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Abstract
Apoptosisplays an important role in the pathogenesisof many
viral infections. Despite this fact, the apoptotic pathways
triggered during viral infections are incompletely understood.
We now provide the first detailed characterization of the
pattern of caspase activation following infection with a
cytoplasmically replicating RNA virus. Reovirus infection of
HEK293 cells results in the activation of caspase-8 followed by
cleavage of the pro-apoptotic protein Bid. This initiates the
activation of the mitochondrial apoptotic pathway leading to
release of cytochrome c and activation of caspase-9.
Combined activation of death receptor and mitochondrial
pathways results in downstream activation of effector
caspases including caspase-3 and caspase-7 and cleavage
of cellular substrates including PARP. Apoptosis is initiated
by death receptor pathways but requires mitochondrial
amplification producing a biphasic pattern of caspase-8,
Bid, and caspase-3 activation.
Cell Death and Differentiation (2002) 9, 926 ± 933. doi:10.1038/
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Introduction

Apoptosis is a particular type of cell death that is character-
ized by distinctive changes in cellular morphology, including
cell shrinkage, zeiosis, nuclear condensation, chromatin
margination and subsequent degradation that are associated
with inter-nucleosomal DNA fragmentation. Apoptosis may be
initiated by a wide variety of cellular insults, including death
receptor stimulation, g-radiation, and cytotoxic compounds.
Induction or inhibition of apoptosis is an important feature of
many types of viral infection, both in vitro and in vivo. Despite
this fact, the mechanisms of virus-induced apoptosis remain
largely unknown. This is particularly true for RNA viruses, the
majority of which have cytoplasmic intracellular sites of
replication and do not require nuclear integrity for successful
propogation.

Mammalian reoviruses are non-enveloped double-
stranded RNA viruses whose replication occurs exclusively
in the cytoplasm. Reoviruses induce apoptosis in a wide
variety of cultured cells in vitro.1 ± 3 Apoptosis also plays a
critical role during reovirus infection in vivo, and is the
mechanism of virus-induced tissue injury in key target
organs, including the central nervous system and heart.1,4,5

Inhibition of apoptosis dramatically reduces the extent of
reovirus-induced tissue injury in vivo.5

It has been shown recently that reovirus-induced
apoptosis requires interaction with its cell surface receptors
including junction adhesion molecule (JAM).6 Apoptosis
involves the tumor necrosis factor (TNF) superfamily of cell
surface death receptors, specifically DR4, DR5 and their
ligand, TNF-related apoptosis-inducing ligand (TRAIL),7

and is inhibited by anti-TRAIL antibodies or soluble forms
of DR4 or DR5 which inhibit interaction of TRAIL with
functional cell surface DR4 and DR5.7 The contribution of
mitochondrial apoptotic pathways to this process has been
unknown, as has the exact nature of the caspase cascades
activated and their inter-relationship.

Apoptosis induced by activation of cell surface death
receptors (`extrinsic pathway') involves the formation of a
death-induced signaling complex (DISC) that recruits and
activates caspase-8.8 Activated caspase-8 can, in turn,
activate downstream effector caspases including caspases-
3 and -7. Mitochondria play a central role in an `intrinsic'
pathway of apoptosis. In this pathway, apoptotic stimuli
enhance mitochondrial membrane permeability and permit
the translocation of cytochrome c and other pro-apoptotic
molecules from the mitochondria into the cytosol.9 ± 12 A
cytosolic complex including cytochrome c and Apaf-1
(apoptosome) activates caspase-9.13 Activated caspase-9,
like activated caspase-8, can activate additional down-
stream effector caspases including caspase-3. The intrinsic
and extrinsic pathways are linked by Bid, a pro-apoptotic
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Bcl-2 family member. Caspase-8-dependent cleavage of
Bid allows this protein to translocate to the mitochondrion,
where it directly or indirectly facilitates cytochrome c
release.14 ± 18 The importance of the mitochondrial apoptotic
pathway in augmenting death-receptor initiated apoptosis
can be assessed by studying the pattern of caspase
activation and the effects of Bcl-2 expression. Death
receptor-initiated, mitochondrial-dependent apoptosis is
generally associated with early low level activation of
caspase-8 and is inhibitable by Bcl-2.19,20 Conversely,
mitochondrial-independent, death receptor-initiated apopto-
sis is associated with more robust caspase-8 activation and
is not inhibited by Bcl-2 expression.19,20

In this paper we provide the first comprehensive
characterization of the pattern of caspase activation
following infection with a cytoplasmically replicating RNA
virus. We show that reovirus infection results in the
activation of death receptor- and mitochondrial-associated
initiator caspases, caspase-8 and caspase-9. Activation of
these initiator caspases is followed by activation of the
effector caspases caspase-3 and caspase-7. Caspase-8-
dependent cleavage of the Bid provides a linkage between
the death receptor and mitochondrial pathways of apoptosis
following reovirus infection. Inhibition of caspase-8 activa-
tion prevents the cleavage of Bid, and the subsequent
activation of the mitochondrial pathway. Both the mitochon-
drial and death receptor-initiated pathways are essential for
reovirus-induced apoptosis as inhibition of death receptor
pathways by over-expression of dominant negative FADD
(FADD-DN) or of mitochondrial pathways by over-expres-
sion of Bcl-2 prevents reovirus-induced effector caspase
activation. Consistent with this model, cell permeable
inhibitors of both group II caspases (caspase-2, -3, and -
7) and group III caspases (caspase-6, -8, and -9) but not of
group I caspases (caspase-1, -4, and -5) inhibit reovirus-
induced caspase-3 activation. These studies provide not
only a comprehensive profile of caspase activation
following virus infection, but also the first demonstration
that both death receptor and mitochondrial pathways can
play an essential role in virus-induced apoptosis.

Results

Caspase-8 is activated following reovirus infection

Apoptosis initiated via TNF receptor superfamily cell death
receptors involves the adaptor molecule FADD and subse-
quent activation of caspases, starting with the initiator
caspase, caspase-8.21 We therefore wanted to examine
whether reovirus infection induced the activation of caspase-
8. As shown in Figure 1a, reovirus infection induces the
activation of caspase-8 as evidenced by the disappearance of
the full-length proenzyme (seen as a 55/54 kD doublet). The
reduction in caspase-8 immunoreactivity appeared to be bi-
phasic. A first phase of activation was detectable as early as
8 h post-infection. A second, more intense phase of activation
began at 22 h post-infection and continued through 534 h
(Figure 1a,b). No cellular morphological changes were
observed correlating with the early phase of caspase-8
activation.

Reovirus infection is associated with release of
mitochondrial cytochrome c and activation of
caspase-9

Reovirus-induced activation of caspase-8 revealed a biphasic
pattern. This suggested that apoptosis signals initiated
through the death receptor pathway might be amplified by
other apoptotic pathways. We therefore looked for evidence
that reovirus infection activated mitochondrial-associated
apoptotic signaling pathways. We first wished to determine
whether reovirus infection was associated with release of
cytochrome c and activation of caspase-9. Mitochondria-free
lysates were prepared from both mock- and reovirus-infected
cells at the indicated time points and analyzed by Western blot
for the presence of cytosolic cytochrome c (Figure 2). Blots
were probed with antisera directed against the mitochondrial
integral membrane protein cytochrome c oxidase (subunit II)
to detect potential mitochondrial contamination of the
samples. Cytosolic cytochrome c is detected in reovirus-
infected cells at *10 h post-infection (Figure 2a). In order to
determine whether cytochrome c release was dependent on
death receptor-initiated signaling, we also examined the

a

b

Figure 1 Reovirus infection induces the activation of caspase-8. HEK 293
lysates were prepared at the indicated times points from mock-infected or
reovirus-infected cells and probed with anti-caspase-8 antibodies and anti-
actin antibodies (a). Control lanes represent Jurkat cell lysates untreated (7)
or treated (+) with activating anti-Fas antibody and harvested at 8 h post
treatment. The Western is representative of two separate experiments. The
graph displays densitometric analysis of the virus-infected Western blot
analysis (b). Values are expressed as arbitrary densitometric units
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cellular localization of mitochondrial cytochrome c following
reovirus infection in FADD-DN expressing cells. As shown in
Figure 2b, cytochrome c is found at only trace levels in the
cytoplasm of reovirus-infected FADD-DN expressing cells.
These results indicate that caspase-8 activation occurs
upstream of, and is required for, the release of cytochrome
c. We next wished to determine whether caspase-9 was
activated. Activation of caspase-9 involves the cleavage of
the 46 kD pro-enzyme into a 37 kD active fragment. Activated
caspase-9 was first detectable in reovirus-infected cells at
10 h post-infection (Figure 3), and was not detected in mock-
infected cells. Activation increased steadily from 10 to 18 h
and then persisted for 532 h.

Bid is cleaved following reovirus infection

Bid is a pro-apoptotic member of the Bcl-2 protein family.
Activation of both Fas receptor by Fas and DR4/DR5 by
TRAIL can induce caspase-8 dependent cleavage of
Bid.15,17,18 Cleaved Bid can facilitate the release of
cytochrome c from the mitochondrion and lead to subsequent
apoptosome-mediated activation of caspase-9.16 We wished
to determine whether Bid was cleaved following reovirus
infection, and if this cleavage depended on caspase-8
activation. Western blot analysis revealed that full-length Bid
levels remain relatively unchanged in mock-infected cells
(Figure 4a). However, following reovirus infection there was a
biphasic pattern of Bid cleavage, analogous to that seen with
caspase-8 (Figure 4a). Loss of the full length immunoreactive
Bid was first detected as early as 10 h post-infection. A
second phase of Bid cleavage began at 26 h post-infection
and continued through 540 h (Figure 4a,b). In order to
determine whether Bid cleavage was dependent on caspase-
8 activation, we examined levels of immunoreactive Bid in
cells in which caspase-8 activation was blocked by stable
expression of DN-FADD. FADD-DN expression completely
inhibited reovirus-induced Bid cleavage, indicating that Bid
cleavage is caspase-8 dependent (Figure 4c).

Reovirus infection is associated with activation of
caspase-3 and caspase-7

Effector caspases, including caspases-3, -6 and -7, form part
of the final common pathway for death receptor and
mitochondrial apoptotic pathways. Having shown that reovirus
infection resulted in activation of both death receptor and
mitochondrion-associated initiator caspases we next wished
to determine which effector caspases were activated.
Caspase-3 activation was evaluated by Western blot, using
an antibody specific for the activated form of the enzyme.
Activation of caspase-3 is associated with the appearance of
specific cleavage product at *20 kD representing the large
subunit of active caspase-3. As shown in Figure 5a, this
fragment appears beginning at *8 h post-infection in reovirus
infected cells, but not in the mock infected controls. There is a
biphasic activation profile, with the initial activation phase
beginning at 8 h post-infection and a second, more intense
activation phase beginning at 24 h post-infection (Figure 5a).
A similar pattern of caspase activation was seen in fluorogenic
substrate assays using a caspase-3 specific substrate
(DEVD-AFC) (see Figure 6c). An initial phase of activation at
6 ± 12 h was followed by a rapid activation peak 12 ± 18 h.
Activated caspase-3 cleaves a variety of cellular substrates to
induce the morphological hallmarks of apoptosis. We there-
fore examined the cleavage of PARP. PARP is cleaved by
caspase-3 from the full-length 116 kD protein to an 85 kD
inactive fragment. As shown in Figure 5b, PARP cleavage
exceeding that seen in mock-infected cells was first detectable
at 14 h post-infection and persisted until 520 h post-infection.
These experiments established that reovirus infection results
in activation of the effector caspase, caspase-3 and is
associated with cleavage of cellular substrates of caspase-3.

Other effector caspases may also be activated down-
stream of caspase-8 and caspase-9. Therefore, we

a

b

Figure 2 Cytochrome c is present in the cytosol of reovirus infected cells.
HEK 293 cell lysates (a) and FADD-DN expressing HEK 293 cells lysates (b)
were prepared at the indicated time points as described (see Materials and
Methods) and resolved using SDS ± PAGE. Western blot analysis was
performed using anti-cytochrome c antibodies and anti-cytochrome c oxidase
(subunit II) and are representative of three separate experiments

Figure 3 Caspase-9 is activated in reovirus-infected cells. HEK 293 cell
lysates were prepared from mock-infected or reovirus-infected cells at the
indicated time points and resolved by SDS ± PAGE. Western blot analysis was
performed using anti-caspase-9 antibodies and the blot is representative of
three separate experiments
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examined the activation state of two other effector
caspases, caspase-6 and caspase-7. We found no
evidence by immunoblot of caspase-6 activation in
reovirus-infected cells (data not shown). Caspase-7 is
activated in infected cells as evidenced by the detection
of the 20 kD large subunit of active caspase-7 (Figure 5C).
However, caspase-7 activation appears to occur later than
activation of caspase-3, and the amount of activation
appears less.

In order to determine whether activation of effector
caspases was completely dependent on the initial activa-
tion of death-receptor mediated pathways, we examined
effector caspase activation in cells stably expressing DN-
FADD. As shown in Figure 6a, the activation of both
caspase-3 and caspase-7 is blocked in cells stably
expressing DN-FADD. Caspase-3 activity, as measured in
a fluorogenic substrate assay, is almost completely
inhibited in these cells (Figure 6c). This suggests that
activation of death-receptor initiated apoptotic signaling
pathways is required for reovirus-induced effector caspase
activation and apoptosis.

a

b

c

Figure 4 Reovirus infection leads to cleavage of full-length Bid. Lysates were
prepared at the indicated time points from mock-infected or reovirus-infected
HEK 293 cells (a) and reovirus infected FADD-DN expressing HEK 293 cells
(c) and probed with anti-Bid antibodies and anti-actin antibodies. Each
Western blot is representative of two separate experiments. The graph
displays densitometric analysis of the virus-infected Western blot analysis (b).
Values are expressed as arbitrary densitometric units

a

b

c

Figure 5 Reovirus infection leads to activation of caspase-3. Western blot
analysis was performed using HEK 293 lysates harvested at the indicated time
points from mock-infected and reovirus-infected cells and probed with anti-
caspase-3 antibodies (a), anti-PARP antibodies (b), or anti-caspase-7
antibodies (c). Control lanes represent Jurkat cell lysates untreated (7) or
treated (+) with activating anti-Fas antibody and harvested at 8 h post
treatment. Each Western is representative of two separate experiments
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Bcl-2 overexpression inhibits effector caspase
activation following reovirus infection

Experiments with FADD-DN indicated that death-receptor
pathways were necessary for reovirus-induced apoptosis.
Activation of both caspase-8 and Bid showed a biphasic
pattern with an early activation phase at 8 ± 10 h followed by a
later activation phase. Reovirus-induced initiation of mito-
chondrial apoptotic pathways occurred downstream of
caspase-8 activation, began slightly later following infection,
and was not biphasic. This suggested that mitochondrial

apoptotic pathways might play a central role in amplifying
death receptor-initiated signaling. The capacity of Bcl-2 to
inhibit apoptosis has been used as evidence suggesting an
essential role for mitochondrial apoptotic pathways.19,20 We
wished to determine whether Bcl-2 over-expression in HEK
cells inhibited caspase activation. Caspase activation was
examined using both Western blot analysis and fluorogenic
substrate assays. As shown in Figure 6b, activation of both
caspase-3 and caspase-7 is inhibited in cells over-expressing
Bcl-2. The late phase of caspase-8 activation was also
inhibited in these cells although the low level early phase of
caspase-8 activation was preserved (data not shown).
Caspase-3 activity, as measured in a fluorogenic substrate
assay, is also significantly reduced in these cells (Figure 6c).
However, the pattern of inhibition differs from that seen in cells
stably expressing DN-FADD. In Bcl-2 expressing cells there is
some residual caspase-3 activation suggesting that death
receptor-mediated apoptotic pathways can induce low levels
of effector caspase activation, but full induction requires
augmentation by mitochondrial apoptotic pathways. This low
level of caspase-3 activation in Bcl-2 overexpressing cells
was not reflected in cellular morphology.

Effects of synthetic caspase peptide inhibitors on
caspase-3 activation

Caspases can be categorized into three major groups based
on their pattern of substrate specificity.22,23 Group I includes
caspase-1, -4, and 5; group II includes caspase-2, -3, and 7;
group III includes caspase-6, -8 and -9. Cell permeable,
reversible, peptide caspase inhibitors have been developed
based on these caspase substrate profiles.22,23 We tested the
capacity of three reversible cell permeable caspase inhibitors
with specificity for group I (Ac-YVAD-CHO), group II (Ac-
DEVD-CHO), and group III (Ac-IETD-CHO) caspases to
inhibit reovirus-induced caspase-3 activation at 18 h post-
infection. As shown in Figure 7, the group II inhibitor Ac-
DEVD-CHO completely inhibited reovirus-induced caspase-3
activity at a concentration of 10 mM. The group I inhibitor (Ac-
YVAD-CHO) had no effect on caspase-3 activation, consis-
tent with a lack of involvement of caspases-1, -4 or -5 in
reovirus-induced apoptosis. The group III inhibitor Ac-IETD-
CHO achieved maximal inhibition of reovirus-induced cas-
pase-3 activation at a concentration of 5 mM. However, the
maximum degree of inhibition (65%) was not as high as that
seen with the group II inhibitor. These data suggest that while
the activation of group III caspases, including caspase-8 and -
9, is critically important to reovirus-induced apoptosis that
other as yet unidentified caspases may also contribute to
caspase-3 activation. However, the fact that expression of
DN-FADD was as effective as treatment with the group II
inhibitor Ac-DEVD-CHO in blocking caspase-3 activation,
suggests that the apical caspases that contribute to caspase-
3 activation all depend on an initial death-receptor initiated
caspase activation signal.

Discussion

Understanding the mechanisms of virus-induced apoptosis is
crucial to understanding how viruses injure target tissues and

a

b

c

Figure 6 Effector caspase activation in inhibited in FADD-DN and Bcl-2 over-
expressing cells. Western blot analysis was performed using cell lysates
prepared from reovirus-infected FADD-DN over-expressing cells (a) or Bcl-2
overexpressing cells (b) at the indicated time points and probed with anti-
caspase-3 antibodies and anti-caspase-7 antibodies. Control lanes represent
Jurkat cell lysates untreated (7) or treated (+) with activating anti-Fas
antibody and harvested at 8 h post treatment. Western blots are representative
of two separate experiments. Fluorogenic substrate assays (c) were
performed in triplicate. Error bars represent standard error of the mean.
Fluorescence is expressed as arbitrary units

Cell Death and Differentiation

Reovirus-induced caspase activation
DJ Kominsky et al

930



induce disease. The exact pathways leading to virus-induced
apoptosis are still incompletely understood. Since caspases
play a central role in virtually all known apoptotic signaling
pathways, it is not surprising that they have been implicated in
virus-induced apoptosis. Pancaspase peptide inhibitors have
been shown to inhibit apoptosis induced by viruses as diverse
as Sindbis,24,25 HIV-1,26,27 Herpes simplex virus type 1,28

influenza,29 Sendai,30 and TGEV.31

The events that initiate caspase activation in virus-
infected cells are still incompletely understood. Activation of
caspase-8 plays an important role in apoptosis induced by
HIV-1,26 influenza,29 Sendai,30 and Sindbis,24 suggesting
that death-receptor initiated processes may be important in
apoptosis induced by these viruses.

Many forms of virus-induced apoptosis are inhibited by
anti-apoptotic members of the Bcl-2 family.32 ± 35 One of the
most thoroughly investigated mechanisms for the anti-
apoptotic actions of Bcl-2 involves its inhibition of the
release of cytochrome c from mitochondria.36,37 Abnormal-
ities of mitochondrial transmembrane potential and release
of cytochrome c have been described following infection
with HIV,38 TGEV,31 chicken anemia virus,39 and herpes
simplex virus.28 These studies suggest that both mitochon-
drial and death-receptor mediated pathways may play an
important role in virus-induced apoptosis.

Reovirus-induced apoptosis involves the DR4/DR5/
TRAIL system of cell surface death receptors.7 In this
study we found that caspase-8 was activated within 8 h of
reovirus infection. The activation of caspase-8 occurs in
two distinct phases, consistent with a model in which initial
death-receptor mediated activation of caspase-8 is subse-
quently augmented by activation of caspase-9 or other
caspases (discussed below). Following activation, caspase-
8 cleaves Bid, a pro-apoptotic Bcl-2 family protein. Cleaved
Bid provides an essential link between reovirus-induced
death-receptor mediated caspase-8 activation and activa-

tion of mitochondrial pathways. Inhibition of caspase-8
activation by over-expression of DN-FADD prevented Bid
cleavage, suggesting that reovirus infection also activated
the mitochondrial apoptotic pathway. Cytochrome c was
found to be present in the cytoplasm of infected cells at
*10 h post infection. Additionally, cytochrome c release
was blocked in FADD-DN expressing cells suggesting that
this event requires caspase-8. We also found that caspase-
9 is activated at *12 h post infection.

Having shown that reovirus infection was associated
with activation of both death-receptor and mitochondrial-
associated initiator caspases, we next wished to determine
which effector caspases were subsequently activated. Here
we show that the effector caspase, caspase-3 is activated
beginning at *8 h post infection and peaking at *18 h
post infection. Additionally, caspase-7 was activated in
reovirus-infected cells, although this event occurs later than
caspase-3 activation. Another effector caspase, caspase-6,
was not activated in reovirus-infected cells.

There is evidence that although mitochondrial cyto-
chrome c release and caspase-9 activation occur down-
stream of death receptor stimulation, that these events are
not necessarily required for all forms of death-receptor
initiated apoptosis.19,20 Therefore we examined the effects
of Bcl-2 overexpression on effector caspase activation
following reovirus infection. Bcl-2 overexpression inhibits
the activation of both caspase-3 and caspase-7, as well as
the second phase of caspase-8 activation. This data is
consistent with earlier studies suggesting that reovirus-
induced apoptosis could be inhibited in MDCK cells over-
expressing Bcl-2.2 This provides conclusive evidence of the
importance of the mitochondrial apoptotic pathway in
reovirus-induced cell death.

Caspases can be broadly grouped into three categories
based on their pattern of substrate specificity.22,23 A group
II caspase inhibitor completely blocked reovirus-induced
caspase-3 activity at low concentrations. This result is
consistent with the known activation of caspases-3 and -7
in reovirus infection. A group I caspase inhibitor had no
effect, even at high concentrations. This suggested that
caspases-1, -4 and -5 do not play a significant role in
reovirus-induced apoptosis. A group III caspase inhibitor
significantly reduced caspase-3 activity, but its effect was
only partial when compared to the group II inhibitor. This
result was consistent with our observation that caspase-8
and -9 were involved in reovirus-induced caspase-3
activation. The lack of complete inhibition of caspase-3
activation by the group III inhibitor suggests that additional,
as yet unidentified, caspases may also contribute to
reovirus-induced caspase-3 activation. However, the com-
plete inhibition of caspase-3 activation seen in cells
expressing DN-FADD suggests that death receptor activa-
tion is the key initiating event in all reovirus-induced
caspase activation cascades that ultimately contribute to
effector caspase activation.

Our data provides the first comprehensive model of the
events leading to apoptosis when cells are infected with a
non-enveloped RNA virus whose replication cycle occurs
entirely within the cytoplasm (Figure 8). Apoptosis is
initiated through cell surface death receptors leading to

Figure 7 Synthetic peptide inhibition of DEVD-specific caspase activation.
HEK 293 cells were pretreated with the synthetic peptide inhibitors at the
concentrations shown for 1 h prior to reovirus infection (M.O.I. 100).
Fluorogenic substrate assays were performed at 18 h post infection. Values
are expressed as per cent inhibition where untreated reovirus-infected cells
represent 0% inhibition and mock-infected cells represent 100% inhibition
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the activation of caspase-8. Caspase-8 activation is
essential for virus-induced apoptosis, and inhibition of this
activation in cells stably expressing DN-FADD completely
inhibits reovirus-induced effector caspase activation. Cas-
pase-8 activation results in cleavage of Bid and activation
of mitochondrial apoptotic pathways. Activation of caspase-
8 in the absence of augmentation from the mitochondrial
pathway, as occurs in cells stably expressing Bcl-2, results
in only low levels of effector caspase activation. These
results are consistent with the biphasic pattern of activation
of caspase-8, Bid, and caspase-3. Early activation of
caspase-8 and Bid induces the mitochondrial pathway
which in turn amplifies caspase-8 and Bid activation
allowing full expression of apoptosis.

Materials and Methods

Reagents

Anti-cytochrome c (7H8.2C12) (1 : 1000), anti-PARP (C2-10)
(1 : 2000), anti-caspase-6 (B93-4) (1 : 1000), anti-caspase-8 (B9-2)
(1 : 2000), and anti-caspase-9 (1 : 1000) antibodies were purchased
from Pharmingen (San Diego, CA, USA). Anti-caspase-3 (1 : 1000) and
anti-caspase-7 (1 : 1000) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-Bid antibodies (1 : 1000) were
from Trevigen (Gaithersburg, MD, USA). Anti-actin antibodies (JLA20)
(1 : 5000) were from Calbiochem (Darmstadt, Germany). Anti-human
cytochrome c oxidase (subunit II) antibodies (12C4-F12) (1 : 1000)
were from Molecular Probes (Eugene, OR, USA). Anti-Fas antibody
(CH-11) was from Upstate Biotechnology (Lake Placid, NY, USA).
Caspase synthetic peptide inhibitors used were caspase-3 Inhibitor I
(cell permeable), caspase-8 Inhibitor I (cell permeable), and caspase-
1 Inhibitor I (cell permeable) (Calbiochem, Darmstadt, Germany).
ApoAlert caspase-3 fluorometric assay kit was purchased from
Clontech (Palo Alto, CA, USA).

Cells, virus, and DNA constructs

HEK293 cells (ATCC CRL1573) were grown in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 100 U/ml each of
penicillin and streptomycin and containing 10% fetal bovine serum.
Jurkat cells were a gift of Dr. John Cohen and were grown in RPMI
supplemented with 100 U/ml each of penicillin and streptomycin and
containing 10% fetal bovine serum. FADD-DN cells were a gift of Dr.
Gary Johnson and express amino acids 80 ± 208 of the FADD cDNA
(with the addition of an AU1 epitope tag at the N-terminus) from the
CMV promoter of pcDNA3 (Invitrogen, Carlsbad, CA, USA). HEK 293
cells stably over-expressing Bcl-2 were provided by Dr. Gary Johnson.
The cell line was constructed by cloning full-length Bcl-2 into the pLXSN
vector and transfecting cells via retroviral transduction. Reovirus (Type
3 Abney, T3A) is a laboratory stock, which has been plaque purified and
passaged (twice) in L929 cells (ATCC CCL1) to generate working
stocks.40 All experiments were performed using an M.O.I. of 100. High
M.O.I.s were chosen to insure synchronized infection of all susceptible
cells, and to maximize the apoptotic stimulus.

Western blot analysis

Reovirus-infected cells were harvested at the indicated times, pelleted
by centrifugation, washed with ice-cold phosphate-buffered saline,
and lysed by sonication in 150 ml of lysis buffer (1% NP40, 0.15 M
NaCl, 5.0 mM EDTA, 0.01 M Tris (pH 8.0), 1.0 mM PMSF, 0.02 mg/ml
leupeptin, 0.02 mg/ml trypsin inhibitor). Lysates were cleared by
centrifugation (20 0006g, 2 min), mixed 1 : 1 with SDS sample buffer,
boiled for 5 min, and stored at 7708C. To prepare mitochondrial-free
extracts, cells were pelleted, washed twice in ice-cold PBS, and
incubated on ice for 30 min in buffer containing 220 mM mannitol,
68 mM sucrose, 50 mM PIPES-KOH (pH 7.4), 50 mM KCl, 5 mM
EGTA, 2 mM MgCl2, 1 mM DTT, and protease inhibitors (complete
cocktail, Boehringer Mannheim, Indianapolis, IN, USA). Cells were
lysed using 40 strokes in a Dounce homogenizer (B pestle). Lysates
were centrifuged at 14 0006g for 15 min at 48C to remove debris.
Supernatants and mitochondrial pellets were prepared for electro-
phoresis as above. Proteins were separated by SDS ± PAGE
electrophoresis and transferred to Hybond-c extra nitrocellulose
membrane (Amersham, Buckinghamshire, UK) for immunobloting.
Blots were then probed with the specified antibodies at the dilutions
described above. Proteins were visualized using the ECL detection
system (Amersham, Buckinghamshire, UK). Densitometric analysis
was performed using a FluorS MultiImager system and Quantity One
software (Bio-Rad, Hercules, CA, USA).

Caspase-3 activation assays

Caspase-3 activation assays were performed using a kit obtained from
Clontech (Palo Alto, CA, USA). Experiments were performed using
16106 cells/time point. Cells were centrifuged at 2006g, supernatants
were removed, and the cell pellets were frozen at7708C until all the time
points were collected. Assays were performed in 96-well plates and
analyzed using a fluorescent plate reader (CytoFluor 4000, PerSeptive
Biosystems, Framingham, MA, USA). Cleavage of DEVD-AFC, a
synthetic caspase-3 substrate, was used to determine caspase-3
activation. Cleavage after the second Asp residue produces free AFC.
The amount of fluorescence detected is directly proportional to amount
of caspase-3 activity. Because all of the fluorogenic substrate assay
experiments were performed at the same time, both the mock and
reovirus-induced caspase-3 activation profiles are the same in all of
these experiments and are included in each figure to facilitate
comparisons. Results of all experiments are reported as means+S.E.M.

Figure 8 Schematic representation of reovirus-induced apoptosis pathways.
Reovirus infection promotes release of cell-associated TRAIL and DR4/DR5-
dependent apoptosis. An early phase of caspase-8 activation leads to
cleavage of Bid and low level activation of caspase-3 (dashed arrows). This is
followed by a second phase of caspase activation in which release of
cytochrome c activates caspase-9 inducing further caspase-8 activation (solid
arrows). Caspase-8 and caspase-9 contribute to effector caspase activation
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