenylmethylsulfonyl fluoride. The
lysates were then cleared by centrifugation at 16,000 � g for 5 min, normalized
for protein amount, mixed 1:1 with SDS sample buffer (100 mM Tris [pH 6.8],
2% sodium dodecyl sulfate [SDS], 300 mM �-mercaptoethanol, 30% glycerol,
5% pyronine Y), boiled for 5 min and stored at �70°C. Proteins were subjected
to SDS-polyacrylamide gel electrophoresis (PAGE) (10% polyacrylamide gels)
and probed with antibodies directed against phospho-ERK, phospo c-Jun, and
total c-Jun (New England Biolabs, Beverly, Mass.). All lysates were standardized
for protein concentration with antibodies directed against actin (no. CP01; On-
cogene, Cambridge, Mass.). Autoradiographs were quantitated by densitometric
analysis using a Fluor-S MultiImager (Bio-Rad Laboratories, Hercules, Calif.).

In vitro kinase assays. L929 cells were solubilized in TX-100 lysis buffer (70
mM �-glycerophosphate, 1 mM EGTA, 100 �M Na3VO4, 1 mM dithiothreitol,
2 mM MgCl2, 0.5% Triton X-100, 20 �g of aprotinin per ml). Cellular debris was

removed by centrifugation at 8,000 � g for 5 min. The protein concentration was
determined by a Bradford assay using bovine serum albumin as a standard. JNK
activity was measured using a solid-phase kinase assay in which glutathione
S-transferase–c-Jun bound to glutathione-Sepharose 4B beads was used to af-
finity purify JNK from cell lysates as described previously (20, 25). The phos-
phorylation of glutathione S-transferase–c-Jun was quantitated with a Phosphor-
imager instrument (Molecular Dynamics). ERK activation was measured by first
incubating the lysate with 2 �g of an anti-ERK2 antibody (Santa Cruz Biotech-
nology, Inc.) per ml for 1 hr at 4°C with agitation followed by the addition of 15
�l of a slurry of protein A-Sepharose beads (no. P-3391; Sigma) and a further
20-min incubation at 4°C. The beads were washed twice with 1 ml of lysis buffer
and twice with 1 ml of lysis buffer without Triton X-100. A 35-�l volume of the
last wash was left in the tube, mixed with 20 �l of ERK reaction mix (50 mM
�-glycerophosphate, 100 �M Na3VO4, 20 mM MgCl2, 200 �M ATP, 0.5 �Ci of
[�-32P]ATP per �l 400 �M epidermal growth factor receptor peptide 662–681,
100 �g of IP-20 per �l, 2 mM EGTA), and incubated for 20 min at 20°C. The
reaction was stopped with 10 �l of 25% trichloroacetic acid, and the reaction
product was spotted on P81 Whatman paper. The samples were washed three
times for 5 min each in 75 mM phosphoric acid and once for 2 min in acetone.
They were then air dried, and their radioactivity was measured in a �-counter.
The activity of p38 was measured as described by Gerwins et al. (21).

Apoptosis assays and reagents. At 48 h after infection with reovirus, the cells
were harvested and stained with acridine orange, for determination of nuclear
morphology and ethidium bromide in order to distinguish cell viability, at a final
concentration of 1 �g/ml (18). Following staining, the cells were examined by
epifluorescence microscopy (Nikon Labophot-2; B-2A filter; excitation, 450 to
490 nm; barrier, 520 nm; dichroic mirror, 505 nm). The percentage of cells
containing condensed nuclei and/or marginated chromatin in a population of 100
cells was recorded. The specificity of this assay has been previously established in
reovirus-infected cells by using DNA-laddering techniques and electron micros-
copy (10, 58). Soluble death receptors (Fc:DR5 and Fc:DR4) were obtained
from Alexis Corp. (Pittsburgh, Pa.).

RESULTS

Reovirus activates JNK in infected cells. We first investi-
gated whether JNK was activated in reovirus-infected cells.
L929 cells were infected (MOI, 100) with two prototype strains
of reovirus, T3D and T1L. At 0, 5, 10 and 24 h postinfection
(p.i.), the cells were harvested and the presence of JNK activity
was detected by in vitro kinase assays (Fig. 1). In three inde-
pendent experiments, JNK activity was significantly increased
(P � 0.01) at 24 h p.i. in T3D-infected cells compared to
mock-infected cells. However, JNK activity was not signifi-
cantly increased (P 	 0.05) at 24 h p.i. in T1L-infected cells
compared to mock-infected cells. An increase in JNK activity
was apparent in T3D-infected cells at 10 h p.i. Although sta-

FIG. 1. Reovirus activates JNK infected cells. L929 cells were in-
fected with two different serotypes of reovirus, T1L and T3D (MOI,
100) or were mock infected. At various times p.i., lysates were pre-
pared and JNK activity was determined by in vitro kinase assays. The
graph shows the mean JNK activity, as measured by c-Jun phosphor-
ylation (arbitrary imager units), of three independent experiments.
Error bars represent standard errors of the mean.
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tistically significant, variability in JNK activity was greater in
the T3D-infected cells at 24 h p.i. than for other times and
conditions, reflecting the increase in the mean value.

Levels of phosphorylated c-Jun are increased in reovirus-
infected cells. The activation of JNK results in the phosphor-
ylation and activation of the transcription factor c-Jun, which
in turn regulates the transcription of a multitude of cellular
genes. Having shown that JNK was activated in reovirus-in-
fected cells, we wished to determine whether the JNK-depen-
dent transcription factor c-Jun was also activated following

reovirus infection. Cells were infected with three different
strains of reovirus, T1L, T3D, and T3A, the second prototypic
T3 strain. The cells were then harvested at various times p.i.,
and the activation state of c-Jun was determined by Western
blot analysis using an antibody directed against the phosphor-
ylated, activated form of c-Jun. Levels of phosphorylated c-Jun
were increased in cells infected with the T1L, T3D, and T3A
strains compared to those in mock-infected cells (Fig. 2). In-
creased levels of activated c-Jun were present 12 h p.i., which
closely parallels the activation of JNK (Fig. 1). There were

FIG. 2. c-Jun is activated following infection with reovirus. Cells were infected with different strains of reovirus (MOI, 100) and were harvested
at various times p.i. (A and C) Extracts were standardized for protein concentration, using an anti-actin antibody, and equal amounts of protein
were separated by SDS-PAGE and probed with antibodies directed against phosphorylated (A) or total (C) c-Jun. Bands corresponding to
phosphorylated and unphosphorylated c-Jun are shown. The gels are representative of at least two independent experiments. (B) Graphical
representation of the Western blot shown in panel A, showing the fold increase in the levels of phophorylated c-Jun over time.
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serotype-specific differences in the ability of reovirus to phos-
phorylate c-Jun with T3 strains (T3D and T3A), inducing
higher levels of phosphorylated c-Jun at earlier times p.i., and
T1L strains. For example, at 12 h p.i., the levels of phosphor-
ylated c-Jun were increased 8-fold in T1L-infected cells com-
pared to those seen in mock-infected cells whereas the levels of
phosphorylated c-Jun were increased 24-fold in T3D-infected
cells and 33-fold in T3A-infected cells. Some increase in c-Jun
phosphorylation was observed in mock-infected cells, which
may be due to increasing cell confluence. We probed the same
lysates with an antibody that detects total c-Jun (both phos-
phorylated and unphosphorylated forms [Fig. 2C]). These blots
show that there was also an increase in the levels of total c-Jun
in both mock and reovirus-infected cells. Also visible on these
blots are bands corresponding to the phosphorylated form of
c-Jun (Fig. 2C). Once again, serotype-specific differences in the
ability of reovirus to phosphorylate c-Jun were observed, with
T3D and T3A inducing higher levels of phosphorylated c-Jun
than T1L did.

In support of the association between JNK activation and
c-Jun phosphorylation, there was a high correlation between
the ability of reovirus to induce JNK activation and to phos-
phorylate c-Jun (Pearson parametric correlation R2 
 0.99,
P 
 0.0217).

Reovirus-induced JNK activation is determined by the S1
and M2 gene segments. Having shown that T3D activates JNK
to a greater extent than T1L does, we wished to identify
whether specific viral genes determined these differences. L929
cells were infected with a panel of T1L � T3D reassortant
reoviruses (MOI, 100). At 24 h p.i., the cells were harvested
and the JNK activity was determined by the in vitro kinase
assay. JNK activation following infection with different reas-
sortant viruses, as well as with parental strains, and the deri-
vation of the various genome segments of each virus are shown
in Table 1. The results were analyzed using both parametric (t
test) and nonparametric (Mann-Whitney [M-W] test) meth-
ods. The reovirus S1 (t test, P 
 0.04; M-W test, P 
 0.008) and
M2 (t test, P 
 0.026; M-W test, P 
 0.014) gene segments
were both significantly associated with strain-specific differ-
ences in virus-induced apoptosis. Using linear-regression anal-

ysis, we obtained R2 values of 48.6% (P 
 0.017) for the S1
gene segment and 42.5% (P 
 0.03) for the M2 gene segment.
These results indicate that both the S1 and M2 gene segments
contribute to strain-specific differences in the capacity of reo-
virus to activate JNK in infected cells. The nature of the reas-
sortant pool tested, in which eight of nine viruses were con-
cordant for the parental origin of their S1 and M2 segments,
prevented us from more accurately defining the relative con-
tributions of these two segments to JNK activation.

It is important to note that although statistical analysis iden-
tifies the S1 and M2 gene segments as important determining
factors in the ability of reoviruses to induce JNK activation,
some viruses with differing genotypes (e.g., KC150 and EB121)
have closely related JNK activity levels. This suggests that
nongenetic factors also contribute to reovirus-induced JNK
activation.

Reovirus-induced c-Jun phosphorylation and reovirus-in-
duced apoptosis are correlated. Reovirus prototypic strains
T3D and T3A induce more apoptosis in infected cells than T1L
(58, 59). Since our results indicate that Type 3 reoviruses also
induce higher levels of phosphorylated c-Jun and JNK activity,
we compared the ability of the prototypic strains of reovirus to
phosphorylate c-Jun at 12 and 18 h p.i. (Fig. 2) with their ability
to induce apoptosis (Fig. 3A and B). Apoptosis was measured
at 48 h p.i., and the apoptosis experiments were set up in
parallel to the c-Jun experiments to ensure that the experimen-
tal conditions were as similar as possible. A significant associ-
ation between the capacity of reoviruses to induce apoptosis
and phosphorylate c-Jun was found (Pearson parametric cor-
relation R2 
 0.964 using c-Jun values obtained at 12 h p.i. and
R2 
 0.9330 using c-Jun values obtained at 18 h p.i.). We also
investigated whether there was a correlation between the ca-
pacity of T1L � T3D reassortants to phosphorylate c-Jun (Fig.
3C) or activate JNK (Fig. 3D) and to induce apoptosis. Signif-
icant associations between the capacity of reovirus reassortants
to induce apoptosis and both activate JNK (Pearson paramet-
ric correlation R2 
 0.6077, P 
 0.0028) and phosphorylate
c-Jun (Pearson parametric correlation R2 
 0.30, P 
 0.0354)
were found. The larger pool of viruses used to generate the

TABLE 1. Reovirus-induced JNK activation is determined by the S1 and M2 gene segments

Virus straina JNK activity
(imager units)

Reovirus gene segment

L1 L2 L3 M1 M2 M3 S1 S2 S3 S4

EB97 189,000 T3D T3D T1L T3D T3D T3D T3D T3D T3D T1L
T3D 108,000 T3D T3D T3D T3D T3D T3D T3D T3D T3D T3D
EB13 108,000 T3D T3D T3D T3D T3D T3D T3D T3D T3D T1L
H15 102,000 T1L T3D T3D T1L T3D T3D T3D T3D T3D T1L
KC150 84,000 T3D T1L T1L T1L T3D T1L T3D T3D T1L T3D
EB121 81,000 T3D T3D T1L T3D T1L T3D T1L T3D T3D T3D
EB1 78,000 T1L T3D T1L T1L T3D T1L T1L T1L T3D T1L
EB85 75,000 T1L T1L T1L T1L T1L T3D T1L T3D T1L T1L
EB31 63,000 T1L T1L T1L T3D T1L T1L T1L T3D T3D T1L
T1L 54,000 T1L T1L T1L T1L T1L T1L T1L T1L T1L T1L
H41 24,000 T3D T3D T1L T1L T1L T3D T1L T3D T3D T1L
None (mock) 20,000

t test 0.33 0.18 0.19 0.15 0.026 0.20 0.04 0.24 0.19 0.83
M-W test 0.17 0.16 0.08 0.12 0.014 0.22 0.008 0.29 0.24 0.41

a t test and M-W values are P values, with significant values in bold type.
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reassortant data enabled us to derive P values for these corre-
lations.

Soluble TRAIL receptors block reovirus-induced apoptosis
but not reovirus-induced c-Jun activation. TRAIL receptor
ligation results in the activation of JNK (30). We have previ-
ously shown that reovirus-induced apoptosis requires TRAIL
receptor ligation (10). We next investigated whether TRAIL
receptor activation was required for the activation of c-Jun in
reovirus-infected cells. A combination of the soluble TRAIL
receptors Fc:DR5 and Fc:DR4 was used to inhibit the binding
of TRAIL to its functional cellular receptors. L929 cells were
infected with T3D (MOI, 50) in the presence or absence of
Fc:DR5 and Fc:DR4 (final concentration, 100 ng/ml each) and
were harvested after 18 h. Lysates were then analyzed by West-
ern blot analysis using an anti-phospho-c-Jun antibody. In par-
allel, cells were infected with reovirus in the presence of a
combination of Fc:DR5 and Fc:DR4 and were assayed for
reovirus-induced apoptosis after 48 h (Fig. 4). The presence of
soluble TRAIL receptors did not inhibit c-Jun activation in

T3D-infected cells (Fig. 4A and B). In fact, there seemed to be
an increase in levels of phosphorylated c-Jun when cells were
infected with reovirus in the presence of soluble TRAIL re-
ceptors compared to levels seen in untreated, infected cells.
Conversely, the presence of soluble TRAIL receptors mark-
edly reduced the ability of T3D to induce apoptosis (Fig. 4C),
indicating that inhibition of TRAIL receptor ligation inhibits
apoptosis but fails to reduce the activation of c-Jun in reovirus-
infected cells. This suggests that pathways other than those
initiated by TRAIL contribute to reovirus-induced JNK acti-
vation.

ERK, but not p38 MAPK, is activated following reovirus
infection. Having shown that JNK is activated in reovirus-
infected cells we wished to determine whether other MAPK
pathways are also activated following reovirus infection. The
activities of p38 and ERK were thus investigated in reovirus-
infected L929 cells (MOI, 100) at 24 and 48 h p.i. by in vitro
kinase assays. T3D, but not T1L, infection resulted in the
activation of ERK. ERK activation peaked at 24 h p.i., with a

FIG. 3. There is a correlation between the capacities of different prototype strains of reovirus to phosphorylate c-Jun and induce apoptosis and
between the capacities of T1L � T3D reassortant viruses to induce JNK activation or c-Jun phosphorylation and apoptosis. The abilities of different
strains of reovirus (T3A, T3D, and T1L) and mock (M) infection to induce increased levels of phosphorylated c-Jun, at 12 h (A) and 18 h (B) p.i.
(values taken from Fig. 2) and apoptosis are shown. Experiments to determine c-Jun phosphorylation and apoptosis were set up in parallel. (C)
The capacity of reovirus reassortants (MOI, 100) to induce phosphorylated c-Jun and apoptosis was plotted. Each point represents a single
reassortant virus. Lysates were harvested at 18 h p.i., standardized for protein concentration, and analyzed by Western blotting using an antibody
directed against phospho c-Jun. Apoptosis values were obtained in a parallel experiment and represent the mean value from three separate wells
(24-well tissue culture plate) of the same experiment. (D) The capacities of reovirus reassortants (MOI, 100) to induce JNK activity and apoptosis
were plotted. Each point represents a single reassortant virus. JNK activity values were taken from Table 1. Apoptosis values were obtained in a
parallel experiment and represent the mean value from three separate wells (24-well tissue culture plate) of the same experiment.

VOL. 75, 2001 REOVIRUS-INDUCED JNK ACTIVATION 11279



four fold increase in the levels of ERK activation compared to
those in mock-infected cells (Fig. 5A). There was a slight
decrease in p38 activity following infection with the T1L and
T3D strains of reovirus (Fig. 5B).

Since MAPKs can be activated rapidly in some systems, we
also looked at MAPK activation at very early times (less than
2 h) after reovirus infection. Using antibodies directed against
the phosphorylated, active form of ERK, we were able to show
that ERK had an additional activation peak at around 20 min
p.i. (Fig. 5C). This activation peak was also strain specific, with
T3D and T3A inducing more activity than T1L did. JNK and
p38 were not activated within 2 h of infection (results not
shown). Taken together with our above-described data, these

results indicate that reovirus preferentially and selectively ac-
tivates the JNK and ERK MAPK pathways.

Although we were able to show strain-specific differences in
the activation of ERK in infected cells, we have been unable to
map this phenomenon to a specific reovirus gene segment
(results not shown), suggesting that ERK and JNK activation
involve different types of virus-host cell interactions. The acti-
vation of ERK is generally associated with antiapoptotic ef-
fects. Conversely, the inhibition of ERK activity often corre-
lates with the activation of JNK and p38 kinase and the
resultant induction of apoptosis. We therefore wished to in-
vestigate whether reovirus-induced apoptosis would be en-
hanced by treatment with PD 98059, a chemical inhibitor of

FIG. 4. Apoptosis but not c-Jun phosphorylation is inhibited in T3D-infected cells in the presence of the soluble TRAIL receptors Fc:DR5 and
Fc:DR4. In parallel experiments, cells were infected with T3D (MOI, 50) and were assayed for c-Jun activation at various times p.i. and for
apoptosis after 48 h. (A) Representative autoradiograph showing levels of phosphorylated c-Jun following infection with reovirus (T3D), in the
presence or absence of Fc:DR5 and Fc:DR4 (final concentrations, 100 ng/ml each). Equal amounts of protein, as determined by actin concen-
tration (data not shown), were loaded. (B) Graphical analysis of the results shown in panel A showing the fold increase in c-Jun phosphorylation
compared to that in mock-infected, untreated cells, at 12 h, 20 h, and 30 h p.i. (C) Graph showing the percentage of cells with apoptotic nuclear
morphology in reovirus (T3D)- or mock-infected cells in the presence or absence of soluble TRAIL receptors (final concentration, 100 ng/ml each).
Error bars represent standard errors of the mean from three separate wells (24-well tissue culture plate) of the same experiment.
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ERK activation. Cells were pretreated with 10 �M PD 98059
for 2 h prior to infection with reovirus and were maintained in
medium in the presence of inhibitor for 48 h following infec-
tion. There was no change in reovirus-induced apoptosis in
cells treated with PD 98059 (Fig. 6A), even though ERK ac-
tivation following reovirus infection was blocked (Fig. 6B). The
activity of MAPK p38 is decreased in reovirus-infected cells,
and, as expected, chemical inhibitors of p38 (PD 169316 and
SB 202190) did not affect reovirus-induced apoptosis (results
not shown).

DISCUSSION

Our results indicate that reovirus infection selectively in-
duces MAPK activation in infected cells. JNK is activated
following reovirus infection in a strain-specific manner, with
the type 3 prototype reovirus strain (T3D) inducing more JNK
activation than the type 1 prototype reovirus strain (T1L) does.
Reovirus-induced JNK activation is associated with phosphor-
ylation, and hence activation, of the JNK-dependent transcrip-

tion factor c-Jun. The phosphorylation of c-Jun is also a strain-
specific event, with the prototype 3 strains (T3D and T3A)
inducing more JNK activation than T1L does.

Strain-specific differences in JNK activation are determined
by the S1 and M2 reovirus gene segments, which both encode
reovirus capsid proteins. The reovirus S1 gene is bicistronic,
encoding both the viral attachment protein �1 and a non-
virion-associated protein, �1s, that is required for reovirus-
induced G2/M cell cycle arrest (48) but is not required for
reovirus growth in cell culture or for the induction of apoptosis
(51, 59). Reovirus-induced c-Jun activation is not blocked fol-
lowing infection by a �1s-deficient virus strain (results not
shown), indicating that �1s is not required for c-Jun activation
in reovirus-infected cells. The M2 segment encodes the main
reovirus outer capsid protein �1c, which plays a key role in
membrane penetration and in the transmembrane transport of
virions (24, 26, 41).

The S1 and M2 gene segments also determine the ability of
reovirus to induce apoptosis (59), and there is a correlation
between the ability of different prototype reovirus strains, and
T3D � T1L reassortant reoviruses to induce apoptosis and to
activate JNK and/or phosphorylate c-Jun. This suggests that
JNK activation and c-Jun phosphorylation and apoptosis either
are components of the same pathway that induces apoptosis
following reovirus infection or are components of distinct, par-
allel pathways induced by the same viral factors.

Reovirus-induced apoptosis is mediated by TRAIL-induced
activation of death receptors and is associated with the release
of TRAIL from infected cells (10). TRAIL receptor activation
can also result in the activation of JNK (30), suggesting that

FIG. 5. Reovirus activates ERK but not p38 in infected cells. (A
and B) The activities of ERK (A) and p38 (B) were investigated in
reovirus-infected L929 cells (MOI, 100) at 24 and 48 h p.i. by in vitro
kinase assays. The graphs show fold activation compared to that in
mock-infected cells. Error bars represent standard errors of the mean
from three independent experiments. (C) ERK is activated at early
times after reovirus infection. L929 cells were infected with reovirus
(MOI, 100) and harvested at various times p.i. Proteins were separated
by SDS-PAGE and subjected to Western blot analysis using antibodies
directed against phospho-ERK. Actin was used to standardize for
protein loading (data not shown).

FIG. 6. Inhibition of ERK activation does not affect reovirus-in-
duced apoptosis. (A) Reovirus-induced apoptosis (MOI, 100) was
measured in the presence of a chemical inhibitor of ERK activation
(PD 98059). L929 cells were pretreated with inhibitor (10 �M) for 2 h
prior to infection with reovirus and were maintained in medium in the
presence of inhibitor for 48 h following reovirus infection. They were
then harvested and assayed for apoptosis. The graph shows percent
apoptosis. Error bars represent standard errors of the mean. (B) Ac-
tivation-phosphorylation of ERK following reovirus (T3D) infection
(MOI, 100) in the presence of PD 98059 (10 �M) as determined by
Western blot analysis using antibodies directed against phospho-ERK.
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this may be the mechanism by which reovirus induces JNK
activation. However, reovirus-induced TRAIL release and
TRAIL receptor activation do not occur until 24 to 48 h p.i.
(10), suggesting that death receptor-independent signaling
pathways are responsible for the earlier (10-h p.i.) activation of
JNK and c-Jun that occurs following reovirus infection. The
fact that reovirus-induced apoptosis can be inhibited by soluble
TRAIL receptors, without affecting reovirus-induced c-Jun
phosphorylation, indicates that pathways leading to apoptosis
and JNK activity can be disassociated and also suggests that
these pathways are distinct rather than identical. Both these
observations are consistent with our previous studies showing
that reovirus-induced JNK activity (62), but not apoptosis (re-
sults not shown), is inhibited in MEKK1�/� embryonic stem
cells. However, until we can find methods to completely block
apoptosis or JNK activity, we cannot rule out the possibility of
a common pathway.

Reovirus-induced JNK activation is a specific event. For
example, p38 MAPK is not activated following reovirus infec-
tion. In addition, although ERK is activated in a serotype-
specific manner in infected cells, our inability to map this
activation to a specific reovirus gene segment indicates that
ERK is activated by a different mechanism from that used for
JNK activation. The kinetics of ERK and JNK activation also
differ, with ERK showing an early phase of activation that is
not seen with JNK, again suggesting that ERK and JNK are
activated by different mechanisms. The specificity of reovirus-
induced JNK activation suggests that it is important for some
aspect of the reovirus life cycle. The role of virus-induced JNK
activation is not yet known; however, reovirus growth is not
inhibited in MEKK1�/� cells (results not shown) despite a
marked reduction in reovirus-induced JNK activation (62).
This suggests that JNK activation is not essential for viral
replication. Reovirus-induced JNK activation is associated
with activation of the JNK-dependent transcription factor c-
Jun. We have previously shown (12) that reovirus infection is
also associated with activation of the transcription factor NF-
�B, suggesting that virus-induced perturbation of gene expres-
sion plays a critical role in viral pathogenesis and cytopathicity.
This is confirmed by our recent studies showing that reovirus
infection is associated with alterations in the expression of a
number of host cell genes involved in the regulation of cell
cycle, apoptosis, and DNA repair (R. DeBiasi, personal com-
munication). In addition, one of the largest functional groups
of genes whose expression is altered following reovirus infec-
tion is the group associated with interferon activation, consis-
tent with the known role of c-Jun in the optimal induction of
alpha-1 and beta interferon transcription (9) and onset of the
antiviral response (55).
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