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Many viruses belonging to diverse viral families with differing structure and replication strategies induce
apoptosis both in cultured cells in vitro and in tissues in vivo. Despite this fact, little is known about the specific
cellular apoptotic pathways induced during viral infection. We have previously shown that reovirus-induced
apoptosis of HEK cells is initiated by death receptor activation but requires augmentation by mitochondrial
apoptotic pathways for its maximal expression. We now show that reovirus infection of HEK cells is associated
with selective cytosolic release of the mitochondrial proapoptotic factors cytochrome c and Smac/DIABLO, but
not the release of apoptosis-inducing factor. Release of these factors is not associated with loss of mitochon-
drial transmembrane potential and is blocked by overexpression of Bcl-2. Stable expression of caspase-9b, a
dominant-negative form of caspase-9, blocks reovirus-induced caspase-9 activation but fails to significantly
reduce activation of the key effector caspase, caspase-3. Smac/DIABLO enhances apoptosis through its action
on cellular inhibitor of apoptosis proteins (IAPs). Reovirus infection is associated with selective down-
regulation of cellular IAPs, including c-IAP1, XIAP, and survivin, effects that are blocked by Bcl-2 expression,
establishing the dependence of IAP down-regulation on mitochondrial events. Taken together, these results are
consistent with a model in which Smac/DIABLO-mediated inhibition of IAPs, rather than cytochrome c-
mediated activation of caspase-9, is the key event responsible for mitochondrial augmentation of reovirus-
induced apoptosis. These studies provide the first evidence for the association of Smac/DIABLO with virus-
induced apoptosis.

The apoptotic pathways leading to cell death can be gener-
ally divided into two nonexclusive signaling cascades involving
death receptors (extrinsic pathways) or mitochondria (intrinsic
pathway) (2, 37). Induction of apoptosis through the death
receptor pathway is initiated by the binding of ligand to the
receptor, causing oligomerization of the receptor. This induces
the formation of the death-induced signaling complex, leading
to the activation of the initiator caspase, caspase-8 (2). Caspase-8
can then activate downstream effector caspases. Apoptosis via
the mitochondrial pathway involves specific signals that allow
the release of proapoptotic molecules from the inner-mem-
brane space, including cytochrome c (28), second mitochon-
drion-derived activator of caspase (Smac/DIABLO) (11, 55),
apoptosis-inducing factor (AIF) (50), and endonuclease G
(26). Cytosolic cytochrome c, Apaf-1, and procaspase-9 form a
complex termed the apoptosome (63). Formation of the apop-
tosome leads to the activation of caspase-9 and subsequent
effector caspase activation. Relocalization of Smac/DIABLO
to the cytoplasm promotes caspase activation through inhibi-
tion of the inhibitor of apoptosis (IAP) protein family (11, 55).

IAP proteins are negative regulators of apoptosis that inhibit
caspase activity. IAP family members are characterized by the
presence of one or more baculoviral IAP repeat domains (9).
Six human IAP family members have been identified: NAIP,

c-IAP1, c-IAP2, XIAP, survivin, and BRUCE (1, 12, 15, 27,
39). Four of these proteins—c-IAP1, c-IAP2, XIAP, and sur-
vivin—have been shown to directly interact with caspase-3,
caspase-7, and caspase-9 and, at least in the cases of c-IAP1,
c-IAP2, and XIAP, inhibit caspase activity (10, 41, 51). Addi-
tionally, reduction of c-IAP2 and XIAP protein levels is asso-
ciated with apoptosis (25). The proapoptotic mitochondrial
protein Smac/DIABLO has been shown to directly interact
with XIAP eliminating XIAP’s ability to bind to and inhibit
caspases and thereby promoting apoptosis (14).

The Bcl-2 protein family is of central importance in the
regulation of the mitochondrial apoptotic pathway. Members
of this family may be either antiapoptotic (e.g., Bcl-2 and
Bcl-xl) or proapoptotic (e.g., Bid, Bax, and Bak). Bcl-2 appears
to play a role in the maintenance of mitochondrial integrity
and inhibits mitochondrial release of proapoptotic factors.
Conversely, Bid, Bax, and Bak appear to facilitate the release
of these factors (22).

Activation of the death receptor and mitochondrion-associ-
ated death pathways are not mutually exclusive, and these
pathways may interact (cross talk) at many levels. One impor-
tant link between these two pathways appears to involve the
caspase-8-dependent cleavage of Bid. Truncated Bid translo-
cates to the mitochondrion, where it facilitates release of mi-
tochondrial proteins, presumably by inducing the homo-oli-
gomerization of Bax or Bak (58). This process may result in
alteration of the mitochondrial permeability transition pore
and loss of mitochondrial membrane potential (��m). How-
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ever, recent evidence has shown that Bid-dependent release of
mitochondrial proteins can occur without perturbing mito-
chondrial structure and function (20, 57).

Mammalian reoviruses are nonenveloped double-stranded
RNA viruses that replicate exclusively in the cytoplasm. Reo-
viruses have been shown to induce apoptosis both in cultured
cells in vitro (33, 38, 54) and in specific tissues, including the
heart and brain, in vivo (6, 34). Apoptosis is an important
mechanism of reovirus-induced tissue injury in vivo, and inhi-
bition of apoptosis dramatically reduces the severity of disease
(6).

Reovirus-induced apoptosis has been shown to involve death
receptor 4 (DR4), death receptor 5 (DR5), and their cognate
ligand, tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL). Inhibition of the TRAIL/death receptor interaction
with anti-TRAIL antibodies or soluble forms of DR4/DR5
inhibits cell death (5). Recently we have shown that reovirus-
induced apoptosis also requires activation of the mitochondrial
apoptotic pathway (21). In reovirus-infected HEK cells, there
is a caspase-8-dependent cleavage of Bid leading to the subse-
quent release of cytochrome c and activation of caspase-9 and
the effector caspase, caspase-3. Caspase-3 activation is inhib-

FIG. 1. Smac/DIABLO and cytochrome c are present in the cytosol of reovirus-infected cells. HEK 293 lysates were prepared at the indicated
time points from mock-infected cells, reovirus-infected cells, or Bcl-2-overexpressing reovirus-infected cells and resolved using SDS-PAGE.
Western blot analysis was performed using anti-Smac antibodies (A) and anti-cytochrome c antibodies (B). The Western is representative of two
separate experiments. Lanes c, cytoplasmic fraction; lanes m, mitochondrial fraction. h.p.i., hours postinfection.
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ited in cells overexpressing a dominant-negative form of the
adaptor protein FADD (FADD-DN) and in cells overexpress-
ing Bcl-2, consistent with the importance of both extrinsic and
intrinsic pathways in reovirus-induced apoptosis (21).

In this study we set out to better characterize the mitochon-
drion-dependent apoptotic processes induced following reovi-
rus infection. Release of the mitochondrial proteins Smac/
DIABLO and AIF were examined. Additionally, the fate of a
number of IAP protein family members was determined. We
find that Smac/DIABLO is released into the cytosol of infected
HEK 293 cells, while AIF remained sequestered in the mito-
chondria. The release of cytochrome c and Smac/DIABLO
occur without disturbing the mitochondrial membrane poten-
tial. Additionally, by utilizing a dominant-negative isoform of
caspase-9, we find that while the mitochondrial pathway is
required for caspase-3 activation, caspase-9 is dispensable for
this process. Finally, we find that a specific subset of IAP
proteins are down-regulated following reovirus infection.
These results suggest that activation of Smac/DIABLO-depen-
dent rather that caspase-9-dependent pathways represents the
key mitochondrial event during reovirus-induced apoptosis
and provide the first evidence for involvement of Smac/DIA-
BLO in virus-induced apoptosis.

MATERIALS AND METHODS

Reagents. Anti-cytochrome c (7H8.2C12) (1:1,000), anti-poly(ADP-ribose)
polymerase (anti-PARP) (C2-10) (1:2,000), and anti-XIAP/hILP (1:500) anti-
bodies were purchased from Pharmingen (San Diego, Calif.). Anti-caspase-9
(1:1,000) antibodies were purchased from Cell Signaling Technology (Beverly,
Mass.). Anti-AIF, anti-c-IAP1, anti-c-IAP2, and antisurvivin antibodies were
from Santa Cruz Biotechnology (Santa Cruz, Calif.). Antiactin antibodies
(JLA20) (1:5,000) and anti-Smac/DIABLO (1:1,000) were from Calbiochem
(Darmstadt, Germany). Anti-human cytochrome c oxidase (subunit II) antibod-
ies (12C4-F12) (1:1,000) and the mitochondrial potential sensor JC-1 were from
Molecular Probes (Eugene, Oreg.). Valinomycin was obtained from Sigma (St.
Louis, Mo.). Anti-Fas antibody (CH-11) was from Upstate Biotechnology (Lake
Placid, N.Y.). An ApoAlert caspase-3 fluorometric assay kit was purchased from
Clontech (Palo Alto, Calif.).

Cells, virus, and DNA constructs. HEK 293 cells (ATCC CRL1573) were
grown in Dulbecco’s modified Eagle’s medium supplemented with of penicillin
and streptomycin (100 U/ml each) and containing 10% fetal bovine serum.
Jurkat cells were a gift of John Cohen and were grown in RPMI supplemented
with penicillin and streptomycin (100 U/ml each) and containing 10% fetal
bovine serum. HEK 293 cells stably overexpressing Bcl-2 were provided by Gary
Johnson. The cell line was constructed by cloning full-length Bcl-2 into the
pLXSN vector and transfecting cells via retroviral transduction. The dominant-

negative caspase-9b construct was a gift of Emad Alnemri and has been previ-
ously described (47). The caspase-9b construct was transfected into HEK 293
cells using Lipofectamine (Gibco, Grand Island, N.Y.). Reovirus (type 3 Abney)
is a laboratory stock, which has been plaque purified and passaged (twice) in
L929 cells (ATCC CCL1) to generate working stocks (53). All experiments were
performed using a multiplicity of infection of 100. High multiplicities of infection
were chosen to ensure synchronized infection of all susceptible cells and to
maximize the apoptotic stimulus.

Mitochondrial membrane potential measurement. HEK 293 cells were seeded
in six-well plates at 106 cells per well in a volume of 2 ml and then infected with
reovirus for the indicated time periods. Control cells were treated with valino-
mycin at a final concentration of 100 nM for 10 min at 37°C. Cells were harvested
and washed two times with phosphate-buffered saline (PBS). Cells were resus-
pended in 1 ml of PBS containing JC-1 (10 �g/ml) and incubated for 30 min at
37°C. Cells were washed two times in PBS and resuspended in 1 ml of PBS.
Finally, cells were analyzed using a Coulter Epics XL flow cytometer (Beckman-
Coulter, Hialeah, Fla.).

Western blot analysis. Reovirus-infected cells were harvested at the indicated
times, pelleted by centrifugation, washed with ice-cold phosphate-buffered sa-
line, and lysed by sonication in 150 �l of lysis buffer (1% NP-40, 0.15 M NaCl, 5.0
mM EDTA, 0.01 M Tris [pH 8.0], 1.0 mM phenylmethylsulfonyl fluoride, leu-
peptin [0.02 mg/ml], trypsin inhibitor [0.02 mg/ml]). Lysates were cleared by
centrifugation (20,000 � g, 2 min), mixed 1:1 with sodium dodecyl sulfate (SDS)
sample buffer, boiled for 5 min, and stored at �70°C. Mitochondrion-free ex-
tracts were prepared as previously described (21) 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 dithiothreitol, and protease inhibitors (complete
cocktail; Boehringer Mannheim, Indianapolis, Ind.). Proteins were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to Hy-
bond-C Extra nitrocellulose membrane (Amersham, Little Chalfont, Bucking-
hamshire, England) for immunoblotting. Blots were then probed with the spec-
ified antibodies at the dilutions described above. Proteins were visualized using
the ECL detection system (Amersham).

Caspase-3 activation assays. Caspase-3 activation assays were performed us-
ing a kit obtained from Clontech. Experiments were performed using 106 cells/
time point. Cells were centrifuged at 200 � g, supernatants were removed, and
the cell pellets were frozen at �70°C until cells were collected at all the time
points. Assays were performed as previously described (21) in 96-well plates and
analyzed using a fluorescent plate reader (CytoFluor 4000; PerSeptive Biosys-
tems, Framingham, Mass.). Results of all experiments are reported as means �
standard errors of the means.

RESULTS

Smac/DIABLO is released from the mitochondria following
reovirus infection. Several proteins possessing proapoptotic
functions are localized to the mitochondria. These include
cytochrome c (28), Smac/DIABLO (11, 55), AIF (50), and
endonuclease G (26). Additionally, it has been reported that
stores of the procaspase forms of several caspases are present

FIG. 2. Reovirus infection does not induce the mitochondrial release of AIF. HEK 293 lysates were prepared at the indicated time points from
mock-infected and reovirus-infected cells and resolved using SDS-PAGE. Blots were probed with anti-AIF antibodies and are representative of
three separate experiments. Lanes c, cytoplasmic fraction; lanes m, mitochondrial fraction. h.p.i., hours postinfection.
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in mitochondria (23, 29, 30, 36, 49). We have previously re-
ported that cytochrome c is released from the mitochondria of
reovirus-infected cells, leading to the activation of caspase-9
(21). We wished to determine whether additional mitochon-
drial molecules were also involved in reovirus-induced apopto-
sis. We began by examining the distribution of Smac/DIABLO
following reovirus infection. Mitochondrion-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 Smac/DIABLO (Fig. 1A). Blots were also
probed with anti-cytochrome c antibodies and the full time
course of cytochrome c release is also shown (Fig. 1B). Anti-
sera directed against the mitochondrial integral membrane
protein cytochrome c oxidase (subunit II) were employed to
ensure the samples were free of mitochondrial contamination
(data not shown). Smac/DIABLO is released into the cyto-
plasm of reovirus-infected cells (Fig. 1A) and Smac/DIABLO
and cytochrome c are detected in the cytoplasm of infected
cells beginning at 4 h postinfection (Fig. 1). The Smac/DIA-
BLO band detected at 0 h postinfection represents background
levels as similar amounts of protein are also detected in mock-
infected extracts (Fig. 1). Additionally, the release of both
proteins is blocked in cells overexpressing Bcl-2 (Fig. 1). In-
terestingly, the release of Smac/DIABLO appears to exhibit a

biphasic pattern which we have previously described for other
events following reovirus infection, including caspase-8 activa-
tion, Bid cleavage, and caspase-3 activation (21). The early
phase of Smac/DIABLO release was detectable at 4 h postin-
fection and then diminished. A second phase of Smac/DIA-
BLO release was detectable at �16 h postinfection and was
sustained over the remainder of the time course (Fig. 1A).

AIF is not released from the mitochondria of reovirus-in-
fected cells. AIF is a mitochondrial protein that can translocate
to the nucleus, leading to nuclear apoptosis (50). The relocal-
ization of AIF to the nucleus induces a caspase-independent
apoptotic pathway (19). It has been shown that AIF is released
from the mitochondria of cells following human immunodefi-
ciency virus (HIV) infection (13) and herpes simplex virus type
1 (HSV-1) infection (61). We examined AIF localization in
reovirus-infected cells using mitochondrion-free lysates. As
shown in Fig. 2, AIF is not detected in the cytoplasm following
reovirus infection. We also prepared nuclear extracts from
both mock- and reovirus-infected cells to ensure that AIF had
not translocated the nucleus. We could not detect nuclearly
localized AIF following reovirus infection (data not shown).
These experiments demonstrate that the mitochondrial pro-
apoptotic proteins Smac/DIABLO and cytochrome c, but not
AIF, are released in reovirus-infected cells.

FIG. 3. Mitochondrial ��m is not altered in reovirus-infected cells. HEK 293 cells were mock-infected (A) or infected with reovirus for 0 h (B),
6 h (C), 12 h (D), or 24 h (E). Control cells were treated with valinomycin (panel F). Cells were incubated with the membrane potential-sensitive
dye JC-1 and analyzed using flow cytometry. Red fluorescence indicates mitochondria with intact ��m and green fluorescence indicates loss of
��m. Results are representative of three separate experiments.
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Mitochondrial membrane potential is maintained following
reovirus infection. We have shown that reovirus infection re-
sults in the caspase-8-dependent cleavage of the proapoptotic
protein Bid (21). It has been reported that Bid-dependent
cytochrome c release can occur in the absence of mitochon-
drial membrane potential (��m) loss (20, 57). Previous studies
suggested that reovirus infection did not alter ��m in monkey

kidney CV-1 cells (46). In light of our data indicating the
release of both cytochrome c and Smac/DIABLO from the
mitochondria of infected cells, we wanted to determine the
state of the ��m following infection of HEK 293 cells using the
��m-sensitive dye JC-1. Using JC-1, high ��m is indicated by
red fluorescence and low ��m is indicated by green fluores-
cence. As shown in Fig. 3, no ��m reduction is detected over

FIG. 4. Inhibition of caspase-9 activation does not prevent effector caspase activation. 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-9 antibodies (A) or
anti-PARP antibodies (C). Control lanes represent Jurkat cell lysates untreated (�) or treated (�) with activating anti-Fas antibody and harvested
at 8 h posttreatment. Each Western blot is representative of two separate experiments. (B) Fluorogenic substrate assays were performed in
triplicate. Error bars represent standard error of the mean. Fluorescence is expressed as arbitrary units. h.p.i., hours postinfection.
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the reovirus infection time course (Fig. 3B to E) compared to
mock-infected cells (Fig. 3A). As a control cells were treated
with the apoptosis-inducing agent valinomycin, a K� iono-
phore that induces loss of ��m (Fig. 3F) to show the shift in
red to green fluorescence that accompanies ��m perturbation.

Caspase-9 activation is dispensable for effector caspase ac-
tivation following reovirus infection. Having shown that both
cytochrome c and Smac/DIABLO are released from the mito-
chondria of reovirus-infected cells, we wanted to determine the
importance of the contribution of these proteins to reovirus-
induced apoptosis. Cells were transfected with a dominant-
negative form of caspase-9, caspase-9b (47). Unlike Bcl-2 over-
expression, which blocks all mitochondrially mediated events,
caspase-9b only interferes with the cytochrome c-dependent
process of caspase-9 activation. Expression of the caspase-9b
isoform was confirmed by Western blotting (data not shown).
As shown in Fig. 4A, caspase-9b expression prevents the acti-
vation of endogenous caspase-9, as evidenced by the failure to
detect the 37-kDa fragment of active caspase-9. We next in-
fected cells expressing caspase-9b and utilized a caspase-3 flu-
orogenic substrate assay to measure the activity of caspase-3.
We found that inhibition of caspase-9 activation did not pre-
vent reovirus-induced activation of caspase-3 (Fig. 4B). This
result was confirmed by examining the cleavage of the endog-
enous caspase-3 substrate PARP. As shown in Fig. 4C, the
85-kDa cleavage fragment of PARP is detected in both reovi-
rus-infected cells and reovirus-infected, caspase-9b-expressing
cells. These results in conjunction with our previous studies
establishing the importance of the mitochondrial pathway in
reovirus-induced apoptosis indicated that cytochrome c-de-
pendent caspase-9 activation was not required for apoptosis
following reovirus infection.

XIAP is cleaved in reovirus-infected cells. Having shown
that Smac/DIABLO was released from mitochondria in reovi-
rus-infected cells, we next wished to determine whether this
was associated with alterations in cellular levels of IAPs. XIAP
is a ubiquitously expressed protein (27) that is cleaved follow-
ing induction of apoptosis (8, 18). Therefore, using Western
blot analysis we looked for the presence of cleaved XIAP
following reovirus infection. As shown in Fig. 5, the �30-kDa
XIAP cleavage fragment is detected at 12 h postinfection and
persists over the time course of the infection. This fragment is
not detected in mock-infected or in reovirus-infected cells
overexpressing Bcl-2 (Fig. 5), indicating that activation of the
mitochondrial apoptotic pathway is required for XIAP cleav-
age.

c-IAP1 and survivin are down-regulated in reovirus-infected
cells. We next examined the cellular levels of several other IAP
family members following reovirus infection. Survivin, like
XIAP, has been shown to inhibit apoptosis. We used Western
blot analysis to examine survivin protein levels following reo-
virus infection. Survivin protein levels were found to dramati-
cally decrease in reovirus-infected cells beginning at �12 h
postinfection (Fig. 6). This reduction was not seen in mock-
infected cells and was strongly inhibited in reovirus-infected,
Bcl-2-overexpressing cells (Fig. 6). We also examined levels of
two other IAPs, c-IAP1 and c-IAP2. Both c-IAP1 and c-IAP2
have been shown to directly inhibit caspases (40). As shown in
Fig. 7, c-IAP1 protein levels are reduced over the time course
following reovirus infection, while c-IAP1 levels remain un-
changed in both mock-infected and reovirus-infected cells
overexpressing Bcl-2. The reduction of c-IAP1 protein levels
appears to begin at �16 h postinfection (Fig. 7), which corre-
lates well with the second phase of Smac/DIABLO release

FIG. 4—Continued.
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from the mitochondria (Fig. 1A). c-IAP2 levels remain rela-
tively unchanged in both mock-infected and reovirus-infected
cells (Fig. 8), indicating that c-IAP2 does not play a role in
reovirus-induced apoptosis. These results indicate that reovi-
rus infection is associated with selective reduction in cellular
levels of specific IAPs.

DISCUSSION

Several viruses have been found to induce apoptosis in in-
fected cells (40). Apoptosis also plays an important role in
virus-induced tissue injury in vivo. However, the exact cellular
pathways involved in virus-induced apoptosis are still incom-
pletely understood. To this end a number of studies have been
undertaken to elucidate the apoptotic pathways induced by
viral infection both in vivo and in vitro.

Several studies have demonstrated that infection by a di-
verse group of viruses may induce apoptosis, at least in part,
through a death-receptor-dependent mechanism. These in-
clude HIV (31, 59), measles virus (44, 56), influenza A virus
(32), Sindbis virus (24), and hepatitis C virus (62) infections.
The mitochondrion-dependent apoptotic pathway has also
been shown to play a central role in virus-induced apoptosis. A
number of viruses have been found to cause relocalization of
proapoptotic mitochondrial proteins through both direct and
indirect interactions. Among these are HIV (13, 16, 17), influ-
enza A virus (4), HSV-1 (61), HSV-8 (45), hepatitis B virus

(52), and West Nile virus (35). These data suggest that de-
pending on the specific viruses and cells studied, both death
receptor and mitochondrial pathways can contribute to virus-
induced apoptosis.

There is considerable cross talk between death-receptor and
mitochondrial apoptotic pathways. For example, death-recep-
tor-dependent activation of caspase-8 leads to cleavage of Bid,
resulting in the release of mitochondrial proapoptotic proteins,
including cytochrome c and Smac/DIABLO, into the cyto-
plasm. Indeed, it has been suggested that cells can be grouped
based upon the degree of mitochondrial involvement in death-
receptor-mediated apoptosis (42, 43). The cytochrome c-de-
pendent activation of caspase-9 has been thought to be of
central importance in this process. However, several recent
reports suggest that Smac/DIABLO release rather than
caspase-9 activation may be the critical mitochondrial event in
both TRAIL-induced (7, 60) and FasL-induced apoptosis (48).

Reovirus-induced apoptosis requires engagement of cellular
receptors, including junction adhesion molecule and sialic acid
residues (3), and has been shown to involve the DR4/DR5/
TRAIL death receptor apoptotic pathway (5). We have shown
recently that, in reovirus-infected HEK cells, although apopto-
sis is initiated by death receptor activation, its full expression
requires the participation of mitochondrial apoptotic pathways
(21). We have also previously shown that reovirus infection is
associated with mitochondrial release of cytochrome c and
subsequent activation of caspase-9 (21). Additionally, we dem-

FIG. 5. Reovirus infection leads to the cleavage of XIAP. Western blot analysis was performed using HEK 293 lysates harvested at the indicated
time points from mock-infected, reovirus-infected, and Bcl-2-overexpressing reovirus-infected cells and probed with anti-XIAP antibodies. Control
lanes represent Jurkat cell lysates untreated (�) or treated (�) with activating anti-Fas antibody and harvested at 8 h posttreatment. The Western
blot is representative of three separate experiments. h.p.i., hours postinfection.
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onstrated that the activation of caspase-8 and caspase-3 and
the cleavage of Bid occur in a biphasic manner (21). We have
postulated that the early phase of caspase activation and Bid
truncation are necessary to activate the mitochondrial apopto-

tic pathway, which leads to the second, more intense phase of
caspase activation and apoptosis (21). We now show that in
addition to cytochrome c, Smac/DIABLO is also released from
mitochondria of infected cells and that the release of Smac/

FIG. 6. Cellular levels of survivin are reduced following reovirus infection. Western blot analysis was performed using HEK 293 lysates
harvested at the indicated time points from mock-infected, reovirus-infected, and Bcl-2-overexpressing reovirus-infected cells and probed with
antisurvivin antibodies and antiactin to demonstrate equal protein loading. Control lanes represent Jurkat cell lysates untreated (�) or treated (�)
with activating anti-Fas antibody and harvested at 8 h posttreatment. The Western blot is representative of two separate experiments. h.p.i., hours
postinfection.

FIG. 7. Reovirus infection induces a reduction in c-IAP1 protein level. Western blot analysis was performed using HEK 293 lysates harvested
at the indicated time points from mock-infected, reovirus-infected, and Bcl-2-overexpressing reovirus-infected cells and probed with anti-c-IAP1
antibodies and antiactin to demonstrate equal protein loading. Control lanes represent Jurkat cell lysates untreated (�) or treated (�) with
activating anti-Fas antibody and harvested at 8 h posttreatment. The Western blot is representative of two separate experiments. h.p.i., hours
postinfection.
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DIABLO occurs in a biphasic manner. Another mitochondrial
protein, AIF, remains sequestered, indicating that reovirus-
induced release of mitochondrial proapoptotic proteins is a
selective process and is not indiscriminately associated with the
release of all mitochondrial proapoptotic factors. This selective
release is consistent with previous results (46) and our present
studies indicating that reovirus infection does not alter mito-
chondrial ��m in infected cells and that mitochondrial ultra-
structure is not significantly disrupted in the early stages of
reovirus infection (K. L. Tyler, unpublished data).

We had previously demonstrated that overexpression of
Bcl-2 was capable of preventing effector caspase activation
following reovirus infection, indicating that mitochondrial ap-
optotic pathways were involved in reovirus-induced apoptosis
in many cell types (21, 38). Having shown that reovirus infec-
tion induces the release of both Smac/DIABLO and cyto-
chrome c, we next wanted to determine if we could elucidate
the relative contribution of these proteins to reovirus-induced
apoptosis. We utilized a dominant-negative caspase-9 con-
struct (caspase-9b) to specifically inhibit endogenous caspase-9
activation following reovirus infection. We found that inhibi-
tion of caspase-9 activation did not significantly alter activation
of the effector caspase, caspase-3. These data indicate that
cytochrome c release and subsequent caspase-9 activation were
not the critical mitochondrial event in reovirus-induced apo-
ptosis.

Having shown that Smac/DIABLO was also released from
mitochondria in reovirus-infected cells, we wished to deter-
mine whether this was associated with alterations of IAPs
known to interact with Smac/DIABLO. We therefore exam-
ined the cellular levels of several IAP proteins following reo-
virus infection. We find that XIAP is cleaved following reovirus

infection, beginning at �12 h postinfection. This cleavage is
blocked in Bcl-2-overexpressing cells. Additionally, we show
that survivin and c-IAP1 protein levels are reduced following
reovirus infection, with the reduction first being appreciable at
�12 h postinfection. Both of these events are inhibited in
Bcl-2-overexpressing cells, indicating that they require activa-
tion of mitochondrial apoptotic pathways. Cellular levels of
c-IAP2 were unaffected following reovirus infection, indicating
that the effects of reovirus infection on IAPs are selective.

In this work we provide further evidence for the importance
of the mitochondrial apoptotic pathway, and specifically for the
release of Smac/DIABLO, in reovirus-induced apoptosis. Ad-
ditionally, we elucidate the intracellular mechanisms of this
process by showing that removal or down-regulation of certain
IAP proteins appears to be an important part of cell death.
Unfortunately, specific inhibitors of Smac/DIABLO release or
function are not currently available, and therefore the neces-
sity of Smac/DIABLO release cannot be directly assessed at
this time. However, we believe that our data strongly implicate
the release of Smac/DIABLO as the required mitochondrial
event for reovirus-induced apoptosis. A possible model for the
events involved in reovirus-induced apoptosis is shown in Fig.
9. Following caspase-8 activation, the proapoptotic protein Bid
is cleaved. Truncated Bid either directly or indirectly induces
the release of the mitochondrial proteins cytochrome c and
Smac/DIABLO. Cytosolic cytochrome c induces the activation
of caspase-9, and Smac/DIABLO interferes with the ability of
XIAP, survivin, and c-IAP1 to prevent caspase activation.
While caspase-9 may play a role in amplifying effector caspase
activation, this appears to be unnecessary for reovirus-induced
apoptosis. These studies provide the first direct evidence for

FIG. 8. Cellular c-IAP2 protein levels are unaffected following reovirus infection. Western blot analysis was performed using HEK 293 lysates
harvested at the indicated time points from mock-infected, reovirus-infected, and Bcl-2-overexpressing reovirus-infected cells and probed with
anti-c-IAP2 antibodies and antiactin to demonstrate equal protein loading. Control lanes represent Jurkat cell lysates untreated (�) or treated (�)
with activating anti-Fas antibody and harvested at 8 h posttreatment. The Western blot is representative of two separate experiments. h.p.i., hours
postinfection.
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the association of Smac/DIABLO with virus-induced apopto-
sis.
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